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ABSTRACT 

 

Applications of SAMDI Mass Spectrometry for High-Throughput Reaction Monitoring on 

Peptide Arrays 
 

Lindsey C. Szymczak 

 

This work combines the use of high-throughput mass spectrometry with peptide arrays for to 

monitor reactions on peptides. The Mrksich lab introduced a high-throughput, label-free, 

biochemical assay that relies on self-assembled monolayers on gold and matrix-assisted laser 

desorption/ionization mass spectrometry, termed SAMDI-MS. This dissertation introduces new 

applications of SAMDI-MS and peptide arrays and illustrates the many advantages of this 

technique for studying reactions on peptides.  

Chapter 2 describes the use of SAMDI-MS and peptide arrays for the identification of new 

sequence-selective reactions of peptides. Selective reactions on peptides and proteins are important 

for studying protein function and preparing protein-based materials. Using this technique, we 

discover and characterize the sequence-selective acetylation of peptides containing histidine and 

tyrosine by acetic anhydride and demonstrate the advantages of using peptide arrays with a label-

free analysis method to discover peptide-modifying reactions. 

We then illustrate the use of SAMDI-MS and phosphorylated peptide arrays to gain a systems-

level understanding of phosphatase activity in cell lysates. Phosphorylation is the most prominent 
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post-translational modification on proteins. While phosphorylation plays important roles in many 

cellular processes, understanding of the regulation of phosphorylation is limited. Kinases and 

phosphatases work cooperatively to regulate phosphorylation; however, research has primarily 

focused on kinases due to the technical challenges of studying phosphatase activity. In Chapter 3, 

we show that phosphatase activity is specific and may play a significant role in the regulation of 

global phosphorylation.  

Lastly, we apply machine learning to high-throughput data acquired from SAMDI-based 

peptide arrays to improve the efficiency of peptide array design. One of the main challenges of 

high-throughput experiments is analysis of large data sets. In Chapter 4, we describe the use of 

machine learning to predict peptide signal-to-noise to design arrays consisting of highly detectable 

peptides. This allows for higher quality data collection, and therefore more reliable results for 

future peptide array experiments.  

The use of peptide arrays has significantly increased the capabilities of protein research, and 

SAMDI-MS offer many advantages for the continued expansion of new applications for peptide 

arrays. This dissertation illustrates the many advantages of SAMDI-MS and peptide arrays for 

novel biochemical applications.  
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Chapter 1.  SAMDI-MS and Peptide Arrays 

This dissertation combines the use of SAMDI-MS and peptide arrays for important reaction 

monitoring applications. This chapter will introduce both technologies, describe the advantages of 

combining SAMDI-MS and peptide arrays, and summarize the research applications that are 

described in detail in later chapters. 

SAMDI-MS 

Self-assembled monolayers on gold 

Self-assembled monolayers (SAMs) of alkanethiolates on gold are the basis for the robust and 

widely applicable assays developed in the Mrksich laboratory over the last 15 years. SAMs are 

designed to form highly organized monolayers with controllable surface structures and 

compositions. SAMs of alkanethiolates are biocompatible and yield convenient and well-defined 

interfaces that can be functionalized to present various terminal groups for applications including 

wetting, nanofabrication, modelling of organic/molecular electronics, and biochemical studies.1, 2  

The Mrksich lab utilizes monolayers that consist of low densities of alkanethiolates terminated 

with reactive groups for specific substrate immobilization amongst a background of 

alkanethiolates terminated with tri(ethylene glycol) groups that resist non-specific protein 

adsorption.3, 4 Various reactive groups have been used for substrate immobilization through Diels-

Alder reactions, click chemistry, biotin-streptavidin interactions, and nucleophilic addition 

reactions;5-9 the Mrksich lab relies mostly on maleimide-terminated SAMs that undergo Michael 

addition with thiols.10, 11 Maleimide-terminated SAMs are particularly useful for immobilization 

of peptides with a terminal cysteine residue as Michael addition of thiols to maleimides occurs 
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rapidly with high yields at low concentrations and neutral pH. Additionally, the reaction of thiols 

with maleimides is selective in the presence of common amino acid functional groups, which 

eliminates the need for post-synthetic modification before immobilization. This work utilizes 

maleimide-terminated SAMs to create a controlled and consistent presentation of peptide 

substrates for the investigation of reactions on peptides. (Figure 1-1) 

 

Figure 1-1 Formation of self-assembled monolayers of alkanethiolates on gold. a) Alkyldisulfides self-

assemble onto gold and present various reactive functional groups and background functionalities. a) 

Chemical structure of SAMs presenting maleimide functional groups with a background of tri(ethylene 

glycol) groups. This figure is adapted with permission from Mrksich, M. (2008) Mass Spectrometry of Self-

Assembled Monolayers: A New Tool for Molecular Surface Science, ACS Nano 2, 7-18. Copyright 2008 

American Chemical Society. 
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Self-assembled monolayers and mass spectrometry 

It was first demonstrated that monolayers of alkanethiolates on gold could be observed by 

laser desorption mass spectrometry by both Hanley and colleagues as well as Wilkens and 

colleagues.12, 13 The Mrksich lab advanced the technique of analyzing SAMs by mass 

spectrometry, and introduced a method combining SAMs and matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry (MS), termed SAMDI-MS. In SAMDI-MS, 

SAMs are first coated with a matrix solution, and then laser irradiation on the SAM surface breaks 

the gold-thiol bond causing desorption of the monolayer as a mixture of alkanethiolates and 

alkyldisulfides. MALDI mass spectrometry generates singly charged cations as well as sodium 

and potassium adducts of the intact alkanethiolates and alkyldisulfides, which allows for simple 

interpretation. The SAMDI-MS technique easily resolves changes in mass of immobilized 

substrates, such as modifications on peptides, making SAMDI a powerful and label-free assay for 

biochemical reactions that often rely on fluorescent or colorimetric tags. The most common assays 

for studying protein and peptide modifications typically require multiple steps before final 

analysis, including purification and labeling, and provide non-quantitative read outs of expected 

results. SAMDI-MS eliminates the need for tedious sample purification post-treatment, as protein-

resistant SAM surfaces can be rinsed, dried and then immediately analyzed using MALDI-MS. 

With MALDI-MS, both expected and unexpected products can be observed by mass shifts of the 

substrate. These advantages also make SAMDI adaptable for high-throughput experiments (Figure 

1-2). 
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Figure 1-2. Self-assembled monolayers for matrix assisted laser desorption/ionization (SAMDI) mass 

spectrometry. Monolayers of alkanethiolates self-assemble onto gold and present a low density of reactive 

functional groups for substrate immobilization. The monolayers are analyzed by MALDI mass 

spectrometry, where a laser is applied to the surface and breaks the gold-thiol bonds of the alkanethiolate 

monolayer. The monolayer is desorbed and ionized as alkanethiolates or alkyldisulfides with minimal 

fragmentation, and the corresponding masses are observed in the SAMDI spectrum.  This figure is reprinted 

with permissions from Mrksich, M. (2008) Mass Spectrometry of Self-Assembled Monolayers: A New 

Tool for Molecular Surface Science, ACS Nano 2, 7-18. Copyright 2008 American Chemical Society. 

High-throughput SAMDI-MS 

We have demonstrated the use of SAMDI for a broad range of biochemical and chemical 

assays and have translated the method to operate in high-throughput on 384 and 1,536 spot array 

plates, which can be analyzed in 15 or 30 minutes, respectively. Each spot on an array represents 

an island of monolayers on gold, and each monolayer can be treated with unique conditions to 

allow screening of hundreds of reactions on a single array plate (Figure 1-3). As an example, 

SAMDI arrays have been used to screen over 1,800 unique reaction conditions to optimize the 

traceless Petasis reaction.6 The SAMDI method has also been applied to carbohydrate arrays, 
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where 14,820 reaction conditions were screened to identify and characterize four new 

glycosyltransferases.7  

 

Figure 1-3. SAMDI array plates for high throughput experiments. The arrays consist of 1,536 (top) and 384 

(bottom) monolayers on gold that represent unique reactions. 

 Another important application of SAMDI arrays has been the preparation of peptide arrays 

to study kinase activity,14 substrate specificity of deacetylase enzymes,15 and global deacetylase 

activities in cell lystes.16 Peptide arrays are an exciting and rapidly growing technology with a 

broad range of applications in the basic and applied life sciences, and the SAMDI method offers 

many advantages in their design and application. 
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Peptide Arrays 

The following descriptions and figures of peptide arrays have been adapted with permission 

from Szymczak, L. C., Kuo, H.-Y., and Mrksich, M. (2018) Peptide Arrays: Development and 

Application, Anal. Chem. 90, 266-282. Copyright 2018 American Chemical Society.17 

http://dx.doi.org/10.1021/acs.analchem.7b04380 Further permissions related to the material cited 

should be directed to the ACS. 

 

Biomolecular Array Development 

Peptide arrays have been under development for approximately twenty-five years, and 

commercial versions have been available for the past decade. The arrays typically comprise 

hundreds to thousands of distinct peptide sequences and have proven important for determining 

substrate specificities of enzymes, profiling antibodies, mapping epitopes, studying ligand-

receptor interactions, and identifying ligands that mediate cell adhesion.18-23 Despite this, the 

current applications of peptide arrays are relatively modest—particularly when compared to 

oligonucleotide arrays—and have not been adapted as a standard method in laboratories and 

throughout the drug discovery process. 

Development of biomolecular arrays—defined as planar substrates having large numbers of 

molecules immobilized in patterns, where each region of the surface presents one specific 

molecule—began in the early 1990s with oligonucleotide arrays. While the majority of current 

biomolecular arrays are prepared with either oligonucleotides, peptides, proteins, or small 

molecules, oligonucleotide arrays are the most developed. Oligonucleotide array development 
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began through efforts led by Patrick Brown, Stephen Fodor, and Edwin Southern.24-27 These 

researchers used different approaches—based either on the immobilization of pre-synthesized 

DNA or the in situ synthesis of DNA directly on the substrate—and by 1995 were using the arrays 

to profile gene expression.27 In 1996, DNA arrays were used to profile the expression of as many 

as 1000 genes28 and soon after, the first whole-genome microarray of yeast was reported29 and a 

new high-density random array was presented.30 Now, twenty-five years later, commercially 

available arrays contain several million oligonucleotides and are routinely used tools in the 

laboratory.31, 32 Oligonucleotide arrays have been used in clinical applications to study viruses, 

human disease, genetic screening, and personalized medicine.33, 34 The rapid pace of technical 

advancement of the poorly performing early arrays has led to the robust and inexpensive arrays 

currently in use. By analogy, peptide arrays are still in the early stage of development and can be 

expected to see improvements that result in them being an important, if somewhat less ubiquitous, 

technology for the life sciences. 

The development of peptide, protein, and carbohydrate arrays has been motivated in part by 

the incomplete knowledge provided by genomic information alone. This is because gene 

expression and mRNA levels do not solely correlate with protein activity, and several additional 

factors—including post-translational modifications, alternative splicing, allosteric ligands, co-

localization, and degradation—serve to regulate protein activity. A systematic understanding of 

the roles of the approximately 20,000 genes35 in the human genome—which code for 

approximately 100,000 transcriptomes36 and give rise to the expression of more than 1 million 
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proteoforms37, 38—requires systems level information on proteomic activities. Peptide arrays offer 

one route to this end.  

Early work by the Schreiber39 and Snyder40 groups has demonstrated the use of protein arrays 

and their applications to identify protein-protein interactions, substrates for enzymes, and protein 

targets of small molecules. However, in practice, protein arrays have not had a broader impact 

because of the inherent challenges in preparing protein arrays, including expressing and purifying 

large numbers of proteins, immobilizing proteins with control over the orientation, increasing 

feature density, and maintaining the activities of the immobilized proteins (and preventing their 

denaturation at the interface). These challenges are avoided when working with arrays of 

peptides—which are relatively easy to synthesize, chemically stable, and compatible with many 

immobilization chemistries. While many protein functions cannot be recapitulated at the peptide 

level due to lack of tertiary structure and sequence truncation, the use of peptides is still appropriate 

for many applications.  

Peptide arrays offer an enormous opportunity to further understand the molecular pathways 

that underlie normal and pathological functions in cells, guide the drug discovery process, and 

diagnose and monitor treatment of disease. They also allow for a variety of other studies to 

understand sequence-dependent reactivity and properties of peptides. Among the early 

applications for peptide arrays are 1) epitope mapping for antibody binding,41-45 2) identifying and 

characterizing binding interactions between protein and peptide ligands,46-49 3) screening for active 

substrates of enzymes,50-55 4) profiling enzyme activity in complex samples,16, 56, 57 and 5) 

identifying and studying peptides that mediate cell adhesion.58-62  
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In comparison to DNA arrays, peptide arrays are more challenging to develop. First, the assays 

performed on DNA arrays are essentially all based on hybridization with fluorescent probes, 

whereas peptide arrays are used in a wide variety of assay and detection formats. These many 

applications make it difficult to identify materials and surface chemistries that are optimized for 

this broad range of applications. Moreover, peptide arrays are often used to assay samples that 

have high concentrations of protein, and non-specific adsorption of proteins often leads to false 

positive and negative results. The use of ‘inert’ surface chemistries can control these unwanted 

interactions but are still uncommon in peptide arrays. Further, peptides are more heterogeneous in 

their chemistry than are oligonucleotides. Peptides have greater functional group diversity in side 

chains, are synthesized in slightly lower yield than oligonucleotides, and have a wider distribution 

in properties including solubility, stability, and aggregation. Despite the impressive progress made 

in peptide array research and commercialization over the past 20 years, development has lagged 

behind that of DNA arrays.  

Technical Factors 

Peptide arrays are composed of a large number of peptides spatially arranged in an addressable 

format on a solid support. The array format has the benefit of allowing many experiments to be 

performed on a single sample. The specific applications for a peptide array will depend on the 

number of peptides in the array, the compatibility of the array material with samples (for example, 

those that are not inert to protein adsorption), the control over peptide attachment and density, and 

the compatibility with different detection methods. Several technical considerations are important 

in preparing peptide arrays, and among the various methods that have been reported, there are 
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substantial differences in approach. The reported approaches vary in their use of the different 

strategies, including the choice of peptide synthesis methodology, solid support and 

functionalization, immobilization method, patterning strategy, and detection method (Figure 1-4). 

 

 

Figure 1-4. Technical components of peptide arrays.    

Peptide Synthesis. There are two widely used methods for synthesizing peptides present in 

arrays: Merrifield solid-phase synthesis and in situ synthesis.63-68 Merrifield solid-phase peptide 

synthesis (SPPS) is the traditional method for synthesizing peptides and involves the assembly of 

peptides on a solid support, followed by deprotection of the side chains and cleavage from the 

support, purification if necessary, and finally immobilization onto an array support.69 Peptides 
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prepared in this way are generally of high quality, having fewer impurities resulting from 

incomplete synthesis. This benefit of SPPS, however, comes with substantial expense and time 

associated with the synthesis of hundreds or thousands of distinct sequences. This drawback in 

part motivated the development of in situ peptide synthesis, which now uses automated 

instrumentation for parallel synthesis of the peptides directly on the solid support of the array.70, 71 

In situ peptide synthesis has the benefit of using minimal amounts of reagents and eliminates the 

need or possibility for peptide purification. This approach yields substantial benefits in cost and 

time requirements to prepare the arrays; however, the purity and quality of peptides in the arrays 

are difficult to verify. 

Solid support and surface functionalization. The choice of material used as the solid support 

and the surface chemistries for immobilization are critical determinants of how well the array will 

perform. For example, the availability of well-defined surface chemistries leads to better control 

over the density of peptide and ensures a regular microenvironment, which allows for the direct 

comparison of measured activities of different peptides in the array. The solid support is also an 

important choice when considering the use of different detection methods that have special 

requirements for the properties of the support. For instance, surface plasmon resonance 

spectroscopy requires a noble metal film of a specific thickness, and mass spectrometry requires a 

conductive support. Common choices for solid support and surface functionalization include glass 

or silicone with polymer surface coatings, nitrocellulose or polyvinylidene difluoride (PVDF) 

membranes with amino derivatization, and gold on glass or metal with self-assembled monolayers 

(as used with SAMDI-MS). An often-overlooked problem with the surfaces used in peptide arrays 
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is that most proteins will adsorb to them non-specifically.  In fact, most proteins will adsorb rapidly 

and strongly to most artificial surfaces.  The adsorbed proteins can then contribute to false positive 

results or obstruct interactions of the immobilized peptide and give false negative results. A 

common strategy to address this issue is to use blocking proteins that adsorb to the solid support 

in order to prevent further adsorption of proteins from the sample. However, blocking proteins can 

likewise obstruct interactions with the immobilized peptides to give false-negative results. A more 

effective solution is to use surfaces that are functionalized to prevent the non-specific adsorption 

of protein. Among the most effective options are self-assembled monolayers (SAMs) terminated 

in oligo(ethylene glycol) groups and poly(ethylene glycol) methacrylate (PEGMA).72-74 These 

protein-resistant surfaces have been critical for the development of quantitative assays that are 

compatible with challenging samples, including complex cell lysates and tissue extracts. The 

choice of support limits the immobilization strategies, peptide densities, and the detection method 

available for analyzing the array in an experiment.  

Immobilization methods. For the preparation of arrays from pre-synthesized peptides, there 

are three general methods used to immobilize peptides: physical, chemical, and biological 

immobilization (Figure 1-5). The simplest way of attaching peptides to solid supports relies on 

physical adsorption. Most peptides of a suitable length or that contain a complementary property 

to the support will adsorb rapidly. For example, hydrophobic amino acids will adsorb to a 

hydrophobic material and acidic amino acids will adsorb onto a positively charged surface. This 

approach is analogous to the immobilization of proteins in ELISA and Western blotting 

applications that have been used for many years. 
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Figure 1-5. Immobilization methods for peptide arrays. Peptides can be immobilized onto array surfaces 

through physical adsorption, chemical reaction, or biological interactions.  

Fabricating peptide arrays by physical adsorption is simple but presents several obvious 

drawbacks as discussed earlier, including the need for blocking non-specific adsorption sites that 

can disrupt interactions between proteins of interest and the immobilized peptides. Peptides 

attached through non-specific adsorption may not be stable, in that the adsorbed peptide can be 

displaced by proteins in the sample, with the added concern that not all peptides will be subject to 

replacement at the same rate. It is also difficult to control the densities of the immobilized peptides, 

which will affect the level of signal that is measured in an assay. Finally, peptides presented on 

the solid support via physical adsorption are not oriented in a consistent way, and a fraction of the 

immobilized peptides may not be bioactive in the intended assay, which can lead to substantial 

variation in otherwise identical arrays.  
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The most common strategies use selective or non-selective chemical reactions to covalently 

attach peptides to the support (Figure 1-6). These approaches usually require chemical 

modification of the surface to install the relevant functional groups for attachment and have the 

benefit of having the peptides covalently attached without risk of dissociating from the surface 

during an assay. Chemistries used in the immobilization of large numbers of peptides in an array 

should be robust, high yielding, and general with respect to the peptide sequence.    

 

 

Figure 1-6. Common chemical reactions used to immobilize peptides to materials.  

A broad variety of reactions have been used to immobilize peptides, with many using the 

nucleophilic a-amino group that peptides naturally possess to react with a carboxylate group on 

the support.70,75 Other methods utilize aldehyde groups that provide an activated carbonyl for 
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reaction with primary amines on peptides to form Schiff base linkages.76 These immobilization 

schemes do not require additional chemical modification of the peptide reagents, allowing simple 

routine implementation; however, when more than one of these nucleophilic side chains are 

present within a peptide, it is difficult to control the regiochemical point of attachment.  

The selective reaction of thiols with several electrophilic groups has made the use of cysteine-

terminated peptides an important method.10, 77, 78 Other nucleophilic, bioorthogonal functional 

groups incorporated into a peptide can also be utilized for chemo-selective immobilization, such 

as azides which react with alkynes and thioesters, and hydroxylamines and hydrazines which react 

with aldehydes and ketones.77, 79-85  

Peptides can also be immobilized using biological strategies, either based on ligand-receptor 

interactions or enzyme-mediated reactions. Examples of biological strategies for presenting 

peptide arrays include the use of biotin tags with avidin or streptavidin,86-89 peptide-

oligonucleotide conjugates for hybridization of two complementary oligonucleotides,90, 91 phage 

display,92, 93 yeast surface display,94 ribosome display,95 and polysome display.96  

Patterning Methods. The preparation of a peptide array necessarily requires patterning 

methods that can direct the immobilization or in situ synthesis of each peptide at its designated 

region of the support. The many different approaches offer contrasting benefits in terms of peptide 

spot density, speed, cost, reagent compatibility, and array quality. Pre-synthesized peptides are 

typically patterned onto a functionalized surface using a robotic liquid handling system. The 

density of peptide spots prepared using this method depends on the minimum dispensing capacity 

of the robotic liquid handler, the hydrophobicity of the surface (which will prevent spreading of 
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the peptide solution), and solvent evaporation (rapid evaporation leads to incomplete 

immobilization). Peptide arrays made with the in situ synthesis approaches are patterned by the 

method used to deposit reagents onto the support. Spot sizes are determined by the dispensed 

volume of reagent and the physical properties of both the membrane support and the solvents.  

Detection Methods. The vast majority of peptide arrays are analyzed with label-dependent 

assays, though more recent work has developed practical strategies for using ‘label-free’ methods. 

The labeled assays are typically rapid and convenient to perform, but always risk interference 

giving rise to false positive (and negative) results. To take one example, fluorescent labels were 

responsible for the incorrect finding that resveratrol was a sirtuin activator.97 The most popular 

assays used for peptide array studies are based on radioactivity, chemiluminescence, colorimetry, 

and fluorescence. 

The use of radioactive labels is always discouraged for reasons of safety, complicated waste 

disposal, and expense. However, they remain important in assays that involve the transfer of 

molecules to the peptides, such as ATP ([γ-32/33P]ATP) used in kinase assays98, 99 and SAM 

([methyl-3H]-S-adenosyl-L-methionine) used in methyltransferase assays.100 

Chemiluminescent, colorimetric, and fluorescent detection methods are preferred when 

antibodies are used to analyze arrays after an experiment. These methods can be tedious as they 

require multiple blocking, washing, and incubation steps before the array is treated with a primary 

antibody that recognizes and binds to the reacted peptides. For chemiluminescent and colorimetric 

detection, the arrays are often treated with a secondary antibody that is conjugated to a reporter 

enzyme, such as alkaline phosphatase or horseradish peroxidase, to catalyze a 
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chemiluminescent101, 102 or colorimetric103-105 reaction. The arrays are treated with substrates that 

result in colorimetric changes or chemiluminescence that can be measured using standard 

equipment. For fluorescent detection, the secondary antibody is fluorescently labeled, and no 

further steps are required to measure peptide array reactivity.86 Secondary antibodies are not 

required if antibodies targeting the desired peptide product with the desired conjugated enzyme or 

fluorescent label are available. Antibody dependent methods usually give relative rather than 

absolute quantification of results and can be limited by the availability of antibodies and cross-

reactivity.  

More recent work has introduced label-free methods to analyze biomolecular arrays, with 

surface plasmon resonance (SPR) spectroscopy and mass spectrometry (MS) emerging as the most 

significant. The label-free methods have several advantages: they avoid artifacts stemming from 

labels, they can be quite general in measuring a broad range of activities, and they have the 

potential to identify unanticipated activities that would not have been observed with a particular 

labeling strategy.  

SPR is an electromagnetic technique used to measure the interaction of a soluble protein with 

an immobilized molecule, such as a peptide, in real-time. SPR effectively measures changes in the 

refractive index of a solution within approximately 100 nm of a metal interface.106 In SPR, 

polarized light is reflected from the backside of a metalized glass slide, where it excites a collective 

motion of electrons in the metal giving rise to an electric field that decays in the solution. The 

decay characteristics depend on the local refractive index and establish a resonant condition with 

a particular angle of incident light. This angle can be measured by observing a dip in the intensity 
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of reflected light, and the angle at which this minimum reflectivity occurs shifts with the refractive 

index. When soluble proteins bind to ligands that are immobilized at the metal film, there is an 

increase in the local refractive index that is measured in real-time by monitoring shifts in the angle 

of minimum intensity of the reflected light. The ‘in situ’ nature of the measurement makes SPR 

important for measuring rates of biomolecular interactions and gives both kinetic and 

thermodynamic information on binding.107, 108 While SPR is a label-free, sensitive, and quantitative 

method that can incorporate many surface chemistries, it requires specialized instrumentation and 

has a lower throughput than most label-dependent detection methods or mass spectrometry. In 

addition, SPR is compatible only with peptide arrays that can be prepared on gold (or other metallic 

films); peptide arrays on cellulose membranes cannot be analyzed using SPR.  

Mass spectrometry (MS) is an important method for characterizing peptides and proteins and 

for identifying post-translational modifications that result in a change in mass.109 MS methods 

have the important benefit of providing molecular-level information on peptides and activities 

since an observed mass change is often consistent with one type of known modification. However, 

the sample preparation required in MS is usually tedious as it requires removal of salts and other 

species, often by HPLC or C18 spin columns. Further, these techniques are usually used to process 

soluble analytes and have not been compatible with arrays. However, we introduced SAMDI-MS 

to analyze SAMs of alkanethiolates, which offers a mass spectrometry-based technique for high 

throughput analysis of peptide arrays.10, 110-112 As described in the previous section, in SAMDI, 

laser irradiation of the monolayer results in release of the alkanethiolates (or corresponding 

disulfides) and provides the mass for each peptide-alkanethiolate conjugate in the monolayer 
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(Figure 1-2). SAMDI is therefore able to identify mass changes—and the associated specific post-

translational modification—of peptides modified by an enzyme.  

Current Approaches  

While there are many technical approaches that are considered in the development of peptide 

arrays, the current commercially available arrays can be grouped into five classes, which are 

compared in Table 1-1.  

Merrifield synthesis peptide arrays are prepared through immobilization of pre-synthesized 

peptides onto functionalized glass surfaces.69, 70, 113-115 As described earlier, there are a variety of 

methods for functionalizing the glass support and immobilizing the peptides, but glass surfaces 

with a polymer coating functionalized to capture cysteine-terminated peptides, such as glyoxylyl, 

are among the most common.77 Merrifield synthesis peptide arrays have a maximum reported 

density of 318 spots/cm2 and can be analyzed with radioactive, chemiluminescent, colorimetric, 

and fluorescent labels.  

SPOT peptide arrays are among the most used.46, 66, 67, 116-120  The peptides are typically 

synthesized directly on an amino-functionalized nitrocellulose membrane either using liquid 

handlers or inkjet printers. With liquid handlers, spot densities of 5 spots/cm2 have been reported. 

Higher densities have been achieved through CelluSpot technology, which isolates the peptide-

cellulose resin after SPOT synthesis and then spots solutions of the conjugated peptide onto a glass 

surface, increasing the density by nearly ten-fold with a spot size of ~1 mm. SPOT peptide array 

density can be significantly increased with the use of inkjet printers to achieve densities of 4,000 
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spots/cm2. The SPOT peptide arrays can be analyzed with several radioactive, chemiluminescent, 

colorimetric, and fluorescent detection methods.  

Another type of peptide array commonly used is based on the SPOT arrays, but utilizes laser 

printers to deliver reagents that are embedded in solid particles.41, 121-126 The particle-based peptide 

arrays are usually prepared on amino-derivatized polymer-coated glass surfaces. In 2007, Breitling 

and coworkers reported a maximum density of 40,000 spots/cm2.123 The particle-based arrays can 

consist of up to 60,000 peptides with a spot size of approximately 250 μm, densities of 1,033 

spots/cm2, and can be analyzed with a variety of label-dependent detection methods. 

Photolithographic peptide arrays are prepared by using light to direct the synthesis of peptides 

directly onto functionalized glass or silicon supports.26, 42, 127-131 The surfaces are usually modified 

with an amino-derivatized polymer for amino acid immobilization. Peptides can be synthesized 

either using photolabile-protecting groups on the amino acids or Boc-protected amino acids that 

are removed on excitation of a photoacid. Light directed patterning can be performed with either 

a series of physical masks or digitally with a micromirror array. The maximum density reported 

for mask-based patterning is 694,000 spots/cm2 and requires approximately 30 hours for 

preparation. Digital patterning in the mask-less format with micromirrors can achieve densities of 

1,000,000 spots/cm2. 

SAMDI peptide arrays are prepared by immobilizing pre-synthesized peptides onto self-

assembled monolayers of alkanethiolates on gold-coated glass or metal plates.132 Peptides are most 

commonly immobilized by reaction of a terminal cysteine residue with a maleimide group.10 Many 

other strategies are also compatible with the use of monolayer surface chemistries, including 
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biological immobilization through biotin-streptavidin.5-7 The monolayers are terminated in a 

tri(ethylene glycol) group that serves to prevent non-specific protein adsorption. This property is 

critical for reducing false positive and negative results and is compatible with cell lysates and other 

samples that contain high concentrations of protein. SAMDI arrays can also be analyzed by 

MALDI mass spectrometry to provide quantitative information on biochemical activities; a 

SAMDI plate of 1536 peptides (corresponding to a density of 16 spots/cm2) can be analyzed in 

less than one hour.  

Of the five important approaches that are now practiced and commercially available, it is clear 

that no single approach offers advantages for all applications. Instead, the variations of peptide 

arrays enable the study of a wide range of applications. For example, the approaches based on in 

situ synthesis can prepare the highest density arrays and do so at relatively low reagent costs. The 

approaches that prepare arrays by immobilizing pre-synthesized peptides have the primary benefits 

of compatibility with a broader range of surface chemistries that may not be sufficiently stable 

towards the conditions for in situ synthesis. The use of self-assembled monolayers brings the 

important benefits of chemistries that prevent non-specific adsorption of protein, give excellent 

control over the densities of peptides in the array, and are uniquely compatible with the use of 

SAMDI mass spectrometry to perform a broad range of label-free assays.  
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Table 1-1. Current Methods for Preparing and Analyzing Peptide Arrays 

 

  Merrifield 
Synthesis 

SPOT  SAMDI Photolithography Particle-Based 

Technical 
components 

Peptide Synthesis SPPS in situ SPPS in situ in situ 

 Solid Support glass nitrocellulose or 
PVDF membranes 

gold on 
glass/metal 

functionalized glass or 
silicon 

functionalized 
glass 

 Surface Chemistry several methods 
available- eg.  

polymer surface 
coating 

amino derivatization, 
typically with B-
alanine or PEG 

Self-
assembled 

monolayers- 
10% 

maleimide 
terminated 

amino-derivatized 
polymer 

amino-
derivatized 

polymer 
(PEGMA) 

 Inert layer Surface blocker 
with BSA or other 

blocking agents 

Membranes blocked 
with BSA or other 

blocking agents 

Self-
assembled 

monolayers- 
90% 

tri(ethylene) 
glycol 

Surfaces blocked with 
BSA or other blocking 

agents 

Surfaces blocked 
with BSA or 

other blocking 
agents 

 Immobilization Several methods- 
eg. cysteine-

terminated peptide 
on glyoxylyl, 

bromomethylketone 
or disulfide surfaces 

Coupling of carboxyl 
group to amino-

functionalized surface 

Cysteine 
terminated 
peptides on 
maleimide 
surfaces 

Coupling of carboxyl 
group to amino 

functionalized surface 

Coupling of 
carboxyl group to 

amino 
functionalized 

surface 

 Patterning Method Liquid Handler Liquid 
Handler 

Ink-jet 
printer 

Liquid 
Handler 

Masks Micromirror
s/ digital 

patterning 

Laser Printer 

 Maximum Feature 
Density 

318 spots/cm2 
(pepscan) 

5 
spots/cm2 
(intavis) 

4000 
spots/cm2 
(ArrayJet) 

16 spots/cm2 83,000 
spots/cm2 
(Legutki 

et al 
2014) 

1,000,000 
spots/cm2 

(N-
Schaffer) 

40,000 spots/cm2 
(Beyer et al 

2007) 

 Minimum Feature 
Size 

250 μm (pepscan) 2 - 3 mm 
(intavis) 

90 μm  
(Arrayjet) 

1.25 mm 8 μm 10 x 10 μm 50 μm 

Detection 
methods 

Radioactivity x x x x  x 

 Chemiluminescence x x x x  x 
 Colorimetry x x x x  x 
 Fluorescence x x x x  x 
 Mass Spectrometry   x    

 SPR x  x    

 Commercialization PEPSCAN, New 
England Peptide, 

Bio-Synthesis 

JPT, 
Intavis, 
Arrayit, 

MultiSyn
Tech, 

Kinexus, 
Jerini Bio 

Tools 
GmbH, 

Genscript 

Arrayjet SAMDI Tech 
Inc 

--- LC 
Sciences, 
Schafer-N 

PEPperPRINT 
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SAMDI-based Peptide Array Applications 

SAMDI-based peptide arrays offer many advantages for studying peptide modifications and 

interactions and have been used for a variety of applications. For example, we recently described 

a variation of the SAMDI method, termed PI-SAMDI (for Protein Interaction SAMDI), that can 

characterize weak protein-peptide interactions in an array format.48 When using peptide arrays to 

identify ligands for receptor binding, it is necessary that the peptide binds with sufficient affinity, 

or more precisely, with a sufficiently slow dissociation rate constant so the complex is stable 

through the washing steps required before imaging of the array. In practice, it is challenging to 

characterize binding interactions with association constants in the low µM range. Many important 

regulatory interactions in the cell fall in this range and therefore have not been addressable with 

peptide arrays. This technique uses SAMs that present an immobilized peptide ligand as well as a 

peptide substrate for an enzyme. The receptor protein of interest is prepared as a fusion to a reporter 

enzyme. As the receptor binds to the immobilized ligand, the enzyme is brought to the interface 

where it can then modify its substrate peptide with up to a twenty-fold greater rate. This results in 

a ‘covalent record’ of the binding interaction, and the affinity of the complex corresponds to the 

amount of product on the monolayer which can be quantified with SAMDI mass spectrometry. PI-

SAMDI retains the advantages of a SAMDI assay—quantitative, label-free, and high throughput 

with inert surfaces to prevent non-specific protein adsorption—and also has the ability to study 

low-affinity interactions. PI-SAMDI was applied to study the binding of chromodomain proteins 

to methylated peptides found in the histone amino-terminal tails.  
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Additionally, our group has used SAMDI peptide arrays to study substrate specificity of 

enzymes. One example used a SAMDI peptide array to identify active substrates of the sirtuin 

deacetylase, SIRT3.53 The active substrate was used to screen SIRT3 inhibitors, and a total of 306 

inhibitors were identified from a library of 100,000 molecules. In another example, we used 

SAMDI peptide arrays to discover an example where one post-translational modification of a 

histone-derived peptide regulates a second post-translational modification—also known as histone 

crosstalk.54 We found that acetylation of histone 3 at lysine 14 by the acetyltransferase PCAF is 

inhibited when the arginine residue at position 8 is first enzymatically methylated or deaminated. 

These examples highlight the application of peptide arrays for characterizing the specificity of an 

enzyme, as it is important to identify sequences that are both active and inactive for a given 

enzyme.  

The monolayer surface chemistries of the SAMDI arrays are among the best available for 

preventing the unwanted adsorption of protein; therefore, the arrays can be used to profile enzyme 

activities in complex samples derived from cell lysates and tissue extracts. Our group used SAMDI 

peptide arrays to profile the sirtuin and KDAC deacetylase families in cell lysates.16 These studies 

found that while KDAC activity remained fairly constant, sirtuin activity was significantly 

decreased during differentiation of CHRF megakaryocytic cells. Peptide arrays have expanded the 

capabilities of protein research, allowing for a broad range of applications. SAMDI-based arrays 

offer promise for continuing to study peptide chemistries and interactions. 
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Dissertation Overview 

This dissertation utilizes SAMDI-MS and peptide arrays for several applications. The first 

application uses SAMDI-based peptide arrays for the discovery and characterization of new and 

unanticipated sequence-selective reactions of peptides. Reactions that can selectively modify 

amino acid sequences within peptides and proteins are important for preparing protein reagents, 

immobilizing proteins, and making antibody-drug conjugates. The development of new reactions 

often begins with known chemistries and are optimized using only a small set of peptide reactants. 

Chapter 2 reports the selective acetylation of HY and YH dyads when treated with acetic anhydride 

in aqueous conditions and illustrates the benefits of using peptide arrays and a label-free analysis 

method to discover peptide-modifying reactions.  

The second application uses SAMDI-MS and three phosphorylated peptide arrays to profile 

global phosphatase activity in cell lysates. Phosphorylation is an important post-translational 

modification on proteins involved in many cellular processes; however, understanding of the 

regulation and mechanisms of global phosphorylation remains limited. Chapter 3 describes the use 

of SAMDI-based peptide arrays to gain a systems-level understanding of phosphatase activity 

across five different cell types, and our results show that phosphatase activity may play a much 

larger role in the regulation of global phosphorylation on proteins than previously believed.  

The third application utilizes machine learning with SAMDI-based peptide array data to 

improve the efficiency of peptide array design. While peptide array development and applications 

are still at an early stage, it is already becoming difficult to analyze the large data sets that are 

generated from peptide arrays. As arrays increase in size, it will be more important to develop and 
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apply complex analytical methods. Chapter 4 describes how machine learning can accurately 

predict the signal-to-noise (S/N) of a peptide in an array, allowing for the efficient design of arrays 

through selection of high S/N peptides. 

The dissertation concludes with a summary of the described research and a discussion about 

further research directions for advancing the applications of SAMDI-based peptide arrays.  
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Chapter 2. Using Peptide Arrays to Discover the Sequence-Specific Acetylation 

of the Histidine-Tyrosine Dyad 

 

The research and all figures presented in this chapter have been published and are adapted 

with permission from Szymczak, L. C., and Mrksich, M. (2019) Using Peptide Arrays to Discover 

the Sequence-Specific Acetylation of the Histidine-Tyrosine Dyad, Biochemistry 58, 1810-1817. 

Copyright 2019 American Chemical Society.133 

https://doi.org/10.1021/acs.biochem.9b00022 Further permissions related to the material cited 

should be directed to the ACS. 

 

Introduction 

Reactions of chemical reagents with peptides and proteins are common and remain 

important for fundamental studies of protein function,134 developing probes for in vivo imaging,135, 

136 introducing motifs for purification,137 and developing biotherapeutics138, 139 and protein-based 

materials.140, 141 Most current strategies of chemical protein modification target natural amino 

acids, 142-145 the N- or C- terminus,146, 147 and native peptide motifs,137, 148, 149 though others have 

relied on the incorporation of non-natural amino acids.150-157 While important research continues 

to develop new chemistries for the specific reactions on peptides and proteins, current methods 

typically validate new chemistries on only a small number of peptide sequences, which limits full 

reaction characterization. Additional challenges include the limited number of functional groups 

on amino acids as well as the requirement that reactions are compatible with biologically-relevant 
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conditions. To improve upon current methods to develop new chemical modifications on peptides, 

we introduce the use of peptide arrays and self-assembled monolayers for matrix-assisted laser 

desorption/ionization (SAMDI) mass spectrometry (MS) as a method for discovering new 

acylation reactions on peptides.  

Peptide arrays offer great value for the discovery of sequence-specific reactions—a single 

array can be used to assess reactivity of a reagent with hundreds to thousands of peptide 

sequences.17 While many protein functions cannot be translated to peptides because of sequence 

truncation and the lack of tertiary structure, peptide arrays are very relevant and important for the 

study of sequence-specific chemical reactivity. The use of a peptide array containing all possible 

sequences in a set of variable positions allows for an unbiased assessment of specificity that 

advances the development and validation of new methods for the modification of proteins.  

We prepared peptide arrays using SAMDI-MS, a high throughput, label-free technique that 

provides a quantitative measure of reaction without the need for purification or tedious sample 

preparation.112, 132 SAMDI-MS is a technique that relies on self-assembled monolayers (SAMs) of 

alkanethiolates on gold that present functional maleimide groups for immobilization of thiol-

derivatized molecules, including cysteine-terminated peptides, at a density of 10% against a 

background of tri(ethylene glycol) groups.112, 132 The functionalized SAMs are treated with 

reagents of interest and then analyzed using matrix-assisted laser desorption/ionization (MALDI) 

mass spectrometry to reveal new peaks that correspond to reaction products (Figure 2-1).  
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Figure 2-1. SAMDI-based peptide arrays for the discovery of peptide-modifying reactions and 

characterization their sequence-specificity. SAMDI based peptide arrays are treated with a reagent of 

interest, and then peptides are analyzed using MALDI mass spectrometry to reveal new peaks 

corresponding to reaction products.  

In comparison to current methods for the development of new peptide chemistries, the 

combination of peptide arrays and SAMDI-MS offers several advantages, including the abilities 

to quickly screen hundreds of peptides on a single array and identify unanticipated reaction 

products. We recently showed the value of SAMDI-MS based peptide arrays for glycosylation 

sequence characterization and optimization of substrates for various glycosyltransferases.158 In this 

chapter, we describe the use of two peptide arrays with SAMDI-MS to discover and characterize 

the sequence-selective reaction of acetic anhydride with the histidine-tyrosine dyad. We found that 

acetic anhydride has preferential reactivity with peptides containing both histidine and tyrosine, 
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and we investigate the mechanism behind this selective reactivity. We show that this reaction 

proceeds with initial acetylation on histidine, followed by acetyl transfer to tyrosine. We further 

characterize this reactivity with a second peptide library to examine the effects of amino acids 

neighboring the HY dyad. Finally, we examine the reactivities of two additional acylating 

electrophiles, as well as the spatial effects of this acetyl transfer. The combination of peptide arrays 

and SAMDI-MS provides a powerful platform for reaction discovery on peptides.  

 

Results and Discussion 

Experimental design. Acetic anhydride is known to acetylate amines, including the side chain 

of lysine residues, under basic conditions. We asked whether there were certain peptide sequences 

that would react with the acylating reagent under neutral conditions, and therefore aimed to map 

the reactivity of acetic anhydride with a peptide array encompassing all combinations of amino 

acid dyads. We synthesized a peptide library consisting of 361 peptides with sequences of Ac-

GXZRGC, where X and Z are variable and represent all 19 natural amino acids excluding cysteine. 

The peptides were capped at their N-termini to prevent reaction at this site, and also included an 

arginine to increase ionization efficiency for MALDI-MS. The cysteine residue provides the thiol 

functional group for immobilization to SAMs that present the corresponding maleimide group. We 

prepared a peptide array by immobilizing the peptides onto an array plate having 384 self-

assembled monolayers on gold presenting maleimide groups at a density of 10% against a 

background of tri(ethylene glycol) groups, as described previously.10 We then treated the peptide 

array with an aqueous solution of acetic anhydride (100 mM) for 1 hour at room temperature, after 
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which the plate was rinsed, treated with matrix and analyzed by SAMDI-MS to provide a mass 

spectrum for each spot (Figure 2-2).  

 

Figure 2-2. A SAMDI based peptide array, consisting of the sequence Ac-GXZRGC, is treated with acetic 

anhydride and analyzed. The X and Z positions are variable and represent all natural amino acids except 

for cysteine. This array allows for full reaction characterization because all existing dipeptides are screened. 

Selective reactivity of acetic anhydride. The mass spectra showed that the masses of the 

majority of the peptides were unchanged following treatment with acetic anhydride, and therefore 

did not react with the anhydride. Surprisingly, only two peptides in the array underwent efficient 

acetylation, as shown by an increase in mass of 42 Daltons. These peptides, Ac-GHYRGC and 

Ac-GYHRGC, both contain histidine and tyrosine in adjacent positions (Figure 2-3). We repeated 

this experiment four times to confirm the relative reaction yields, and we found that Ac-GHYRGC 
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and Ac-GYHRGC were consistently acetylated with average values of 90% with a standard 

deviation of 2% and 97% with a standard deviation of 2%, respectively.  

 

Figure 2-3. Acetic Anhydride selectively acetylates the HY dyad. a) Heatmap showing the average extent 

of acetylation from four replicates of Ac-GXZRGC peptides with acetic anhydride, where each square 

represents a peptide having X and Z residues as denoted on the vertical and horizontal axes, respectively.  

The extent of acetylation is denoted in grayscale, with black representing complete reaction. Acetic 

anhydride selectively reacted with peptides containing both histidine and tyrosine in the X and Z positions. 

The proportion of acetylated peptide was calculated by dividing the area under the curve (AUC) of the peak 

for the acetylated product by the total AUC of the peaks for unreacted substrate and acetylated product. b) 

Spectra for Ac-GHYRGC and Ac-GYHRGC before and after reaction with acetic anhydride. The top 

spectrum shows Ac-GYHRGC before treatment with acetic anhydride (Spectrum of unreacted Ac-

GHYRGC is similar and not shown). The middle and bottom spectra show that after treatment with acetic 

anhydride, the mass peaks of Ac-GHYRGC and Ac-GYHRGC are shifted by +42 Da corresponding to 

acetylation. 

The mass spectra also revealed low yields for acetylation of peptides containing lysine 

residues, which is expected at neutral pH because there is still a small fraction of side chain amino 
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groups that are not protonated (and therefore nucleophilic). Under basic conditions, in contrast, 

the acetylation of lysine amino groups with anhydrides is efficient and has been used for sample 

preparation in bottom-up proteomics.159 The heatmap also demonstrates that SAMDI has the 

quantitative resolution to compare reactivities for different sequences. The average yield and 

standard deviation for acetylation of each peptide is shown in Appendix Figure S-1.  

Solution-phase reactivity of acetic anhydride. We next confirm that the acetylation of the HY 

and YH dyads were not influenced by proximal monolayer and are also observed for solution-

phase reactions. Additionally, we repeated the reaction on peptides having a non-capped N-

terminal amino group as well as a free cysteine residue to compare relative reactivities. We 

performed solution-phase reactions with four peptides, each containing only a single site that can 

react with the anhydride—Ac-GYHGRG, Ac-GKGRG, Ac-GAGRC, and NH2-GAGRG—and 

three peptides that served as negative controls—Ac-GYGRG, Ac-GHGRG, and Ac-GAGRG. We 

treated solutions of each peptide (100 µM) with acetic anhydride in water (100 mM) for 1 hour 

and then analyzed the reactions using MALDI-MS. Figure 2-4 shows the yield and spectra for each 

reaction. The reactivities of the peptides in solution are consistent with our observations of the 

reactions directly on the peptide array, though the yields for the former were generally lower. The 

higher yields for the immobilized peptides likely reflect the different stoichiometry in the solid-

phase reaction—where the anhydride is present in far greater excess relative to the immobilized 

peptide—which is particularly important since hydrolysis of the anhydride competes with 

acetylation. The HY dyad is acetylated in solution and peptides containing only histidine and 

tyrosine are not significantly acetylated, eliminating the possibility that the monolayer plays a role 
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in the reactivity observed on the peptide array. We also observed acetylation of the lysine amino 

group at a level of about 1/3 of that observed for the peptide containing the HY dyad, which was 

similar to what we observed in reactions with the peptide array. As anticipated, cysteine and the 

non-capped N-terminus are more reactive than the HY dyad. The observed reactivity of acetic 

anhydride with the peptides containing cysteine and a non-capped N-terminus also agrees with 

previous reports.160, 161  

Selective reactivity extends to other acylating agents. We also characterized reactivity of the 

Ac-GYHGC peptide with other electrophilic acylating reagents, including acetyl-CoA, propionic 

anhydride and m-dPEG-NHS ester. While we did not observe reaction with acetyl-CoA, we did 

observe acylation of the peptide with propionic anhydride and with the NHS ester; we reason that 

lower electrophilicity of the acetyl-CoA resulted in poor reactivity under these conditions. We 

treated the Ac-GXZRGC peptide array with propionic anhydride (Figure 2-5a) and m-dPEG-NHS 

ester (Figure 2-5b) and found that both reagents gave similar selectivity for the HY dyad, suggesting 

that this reactivity is broadly applicable to other electrophilic acylating agents.  
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Figure 2-4. Solution-phase acetylation of peptides containing the HY dyad, lysine, cysteine, or a non-

capped N-terminus. Seven peptides—Ac-GHYGRG, Ac-GKGRG, Ac-GAGRC, NH2-GAGRG, Ac-
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GYGRG, Ac-GHGRG, and Ac-GAGRG, (100 uM) were treated with of acetic anhydride (100 mM) for 1 

hour. The reactions were then lyophilized, resuspended in H2O, and analyzed using MALDI mass 

spectrometry. The plot shows the yield for acetylation of each peptide under these conditions. The 

corresponding MALDI-MS spectra of each peptide before (gray) and after (black) in-solution reactions 

with acetic anhydride are also shown. The blue dotted lines show the expected m/z of H+ and Na+ adducts 

of acetylated peptide.  

 

Figure 2-5. Propionic anhydride and m-dPEG-NHS ester also selectively acylate the HY dyad. Heatmaps 

showing the proportion of acylation of peptides in Ac-GXZRGC peptide array with a) propionic anhydride 

and b) m-dPEG-NHS ester (100 mM) for 1 hour at room temperature. Each square represents a peptide 

having X and Z residues as denoted on the vertical and horizontal axes, respectively.  The extent of acylation 

is denoted in grayscale, with black representing complete reactivity. 

Mechanistic determination of acetylation of HY dyad. We reasoned that acetylation of the His-

Tyr dyad proceeds through initial acetylation of the histidine imidazole group, followed by 
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intramolecular transfer of the acetyl group to the tyrosine hydroxyl group (Figure 2-6a). This 

mechanism is consistent with the known reaction of activated esters with imidazole groups (though 

the acylated adducts undergo rapid hydrolysis) and with the lack of reactivity with phenols (as is 

also shown by lack of reaction with other tyrosine-containing peptides in the array). To test this 

mechanism, we performed reactions of acetic anhydride with four additional peptides: Ac-

GYHGC, Ac-GYOMeHGC (where the tyrosine hydroxyl group is methylated to remove the 

nucleophilic character), Ac-GHGC, and Ac-GYGC. We again allowed each peptide to react with 

acetic anhydride (100 mM) for times ranging from 0 to 30 minutes, in 2- or 4-minute intervals 

(Figure 2-6b).  

 

Figure 2-6. Acetylation of the histidine-tyrosine dyad. a) Mechanism of acetylation of the histidine-tyrosine 

dyad. The histidine residue is first acetylated, followed by intramolecular transfer of the acetyl group to the 

phenol of the neighboring tyrosine, to give a stable adduct. b) Kinetic profile for acetylation of four 

additional peptides after reaction with acetic anhydride (100 mM in water) for 30 minutes. The peptide 

containing both histidine and tyrosine, Ac-GYHGC (blue), was nearly quantitatively acetylated after 2 

minutes and remained acetylated. The two peptides, Ac-GYOMeHGC (purple - containing histidine and an 

O-methylated tyrosine) and Ac-GHGC (green – containing only histidine), were acetylated but showed 
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significant hydrolysis over 30 minutes. The peptide containing only tyrosine, Ac-GYGC (red), remained 

unacetylated.  

Our results show that the parent peptide containing the YH dyad, Ac-GYHGC, was nearly 

quantitatively acetylated after 2 minutes and remained acetylated through the thirty-minute 

reaction. The peptides Ac-GYOMeHGC and Ac-GHGC, which do not include the nucleophilic 

tyrosine residue, were acetylated in approximately 50% yield after 2 minutes, but the extent of 

acetylation decreased to approximately 20% after 30 minutes. The peptide containing no histidine, 

Ac-GYGC, did not react with the anhydride. These results show that the histidine residue is 

required for acetylation, but acetylation on histidine is not stable and undergoes hydrolysis to give 

the native peptide. However, a neighboring tyrosine group competes with hydrolysis through a 

trans-acetylation reaction. We find no previous reports of an acetyl-tyrosine post-translational 

modification or this His-to-Tyr acylation mechanism, though an early report by Moore and 

coworkers observed efficient acetylation of the angiotensin II peptide (DRVYIHPF) with acetic 

anhydride, and suggested that the histidine serves as a base to promote direct acetylation and 

deacetylation of the tyrosine.162 Finally, we note that while acetyl transfer from the imidazole side 

chain of histidine to the hydroxyl group on tyrosine has not been reported in polypeptides, there is 

significant precedent for imidazole serving as a catalyst in acylation reactions. These examples 

include the acylation of cellulose through a similar acyl transfer mechanism163 as well as for 

mercaptans, amines, azides, and phenols.164, 165 Similarly, imidazole can catalyze the hydrolysis of 

esters.165, 166  
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Stability of acetylated tyrosine. We measured the hydrolysis of acetyl-tyrosine on two 

peptides, Ac-GYacGC and Ac-GYacHGC, in both water and PBS buffer pH 7.4 over 96 hours 

(Figure 2-7). We found that acetyl-tyrosine in a peptide lacking the proximal histidine residue was 

stable over the 96 hours in both water and PBS buffer, with little hydrolysis. This stability is 

consistent with microscopic reversibility for the forward reaction and also with prior work showing 

that acetylated phenols have half-lives of several days.162, 167 However, the Ac-GYacHGC peptide 

was found to hydrolyze more rapidly, with half lives of 157.5 hours in water and 30.4 hours in 

PBS, similar to the reported values by Moore and coworkers.162 This lowered stability in buffered 

solutions could be one of the reasons why this modification has not been observed in proteomic 

studies, as it may not be stable throughout the sample preparation process.  
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Figure 2-7. Pseudo-first order rate plot of the hydrolysis of O-acetyl-tyrosine. The hydrolysis of O-acetyl-

tyrosine on the Ac-GYacGC peptide in both water and PBS has a rate constant » 0. On the Ac-GYacHGC 

peptide, the hydrolysis of acetyl tyrosine has rate constants of 0.004 hour-1 and 0.023 hour-1 and half-lives 

of 157.5 hours and 30.4 hours in H2O and PBS pH 7.4, respectively. 

Effects of proximal amino acids on selective reactivity. We next asked whether the acylation 

of the HY dyad could be further accelerated (or inhibited) by varying the amino acids surrounding 

this motif. We synthesized a second peptide library having the sequence Ac-GXYHZGRC, where 
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X and Z are variable positions and again represent all 19 amino acids except for cysteine. We 

prepared an array comprising these 361 peptides as described above and treated the array with 

acetic anhydride (100 mM in water) for 1 hour (Figure 2-8a). The average data values and standard 

deviations for each peptide are shown in Appendix Figure S-2. As expected, we found that all 

peptides underwent efficient acetylation. However, peptides with two or three tyrosine groups 

were found to be di- or tri-acetylated, respectively. Further, peptides containing lysine in either 

one or two variable positions were also acetylated more than once, but to a lesser extent. This result 

shows that a single histidine residue can catalyze the acetylation of multiple tyrosine residues in 

the same peptide, as would be expected for its role as a catalyst.  

We then repeated this experiment with a lower concentration of acetic anhydride (0.1 mM) to 

decrease the yield of acetylation and better resolve the relative reactivities of the peptides with the 

anhydride (Figure 2-8b). The average data values and standard deviations for each peptide are 

shown in Appendix Figure S-3. We found that peptides containing acidic residues—either aspartic 

acid or glutamic acid—in both variable positions were not acetylated. Interestingly, a single acidic 

residue did not significantly affect the reaction rate. A recent report by Denu and colleagues 

measured the kinetics of non-enzymatic lysine acetylation using acetyl-phosphate and acetyl-CoA 

on 90 lysine sites within eight purified proteins.168 They also found that lysines with a glutamic or 

aspartic acid in the +1 and -1 positions were acetylated at lower rates than were lysines without 

proximal acidic residues, and suggested this tempered reactivity was due to salt bridge formation. 

Our similar observation with the acetylation of the HY dyad could similarly be due to a salt bridge, 

or to a higher pKa value for the protonated imidazole due to an electrostatic interaction.  
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The array also revealed that peptides containing a histidine in one or both of the variable 

positions underwent acetylation more rapidly, possibly by increasing the amount of acylated 

histidine intermediate. Similar reactivity was also found with propionic anhydride (Figure 2-9a) 

and m-dPEG-NHS ester (Figure 2-9b), however the NHS ester was significantly less reactive across 

the whole array. This data shows that acetylation of the histidine-tyrosine dyad by acetic anhydride 

is a reasonably specific reaction that is most favorable in the presence of a neighboring histidine 

residue and absence of nearby acidic residues.  

 

 

Figure 2-8. Effects of amino acids surrounding HY motif on acetylation. A peptide array based on the 

sequence Ac-GXYHZGRC was treated with acetic anhydride in water at either 100 mM (a) or 0.1 mM (b) 
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and analyzed by SAMDI mass spectrometry. Separate heat maps show the amount of each peptide that did 

not react (0 Ac), and that underwent acetylation one (1 Ac), two (2 Ac) or three (3 Ac) times.  

 

 

Figure 2-9. Reactivity of propionic anhydride and m-dPEG-NHS ester on Ac-GXYHZGRC peptide array. 

Heatmaps showing the modification states of peptides in the Ac-GXYHZGRC peptide array after treatment 

with 0.1 mM a) propionic anhydride and b) m-dPEG-NHS ester in water for 1 hour. 

Distance-dependence of the acetyl transfer from histidine to tyrosine. To examine the 

intramolecular distance dependence for the transfer of the acetyl group from the histidine to 

tyrosine, we synthesized 4 peptides having the sequence Ac-GY(G)nHRGC, where n is one, two, 

three, or four and therefore increases the distance between the histidine and tyrosine residues. We 
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treated those four peptides as well as Ac-GYHRGC with acetic anhydride (100 mM) for 25 

minutes (Figure 2-10a). Each of the peptides reached a maximum yield at about 12 minutes—

likely because the acetic anhydride undergoes hydrolysis during the reaction. We observed a slight 

decrease in the extent of acetylation for the peptides having 1 and 2 glycine residue spacers, and a 

greater decrease for the peptides having 3 and 4 glycine residue spacers. However, the acetylation 

did not drop off significantly, even with peptide having four glycine residues, indicating that the 

acetyl transfer can occur over longer distances (at least for peptides having a conformationally 

unconstrained oligoglycine linker).  

Lastly, we address the possibility that the acetyl transfer from histidine to tyrosine could occur 

intermolecularly. We co-immobilized equal amounts of two peptides, Ac-GHGC and Ac-GYGC 

to monolayers with varying densities of maleimide, so that the mean distance between neighboring 

peptides could be varied. We expected that at high densities of peptide, the former could undergo 

acetylation and transfer the acetyl group to the latter, but that transfer would not be possible for 

low densities of peptides. The alkanethiolate chains in a monolayer have an approximate density 

of 4.5/nm2.72, 169 Therefore, the density of immobilized peptides for monolayers having maleimide 

groups presented at a percentage of the total alkanethiolates are 0.045/nm2 at 1%, 0.23/nm2 at 5%, 

0.45/nm2 at 10%, 0.68/nm2 at 15%, 0.90/nm2 at 20%, and 1.13/nm2 at 25%. We treated the 

monolayers with acetic anhydride (100 mM in water) for 1 hour, and analyzed the reactions using 

SAMDI-MS (Figure 2-10b). Indeed, we found that the tyrosine-containing peptide showed very 

little acetylation when the peptides were present at a density of 1 or 5%, but significant levels of 

acetylation for densities above 10%.  Monolayers presenting only the tyrosine-containing peptide, 
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by contrast, showed no acetylation at any of the densities.  This example demonstrates that 

histidine-mediated acetylation of tyrosine can occur in a distance-dependent intermolecular 

pathway and by extension suggests that, in proteins, this transfer could occur not only when 

histidine and tyrosine are close in primary sequence, but also when proximal in space.  

 

Figure 2-10. Intra and inter molecular distance dependence of the acetyl transfer a) Five peptides where the 

distance between the tyrosine and histidine residues is varied were each treated with acetic anhydride (100 

mM in water) for 25 min. Analysis of the extent of acetylation at several time points shows the relative 

rates for acetylation. b) Monolayers presenting a mixture of GYGC and GHGC peptides (orange) or only 

the GYGC peptide (blue) for densities of peptide ranging from 1 to 25% were treated with acetic anhydride 

in water (100 mM) for 1 hour. The yield for acetylation of the Ac-GYGC peptide was determined by 

SAMDI mass spectrometry.  

Conclusion 

This work illustrates how peptide arrays and SAMDI-MS can be used to discover sequence-

specific reactions of peptides. We found that acetylation of peptides by acetic anhydride occurs 

efficiently on tyrosine residues that have a neighboring histidine. It is surprising that this reaction 

has not been previously reported, even though acylation of proteins has been thoroughly studied 
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and the mechanistic basis of this reaction is well established. We believe that this approach will be 

important for the discovery of additional chemistries for site-specific protein modification and 

conjugation, as well as for optimization of those that have already been reported.142, 144-146, 153, 154, 

170, 171 Current approaches often do not assess the global sequence specificity, and also are limited 

to identifying anticipated reactivities. Our method uses non-biased peptide arrays comprising of 

two variable positions with mass spectrometry to characterize all possible sequences and identify 

unforeseen reactivities, allowing for a complete understanding of the specificity of the reaction. 

This example demonstrates the benefits of using peptide arrays and SAMDI-MS to discover 

peptide-modifying reactions and to understand their sequence-specificity.  

 

Methods 

Peptide library synthesis. Peptide libraries, Ac-GXZRGC and Ac-GXYHZGRC, were 

synthesized using standard Fmoc-based solid-phase peptide synthesis172 on SynPhase polyamide 

lanterns with Fmoc-Rink amide linkers purchased from Mimotopes. Synthesis was performed in 

96-well filter plates purchased from Arctic White with the use of a 96-well plate vacuum manifold 

purchased from Millipore. Fmoc- and side chain-protected amino acids and N-acetyl-glycine were 

purchased from either Anaspec or Sigma-Aldrich. Coupling reagents, Pybop and N-

methylmorpholine (NMM), as well as dimethylformamide (DMF) were purchased from Fisher or 

Sigma Aldrich. 

For each library, lanterns were swelled for 1 hour in DMF and then separated into four 96-

well filter plates. The lanterns were Fmoc-deprotected with a solution of 20% piperidine in DMF 
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for 20 minutes. Using vacuum filtration, the wells were drained, and the lanterns were rinsed with 

DMF. The first coupling reaction was performed for 20 minutes with Fmoc-Cys(Trt)-OH, Pybop 

and NMM in 250 µL DMF at a molar excess of 8:8:16, respectively, to the molar loading capacity 

of the lanterns. The wells were then drained, and the lanterns were rinsed with DMF. Fmoc-

deprotection, washing, and coupling reactions with respective amino acids were repeated until the 

last amino acid (N-acetyl-glycine) was coupled. After the last coupling reaction, the lanterns were 

rinsed with DMF and dichloromethane and dried under vacuum for 1 hour. Lanterns were then 

transferred into new 96-well plates. Amino acid side chain deprotection and peptide cleavage from 

the resin was performed in tandem for 2 hours using a solution of 2.5% triethylsilane, 2.5% H2O, 

and 95% trifluoroacetic acid (TFA). The lanterns were then discarded, and the cleavage solution 

was evaporated under nitrogen. The peptides were resuspended in 0.1% TFA in H2O and 

lyophilized. The peptides were resuspended again in 0.1% TFA in H2O to a final concentration of 

500 µM.  

Additional peptide synthesis. Sixteen additional peptides—Ac-GYHGRG, Ac-GKGRG, Ac-

GAGRC, NH2-GAGRG, Ac-GHGRG, Ac-GYGRG, Ac-GAGRG, Ac-GYHGC, Ac-GYOMeHGC 

(O-methylated), Ac-GHGC, Ac-GYGC, Ac-GYHRGC, Ac-GYGHRGC, Ac-GYGGHRGC, Ac-

GYGGGHRGC, and Ac-GYGGGGHRGC—were synthesized using standard Fmoc-based solid-

phase peptide synthesis on Fmoc-Rink Amide MBHA resin purchased from Anaspec. The O-

methylated Fmoc-protected tyrosine was purchased from Advanced Chem Tech. The resin was 

swelled for 30 minutes in DMF. Fmoc-deprotection and amino acid coupling reactions were 

performed as described for the peptide library synthesis. The peptides were cleaved, and the amino 
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acid side chains were deprotected in a solution of 2.5% triethylsilane, 2.5% H2O, and 95% TFA 

for 2 hours. The cleaved peptides were filtered to remove the resin and the peptides were 

precipitated with ethyl ether. The precipitated peptides were resuspended in 0.1% TFA in H2O and 

lyophilized. They were then resuspended in 0.1% TFA to a final concentration of 500 µM.  

Preparation of SAMDI peptide arrays. Peptide arrays were prepared as described 

previously.10, 173-175 Briefly, 384 gold spots were evaporated onto titanium coated steel plates using 

a Thermionics E-beam evaporator. The plates were soaked in a 1 mM total disulfide monolayer 

solution of 0.8 mM tri(ethylene glycol) disulfide and 0.2 mM tri(ethylene glycol)-maleimide 

disulfide in ethanol. The alkanethiolate monolayer self-assembles onto the gold surfaces and 

presents a functional maleimide group against a background of tri(ethylene glycol).   

Peptides were neutralized by dilution in 50 mM Tris pH 7.5 to a concentration of 50 µM and 

pipetted onto the gold spots using Tecan robotics (one peptide per gold monolayer). The peptides 

were incubated on the surface in a humidified chamber at room temperature for 1 hour for 

immobilization. Peptide immobilization occurs through 1,4-Michael addition of the cysteine-thiol 

side chain to the maleimide. The arrays were then washed with H2O and then ethanol, dried under 

nitrogen, and stored in vacuum sealed bags at 4°C until ready for use.  

SAMDI peptide array reactions. Acetic anhydride, propionic anhydride, and m-dPEG-NHS 

ester were purchased from Sigma-Aldrich. Ac-GXZRGC peptide library— Four prepared arrays 

were treated with 100 mM acetic anhydride in H2O at room temperature for 1 hour. Two additional 

prepared arrays were treated with either 100 mM propionic anhydride or 100 mM m-dPEG-NHS 

ester in H2O at room temperature for 1 hour. After reactional completion, the plates were rinsed 
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with H2O and then ethanol and dried under nitrogen. Ac-GXYHZGRC peptide library— Ten 

SAMDI peptide arrays were prepared; five were treated with 100 mM acetic anhydride and five 

were treated with 0.1 mM acetic anhydride in H2O at room temperature for 1 hour. Two additional 

prepared arrays were treated with either 0.1 mM propionic anhydride or 0.1 mM m-dPEG-NHS 

ester in H2O for 1 hour at room temperature. The plates were then rinsed with H2O and then ethanol 

and dried under nitrogen. All arrays were analyzed by SAMDI-MS. The heat maps shown in Figure 

2-3 and Figure 2-8 portray average values of acetylation on each peptide.  

In-solution peptide reactions. 7 peptides—Ac-GHYGRG, Ac-GKGRG, Ac-GAGRC, NH2-

GAGRG, Ac-GYGRG, Ac-GHGRG, and Ac-GAGRG—were treated with acetic anhydride in 

solution. The in-solution reactions consisted of 100 µM of peptide with 100 mM acetic anhydride 

in H2O for 1 hour at room temperature. The reactions were then flash frozen in liquid nitrogen and 

lyophilized to remove the acetic anhydride. The peptides were then resuspended in H2O. The 

resuspended peptide solutions were mixed at a ratio of 1:9 with a matrix solution consisting of 10 

mg/mL a-Cyano-4-hydroxycinnamic acid in 50% acetonitrile, 50% H2O, 0.1% TFA, and spotted 

onto a MALDI plate. The peptides were analyzed using reflector positive mode on an AB Sciex 

5800 MALDI TOF/TOF. Spectra were collected from 900 laser shots with a stage velocity of 2500 

µm/sec. The proportions of acetylation and the spectra of each peptide are shown in Figure 2-4. 

Timed SAMDI reactions on individual peptides. Ac-GYHGC, Ac-GYOMeHGC (O-

methylated), Ac-GHGC, and Ac-GYGC peptides were immobilized (as described above) in 

quintuplet on eleven SAMDI plates. Each plate was treated with 100 mM acetic anhydride in H2O 

for 2, 4, 6, 8, 10, 12, 18, 20, 25, or 30 minutes. Each plate was rinsed with water and then ethanol 
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and dried under nitrogen at the completion of its time point, and then analyzed using SAMDI-MS. 

The averages and standard deviations were calculated from five replicates of each time point. The 

averages and standard deviations are plotted in Figure 2-6b. 

SAMDI Acetyl-tyrosine hydrolysis experiments. Forty micro SAMDI plates were prepared—

Ac-GYHGC was immobilized (as described above) in quintuplet on twenty plates, and Ac-GYGC 

was immobilized in quintuplet on each of the remaining twenty plates. The twenty Ac-GYHGC-

immobilized plates were chemically acetylated by three treatments of 100 mM acetic anhydride in 

acetonitrile for 1 hour at room temperature. The twenty Ac-GYGC-immobilized plates were 

chemically acetylated by three treatments of 100 mM acetic anhydride, 50 mM triethylamine in 

acetonitrile for 1 hour at room temperature. All plates were then rinsed with ethanol, water, and 

then ethanol and dried under nitrogen. Ten of the Ac-GYacHGC-immobilized plates, and ten of the 

Ac-GYacGC-immobilized plates were soaked in H2O for 0, 6, 12, 24, 36, 48, 60, 72, 84, or 96 

hours. The ten remaining Ac-GYacHGC-immobilized plates and the ten remaining Ac-GYacGC-

immobilized plates were soaked in PBS pH 7.4 buffer for 0, 6, 12, 24, 36, 48, 60, 72, 84, or 96 

hours. The plates were rinsed with water, then ethanol, dried under nitrogen, and analyzed by 

SAMDI-MS. The average remaining amount of acetylation was measured at each time point, and 

the pseudo-first order rate plot is shown in Figure 2-7.  

SAMDI Intramolecular distance experiments. To examine the effects of increased 

intramolecular distance between the histidine and tyrosine, five peptides—Ac-GYHRGC, Ac-

YGHRGC, Ac-GYGGHRGC, Ac-GYGGGHRGC, and Ac-GYGGGGHRGC—were all 

immobilized in triplicate onto seven SAMDI plates. Each plate was treated with 100 mM acetic 
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anhydride in H2O at room temperature for either 0, 4, 8, 12, 16, 20, or 25 minutes, and rinsed with 

water and then ethanol and dried under nitrogen. Each plate was analyzed by SAMDI-MS. The 

proportion of acetylation on each peptide at each time point was averaged and plotted in Figure 

2-10a. 

SAMDI Intermolecular distance experiments. To examine the effects of increased 

intermolecular distance between the histidine and tyrosine, six gold patterned plates were soaked 

in a 1 mM total disulfide monolayer solution with different ratios of tri(ethylene glycol) disulfide 

and tri(ethylene glycol)-maleimide disulfide in ethanol to present maleimide at a density of 1%, 

5%, 10%, 15%, 20% or 25%. Peptides Ac-GYGC and Ac-GHGC were co-immobilized in 

triplicate on each plate. As a control, peptide Ac-GYGC alone was also spotted in triplicate on 

each plate. All plates were treated with 100 mM acetic anhydride for 30 minutes a room 

temperature, rinsed with water and then ethanol, and dried under nitrogen. The plates were 

analyzed using SAMDI-MS and the proportion of acetylation on the Ac-GYGC peptide (when co-

immobilized with Ac-GHGC and when immobilized independently) was plotted in Figure 2-10b. 

SAMDI mass spectrometry. A matrix solution of 10 mg/mL 2,4,6-Trihydroxyacetophenone in 

0.1% TFA in acetonitrile was applied to all treated peptide array plates. The arrays were analyzed 

in reflector positive mode on an AB Sciex 5800 MALDI TOF/TOF. Spectra were collected from 

900 laser shots with a stage velocity of 3000 µm/sec. 

Data analysis. All spectra were analyzed by integrating the area under the curve of the peptide 

product and substrate peaks. The proportion of acylation on each peptide was calculated by 

dividing the area under the curve (AUC) of the acylated peptide product divided by the AUC of 
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both the acylated product and unreacted substrate. All replicates were averaged in presented 

results. The peptide library results are displayed as heat maps, which are a grayscale graphical 

representation of the average proportion of acetylation of each peptide in the array, where black 

represents complete reactivity. Each box represents an individual peptide in the array with the X 

position amino acid on the vertical axis and the Z position amino acid on the horizontal axis. 
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Chapter 3. The Role of Phosphatases in Determining the Distribution of 

Phosphorylation in the Proteome 

This work was done in collaboration with Daniel Sykora in the Mrksich Lab. 

Introduction 

Background: Phosphorylation 

Protein phosphorylation is a prominent, reversible post-translational modification that serves 

as an important regulatory mechanism for various cellular processes such as signaling, migration, 

proliferation, apoptosis, differentiation, and metabolism.176-178 The addition and removal of 

phosphorylation sites on proteins are regulated by kinases and phosphatases, respectively, and 

improper regulation of phosphorylation has been found to contribute to several diseases such as 

cancer, diabetes, and neurodegenerative and inflammatory disorders.179 Phosphorylation occurs on 

over 30% of cellular proteins with a distribution of 86.4% on serine (Ser), 11.8% on threonine 

(Thr), and 1.8% on tyrosine (Tyr) residues.180, 181  

The prevalence of phosphorylation on serine residues remains unclear; however, total 

kinase activity on serine residues must be relatively greater than that of phosphatases. In fact, most 

explanations for the regulation and distribution of phosphorylation sites has often emphasized or 

solely addressed changes in kinase activity, with little consideration for the roles that phosphatases 

play. This is in part because the number of serine/threonine kinases (428) far outnumber the 

phosphatases (only 30), 182 leading many researchers to postulate that Ser/Thr phosphatases play 

a ‘housekeeping’ role. This is in stark contrast to tyrosine phosphorylation, where the number of 

kinases (90) is of the same order as the number of phosphatases (107), 182 and tyrosine 
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phosphatases are believed to play a more prominent role in regulating dynamic signaling events. 

However, in recent years it has been recognized that Ser/Thr phosphatases are important for 

regulation of phosphorylation.183 Different from protein kinases, which are derived from a 

common ancestor, the Ser/Thr and Tyr phosphatase families evolved separately.184 In vivo, the 

Ser/Thr family acts as holoenzymes that form various complexes with large numbers of regulatory 

subunits to gain specificity,183 which in turn introduces new challenges when studying their 

activity. The inherent challenges of studying Ser/Thr phosphatases and the lack of compatible 

assays quantifying both phosphatase activity and substrate specificity in complex samples, such as 

cell lysates, have contributed to the research imbalance between kinases and phosphatases.  

While many kinase assays rely on proteomic techniques to identify phosphorylation sites, the 

same techniques cannot be used to measure the loss of phosphorylation. Current assays used to 

measure phosphatase activity rely on quantifying the decrease in phospho-substrates by measuring 

the amount of phosphate released through radioactivity or colorimetry, or through antibody-based 

detection methods such as enzyme-linked immunosorbent assay (ELISA).185-188 These techniques 

have allowed for significant progress in understanding the roles of phosphatases, but they are 

limited in their use for direct quantification of phosphatase activity in cell lysates. Observing the 

global roles of the phosphatase families in a cellular environment is important for understanding 

the mechanisms behind phosphatase specificity and regulation.   
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SAMDI-MS and peptide arrays to profile phosphatase activity 

Here, we combine peptide arrays and self-assembled monolayers for matrix-assisted laser 

desorption/ionization (SAMDI) mass spectrometry to profile total phosphatase activity in cell 

lysates and develop a systems-level understanding of phosphatase activity. SAMDI-MS is a mass-

spectrometry based technique that uses self-assembled monolayers (SAMs) of alkanethiolates on 

gold that present functional groups for immobilization of substrates against a background of 

tri(ethylene glycol) groups. The use of a tri(ethylene glycol) background prevents non-specific 

protein adsorption to the surface and vastly improves signal to noise.112, 132 SAMDI is a high 

throughput, label-free technique that provides a quantitative measure of reaction without the need 

for purification or tedious sample preparation, making it a powerful platform for large screening 

experiments with complex samples, such as cell lysates.57, 112, 132  

In this work, we use SAMs that present a functional maleimide group for immobilization of 

cysteine-terminated phosphorylated peptides. We synthesized three peptide libraries consisting of 

a central phosphorylated serine, threonine, or tyrosine residue that is surrounded by two variable 

positions. We then prepared SAMDI-based peptide arrays that were treated with cell lysate and 

analyzed using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (Figure 

3-1). Using this technique, we profile the substrate specificities of Ser/Thr and Tyr phosphatases 

and compare their relative activities to develop a better understanding of global phosphatase 

activity. This chapter gives a clear example of the sequence-dependent roles played by 

phosphatases, specifically the Ser/Thr phosphatases, in regulating the global phosphorylation state. 
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Figure 3-1 Profiling phosphatase activity from cell lysates on SAMDI peptide array. Phosphorylated 

peptide libraries were immobilized onto SAMDI arrays. The arrays were treated with cell lysate and the 

extent of dephosphorylation of each peptide was measured using MALDI-MS. The proportion of 

dephosphorylation on each peptide is shown in heatmaps where the dark purple represents complete 

dephosphorylation.  

Results  

Preparation of Peptide Arrays. We used standard Fmoc-based synthesis to prepare a 

phosphoserine peptide library based on the following sequence: Ac-GXSpZGRC (where X and Z 

represent all natural amino acids except for cysteine). In this way, the peptides represent a broad 

distribution of sequences and can resolve the general specificities of phosphatases. We then 

prepared SAMDI-based arrays from steel plates containing 384 SAMs on gold islands, arranged 

in the standard geometry of a microwell plate. Each SAM presented functional maleimide groups 

at a density of 10% against a background of protein-resistant tri(ethylene glycol) groups, as 

described previously. The peptides in the phosphoserine library were spotted onto the monolayer 

array and underwent immobilization through reaction of the cysteine thiol with the maleimide 



 

 

72 

group. We evaluated the quality of each peptide using MALDI-MS, and the signal-to-noise ratios 

of each peptide are listed in Appendix Tables S-1, S-2, and S-3.  

Previously, we have used SAMDI-based peptide arrays to determine the substrate-specificities 

of enzymes and to measure deacetylase activities in cell lysates;16, 189 however, SAMDI-MS is 

particularly significant for analyzing phosphatase reactions because it can observe the reaction 

product directly, without the need for labels, and is applicable to all phosphopeptide substrates.  

Profiling Phosphatase Activity in Cell Lysate.  We used the prepared phosphoserine peptide 

array to profile phosphatases that were present in lysates derived from cultured NIH/3T3 cells 

(fibroblasts from mouse embryo). We applied the NIH/3T3 cell lysate to each spot on the array for 

15 minutes at 37 °C. After lysate treatment, the peptide array was rinsed and dried. We then applied 

MALDI matrix and measured the extent of dephosphorylation of each peptide using MALDI mass 

spectrometry. The extent of dephosphorylation of each peptide was determined by dividing the 

area under the curve (AUC) of the dephosphorylated product peak by the sum of the AUC of the 

dephosphorylated product and phosphorylated substrate peaks. The percentages of 

dephosphorylation of each peptide in the array are displayed in heatmaps, where each square 

represents an individual peptide with X and Z residues on the vertical and horizontal axes, 

respectively. The heatmaps display the percent of dephosphorylation on a color scale, where dark 

purple represents 100% dephosphorylation. The percentages of dephosphorylation shown in the 

heatmaps are an average from three biological replicates and the standard deviation for each 

peptide is displayed by circle size within each peptide square—the smaller the circle, the larger 

the standard deviation.  
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To assess dephosphorylation on threonine and tyrosine, we similarly prepared arrays based 

on the sequences: Ac-GXTpZGRC, and Ac-GXYpZGRC (where X and Z represent all natural 

amino acids except for cysteine). We treated the phosphothreonine and phosphotyrosine peptide 

arrays with the same NIH/3T3 cell lysate, and analyzed the extent of dephosphorylation of each 

peptide using MALDI-MS. The use of three phosphorylated peptide arrays containing the same 

basic sequence allowed for a direct assessment and comparison of phosphatase activities on 

phosphorylated serine, threonine, and tyrosine residues. The phosphatase activity profiles on all 

three arrays from the NIH/3T3 cell lysate are shown in Figure 3-2. 

 

 

Figure 3-2. Heatmaps showing global phosphatase activity in cell lysate from the NIH/3T3 cell line. The 

average extent of dephosphorylation of each peptide is plotted in the heatmap, where complete 

dephosphorylation is dark purple, and each square represents a peptide having X and Z residues as denoted 

on the vertical and horizontal axes, respectively. This experiment was repeated 3 times and the standard 

deviation of the dephosphorylation of each peptide is displayed by circle size in each peptide square, with 

larger standard deviations resulting in smaller circles. The proportion of dephosphorylated peptide was 
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calculated by dividing the area under the curve (AUC) of the peak for the dephosphorylated product by the 

total AUC of the peaks for unreacted substrate and dephosphorylated product. 

Inspection of the heatmaps first reveals striking differences in activity between the 

phospho- serine, threonine, and tyrosine arrays. While Ser/Thr phosphatases act on both phospho- 

serine and threonine substrates, the levels of activity observed on the arrays are very different. The 

substrate specificities observed on the serine and threonine arrays appear to be similar, but we 

observed much higher activity on the threonine array than on the serine array. The phospho-serine 

and threonine arrays show preferential Ser/Thr phosphatase activity on substrates containing 

hydrophobic and aromatic amino acids in both the X and Z positions (valine, leucine, isoleucine, 

methionine, proline, phenylalanine, tyrosine and tryptophan). The higher activity in the 

phosphothreonine array shows disfavored Ser/Thr phosphatase activity on peptides with 

combinations of glycine, alanine, serine, threonine, aspartic acid, glutamic acid, asparagine and 

glutamine in both X and Z positions. The phosphotyrosine array revealed low Tyr phosphatase 

specificity, where most peptides were dephosphorylated between 40-60%; however, we note 

slightly lower Tyr phosphatase activity on substrates with lysine or arginine in either variable 

position. Additionally, on all three arrays, we observe very little activity on peptides containing 

proline in the Z position. While this observation may be related to phosphatase substrate 

specificity, we speculate that proline in the Z position causes surface-related steric hindrance of 

the phosphorylated residue which results in our observed low phosphatase activity.  

We note that our measurements are not calibrated, and there are differences in ionization 

efficiency between unphosphorylated and phosphorylated peptides; however, these differences are 
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consistent between peptides of various sequences and are therefore not critical to our study which 

focuses on comparative reactivity across all peptides (Appendix Figure S-4). Additionally, we 

observe no kinase activity in our cell lysates without the addition of ATP, a required co-factor for 

kinase activity (Appendix Figure S-5).  

Following our analysis of global phosphatase activity in NIH/3T3 cell lysates, we extended 

our study to measure phosphatase activity in cell lysates from four additional mammalian cell 

lines: HT-1080 (fibrosarcoma cells from human connective tissue), MCF-7 (breast cancer cells: 

ER+, PR+/-, HER2-), BT474 (breast cancer cells: ER+, PR+/-, HER2+), and MDA-MB-231 (breast 

cancer cells: ER-, PR-, HER2-). Each cell lysate was applied to the phospho-serine, threonine, and 

tyrosine peptide arrays and phosphatase activity on each array was analyzed by MALDI-MS. The 

corresponding heatmap profiles are shown in Figure 3-3, and larger individual heatmaps for each 

cell lysate are shown in Appendix Figures S-6, S-7, S-8, and S-9, respectively. All data values for 

each peptide from all five cell lysates are listed in Appendix Table S-1, Table S-2 and Table S-3.  
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Figure 3-3. Heatmaps showing the global phosphatase activity in cell lysates from HT-1080, MCF-7, 

BT474, and MDA-MB-231 cell lines. Three replicates were performed for each cell lysate and the average 

extent of dephosphorylation of each peptide is plotted in the heatmaps, where complete dephosphorylation 

is dark purple, and each square represents a peptide having X and Z residues as denoted on the vertical and 

horizontal axes, respectively. The standard deviation of the dephosphorylation of each peptide is displayed 

by circle size in each peptide square, with larger standard deviations resulting in smaller circles. The 

proportion of dephosphorylated peptide was calculated by dividing the area under the curve (AUC) of the 

peak for the dephosphorylated product by the total AUC of the peaks for the unreacted substrate and 
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dephosphorylated product. Larger heatmaps for each of these cell lines are shown in Appendix Figures S-

6, S-7, S-8, and S-9.  

We observed consistent differences in activity between the phospho- serine, threonine, and 

tyrosine arrays across the additional four cell lysates. In fact, across all five cell lysates, the highest 

variance observed in the dephosphorylation of a single peptide was 20%, with most peptides 

having variances between 1-10% (Figure 3-4). 

 

Figure 3-4. Heatmaps displaying the variation of phosphatase activity on each peptide in the phosphorylated 

peptide arrays. The differences in phosphatase activity on each peptide observed from all five cell lines is 

plotted in the heatmaps. Each square represents a peptide having X and Z residues as denoted on the vertical 

and horizontal axes, respectively. The variance in phosphatase activity observed on each peptide is shown 

on a color scale range of white-yellow-orange-red, where white represents 0% variance and red represents 

20% variance. 
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Discussion 

Our global phosphatase profiles show preferential activity on phosphothreonine compared 

to phosphoserine substrates. As mentioned earlier, several proteomic studies have found that in 

various cellular conditions, phosphorylation occurs with ~86.4% on serine, ~11.8% on threonine, 

and ~1.8% on tyrosine residues.180, 181 Proteomic studies for the detection of phosphorylated sites 

offer an unbiased view of the in vivo proteome; however, they do not provide information on the 

enzymes responsible for the addition and removal of the phosphorylation modification or the 

stability and regulatory roles of each phosphorylation site. Previous reports suggest the 

phosphoproteome distribution and the prevalence of phosphorylation on serine residues is likely 

due to the higher number of Ser/Thr kinases, with serine being a better phosphoacceptor than 

threonine, and therefore the preferred site for kinases. However, our results suggest that 

phosphatases, and more specifically Ser/Thr phosphatases, play a much larger role in the 

phosphoproteome distribution than previously believed, and that their lowered activity on 

phosphoserine substrates is likely partially responsible for the high levels of phosphoserine 

observed.  

The high specificity and lower reactivity of phosphatases on the phosphoserine array may 

indicate that phosphorylation on serine is more regulated than on threonine, and/or that Ser/Thr 

phosphatases generally have a stronger preference for phosphothreonine over phosphoserine 

substrates, both of which could explain why proteomic studies report the highest level of 

phosphorylation on serine. Previous reports have also observed the Ser/Thr phosphatase preference 

for threonine substrates. For example, Merlevede and coworkers found that members of the PP2A 
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family strongly preferred phosphothreonine over phosphoserine substrates and that phosphatase 

activity on phosphoserine could be increased by changing the proximal amino acid sequences 

surrounding the phosphoserine, while activity on phosphothreonine was less affected by changes 

in proximal amino acid sequences.190 Additionally, Burgess and coworkers observed in a 

proteomic study that phosphorylated threonine sites with proline in the +1 position were 

dephosphorylated at a higher ratio than phosphoserine-proline motifs.191 The findings that Ser/Thr 

phosphatases often have higher preference toward phosphothreonine and that phosphatase activity 

on phosphoserine substrates is largely affected by surrounding amino acid sequences, is consistent 

with our results and may indicate that the high proportion of phosphoserine in the 

phosphoproteome is due to the lack phosphatase activity on phosphoserine substrates.  

Our additional observation of minimal variation in phosphatase activity between cell 

lysates brings into question the number of phosphorylation sites that have important regulatory 

roles. The vast majority of phosphorylation sites have yet to be examined for functionality and 

importance; however, several reports have speculated that many phosphorylation sites are non-

functional.192 Many proteomic studies that have monitored global phosphorylation in various 

cellular processes only found small variations across a myriad of conditions. For instance, 

proteomic studies that examined global phosphorylation changes in various mouse tissues,193 and 

throughout mitotic exit,191 epidermal growth factor stimulation,180 and DNA damage response,194 

all found that global phosphorylation was only altered between 10-15%. The finding of only small 

changes in global phosphorylation throughout various cellular states is in agreement with our 

observation of little variation in phosphatase activity across five different cell lines. The similar, 
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but specific phosphatase profiles that we observed across all five cell lysates likely indicate that 

phosphatase activity is similarly regulated in different cell types and could also suggest that many 

phosphorylation sites are non-functional. The mechanisms behind phosphatase specificity remain 

largely unknown; however, it is clear from our results, as well as from others, that phosphatases 

are highly regulated enzymes. 

 

Conclusions 

The combination of peptide arrays and SAMDI-MS is a significant approach to studying 

phosphatase activity because it allows for direct relative quantification of phosphatase activity in 

complex samples on a large number of peptide substrates without the need for labels or tedious 

purification. Using three phosphorylated peptide arrays and SAMDI-MS, we measured 

phosphatase activity in cell lysates from 5 cell lines on >1,100 peptides and compared the relative 

activities on serine, threonine, and tyrosine substrates. We found that phosphatase activity is lower 

on phosphoserine in comparison to phosphothreonine, which may suggest that the phosphorylation 

distribution across serine, threonine and tyrosine residues is largely impacted by phosphatase 

activity, rather than being solely determined by kinases. It is clear that phosphatases have 

significant regulatory roles in the phosphorylation cycle; however, further studies on the substrate 

specificities and dynamics between kinases and phosphatases are necessary to fully decipher the 

mechanisms behind phosphorylation and the regulatory roles of each site.  
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Methods 

Peptide Library Synthesis. Peptide libraries, Ac-GXSpZGRC, Ac-GXTpZGRC and Ac-

GXYpZGRC, were synthesized using standard Fmoc-based solid-phase peptide synthesis172 on 

Fmoc-Rink Amide MBHA resin (Anaspec). Synthesis was performed in 96-well filter plates 

(Arctic White) with the use of a 96-well plate vacuum manifold (Millipore). Fmoc- and side chain-

protected amino acids and N-acetyl-glycine were purchased from either Anaspec or Sigma-

Aldrich. Phosphorylated amino acids: Fmoc-Ser(PO(OBzl)OH)-OH, Fmoc-Thr(PO(OBzl)OH)-

OH, and Fmoc-Tyr(PO(OBzl)OH)-OH were purchansed from Sigma-Aldrich. Coupling reagents, 

Pybop and N-methylmorpholine (NMM), as well as dimethylformamide (DMF) were purchased 

from Fisher or Sigma-Aldrich.  

For each library, 15 mg of resin was put into 361 wells in four 96 well plates. Resin was 

swelled for 1 hour in DMF. The resin was Fmoc-deprotected with a solution of 20% piperidine in 

DMF for 20 minutes. Using vacuum filtration, the wells were drained, and the resin was rinsed 

with DMF. The first coupling reaction was performed for 20 minutes with Fmoc-Cys(Trt)-OH, 

Pybop and NMM in 250 µL DMF at a molar excess of 8:8:16, respectively, to the molar loading 

capacity of the resin. The wells were then drained, and the resin was rinsed with DMF. The 

coupling was repeated once more to ensure complete cysteine addition. The wells were again 

drained, and the resin was rinsed with DMF. Fmoc-deprotection, washing, and double coupling 

reactions with respective amino acids were repeated until the last amino acid (N-acetyl-glycine) 

was coupled. We note that b-elimination can occur on protected phosho- threonine and serine 

amino acids during synthesis. To prevent b-elimination after coupling the protected 
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phosphorylated serine and threonine, the remaining Fmoc-deprotections and couplings were 

performed very carefully, and strictly for only 20 minutes. After the last coupling reaction, the 

resin was rinsed with DMF and dichloromethane and dried under vacuum for 1 hour. Amino acid 

side chain deprotection and peptide cleavage from the resin was performed in tandem for 2 hours 

using a solution of 2.5% triethylsilane, 2.5% H2O, and 95% trifluoroacetic acid (TFA).  The 

cleavage solutions for each peptide were then transferred into new 96-well plates and then 

evaporated under nitrogen. The peptides were resuspended in 0.1% TFA in H2O and lyophilized. 

We found that phosphorylated peptides do not store well in water. After lyophilization the peptides 

were resuspended again in 0.1% TFA in H2O to a final concentration of 500 µM, and 3 µL of each 

peptide were transferred into several 50 µL 384 plates. All peptide library plates were again 

lyophilized and stored at -80 °C until needed for peptide array preparation. 

Additional Peptide Synthesis. Fifty-eight additional peptides were synthesized—one of which 

was used for ATP-dependence kinase activity control experiments: Ac-IYGEFKKKC. The 

remaining fifty-seven peptides were used to calculate relative MALDI ionization efficiency ratios 

between the phosphorylated and unphosphorylated peptide peaks and consisted of the sequence 

Ac-GX-S/T/Y-GGRC, where X represents all natural amino acids except for cysteine. All peptides 

were synthesized similarly to the peptide libraries, using standard Fmoc-based solid-phase peptide 

synthesis on Fmoc-Rink Amide MBHA resin. The resin was swelled for 60 minutes in DMF. 

Fmoc-deprotection and amino acid coupling reactions were performed as described above for the 

peptide library synthesis. The peptides were cleaved, and the amino acid side chains were 

deprotected in a solution of 2.5% triethylsilane, 2.5% H2O, and 95% TFA for 2 hours. The cleaved 
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peptides were filtered to remove the resin and then precipitated with ethyl ether. The precipitated 

peptides were resuspended in 0.1% TFA in H2O and lyophilized. They were then resuspended in 

0.1% TFA to a final concentration of 500 µM and stored at -20 °C until needed.  

Preparation of SAMDI Peptide Arrays. Preparation of SAMDI peptide arrays have been 

described previously.10, 173-175 Briefly, using a Thermionics E-beam evaporator, 384 titanium spots 

were evaporated onto steel plates. Gold was then evaporated over the titanium spots, resulting in 

array plates of 384 gold spots. The plates were soaked in a 1 mM total disulfide monolayer solution 

of 0.8 mM tri(ethylene glycol) disulfide and 0.2 mM tri(ethylene glycol)-maleimide disulfide in 

ethanol, allowing for self-assembly of an alkanethiolate monolayer onto the gold surfaces. The 

monolayer presents a functional maleimide group at a density of 10% against a background of 

tri(ethylene glycol), which prevents non-specific protein adsorption to the surface.   

The lyophilized peptide libraries were resuspended in 50 mM Tris pH 7.5 to a concentration 

of 50 µM and 3 µL of each peptide solution was pipetted onto the gold spots of array plates. The 

peptides were incubated on the surface of array plates in a humidified chamber at room temperature 

for 1 hour for immobilization. Peptide immobilization occurs through 1,4-Michael addition of the 

cysteine-thiol side chain to the maleimide. The arrays were then washed with H2O and then 

ethanol, dried under nitrogen, and stored in vacuum sealed bags at 4°C until ready for use.  

Cell Culture. Cell lines were acquired by ATCC. For preparation of lysates, cells were grown 

and passaged in similar conditions. HT-1080, BT-474, MCF-7, and MDA-MB-231 cells were 

cultured in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% fetal bovine 

serum (Gibco) and 1% penicillin-streptomycin (Gibco). NIH/3T3 cells were supplemented with 
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10% bovine calf serum (Gibco) instead. All cells were grown at 37 °C and 5% CO2. DMEM for 

all cells came supplemented with 4.5 g/L D-glucose, 4 mM L-glutamine, and 110 mg/L sodium 

pyruvate.  

Cell Lysis. Cells were grown to ~90% confluency for lysis. Cells were resuspended in cold 

phosphate-buffered saline (Fisher Scientific) on ice following trypsinization. After pelleting this 

solution, cells were lysed in cold lysis buffer (25 mM HEPES pH 7.4, 50 mM NaCl, 1 mM EDTA, 

1 mM DTT, 5% glycerol, 0.5% Triton-X 100, EDTA-free protease inhibitor (Roche, Mini 

cOmplete™, 1 tablet per 10 mL lysis buffer) on ice for 10 minutes. The DTT and protease inhibitor 

tablets were added fresh before every lysate collection. The lysate solution was put into a 7mL 

dounce homogenizer (KONTES), where it was sheared with 25 strokes on ice. Lysate was spun at 

1500g for 3 minutes, and the supernatant was removed. The supernatant was spun again for 20 

minutes at 14,000g and 4 °C. The remaining supernatant collected was the final lysate used in our 

experiments and was stored on ice before use. To estimate lysate protein concentrations for 

experimentation, a BCA assay (Pierce) was performed using a NanoDrop™ Spectrophotometer 

(Thermo Scientific). Typical protein concentrations were around 2-4mg/mL from a near-confluent 

225cm2 flask. Cell lysates were flash frozen in liquid nitrogen and stored at -80 °C until needed 

for experiments.  

Lysate Array Experiments. Cell lysates were thawed on ice and then diluted to a total protein 

concentration of 0.5 mg/mL in lysis buffer. 5 mM MgCl2, 2.5 mM MnCl2, and 1 mM CaCl2 were 

added to the lysate solution. A multidrop Combi Reagent Dispenser was used to pipette 1.5 µL of 

lysate onto each peptide spot on the phospho-serine, threonine, and tyrosine SAMDI peptide arrays 
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and incubated in a humidified chamber for 15 minutes at 37 °C. The arrays were then rinsed with 

a solution of 0.5% w/v of Alconox detergent (Sigma-Aldrich), then water and dried under nitrogen. 

The plates were stored in vacuum sealed bags at 4 °C until analyzed by SAMDI-MS. Cell lysate 

experiments were repeated on all three phosphorylated peptide arrays three times for all five cell 

lines, and the results are listed in Appendix Tables S-1, S-2, and S-3. Additionally, to make sure 

the freeze-thaw cycle didn’t diminish phosphatase activity, we compared the phosphatase activity 

in fresh and frozen cell lysate from BT474 cells. We observed negligible variation between fresh 

vs frozen lysate, indicating that one freeze/thaw cycle did not disrupt phosphatase activity 

(Appendix Figure S-10). 

Control Experiments. Measuring ionization efficiency of phosphorylated vs unphosphorylated 

peptides: The 57 unphosphorylated peptides consisting of the sequence Ac-GX-S/T/Y-GGRC, 

where X represents all amino acids except for cysteine, were neutralized by dilution in 50 mM 

Tris, pH 7.5 to a final concentration of 50 µM. The unphosphorylated peptides and their 

phosphorylated counter peptides from the arrays were each immobilized onto individual gold spots 

on a SAMDI array plate as described above. The plate was rinsed with water, and then ethanol, 

and dried under nitrogen. Each peptide was analyzed by SAMDI-MS as described below. The area 

under the curve (AUC) of all adducts of the peptide substrate was standardized against the area 

under the curve of the adducts from the EG3 background peaks. The EG3 peak is a good standard 

because it is at 90% density on every SAM, and its relative intensity to the immobilized peptide is 

constant from spectra to spectra. The area under the curve of the peptide was divided by the area 

under the curve of EG3, and ratios between the phosphorylated and unphosphorylated peptides 
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were generated. We found that most unphosphorylated peptides had an ionization efficiency about 

2-4 times greater than that of the phosphorylated peptide. We plot the standardized ratios for all 

19 phosphorylated/unphosphorylated pairs in Appendix Figure S-4.  

Demonstrating that ATP is required for kinase activity in cell lysates: We synthesized one 

peptide that is a known biological substrate of the common tyrosine kinase, Src: Ac-

IYGEFKKKC.195 The peptide was neutralized by dilution in 50 mM Tris, pH 7.5 to a final 

concentration of 50 µM, and immobilized onto 6 spots on a SAMDI array plate. The peptide was 

treated with lysate solutions with and without ATP. NIH/3T3 cells were lysed in the same lysis 

buffer used to measure phosphatase activity with the addition of phosphatase inhibitors: 80 mM 

sodium fluoride, 100 mM b-glycerol phosphate, 50 mM sodium pyrophosphate, and 5 mM sodium 

orthovanadate, to prevent all phosphatase activity. The lysate was diluted to a total protein 

concentration of 0.5 mg/mL. To make sure kinase activity could be observed, we added 100 nM 

of active Src kinase (Sigma-Aldrich) and 20 mM MgCl2 to the lysate. The immobilized peptide 

was treated with the lysate and Src solution with and without the addition of 2.5 mM ATP for 1.5 

hours at 37 °C. The SAMDI plate was rinsed with a solution of 0.5% w/v of Alconox detergent, 

then water, and dried under nitrogen. The plate was analyzed by SAMDI-MS as described below, 

and we only observed kinase activity with the addition of ATP. The spectra showing the yield of 

phosphorylation of the peptide in both conditions are shown in Appendix Figure S-5.  

SAMDI-MS. A matrix solution of 10 mg/mL 2,4,6-Trihydroxyacetophenone, 5 mg/mL 

ammonium citrate dibasic in 0.1% TFA in 50% acetonitrile and 50% water was prepared fresh. 1 

µL of matrix solution was applied to each spot on all treated peptide array plates using a multidrop 
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Combi Reagent Dispenser, and the matrix crystalized at room temperature and pressure over 15 

minutes. The arrays were analyzed in reflector positive mode on an AB Sciex 5800 MALDI 

TOF/TOF. Spectra were collected from 900 laser shots with a stage velocity of 2000 µm/sec. 

Data Analysis. The proportion of dephosphorylation (or phosphorylation for control 

experiments) on each peptide was calculated by dividing the area under the curve (AUC) of the 

dephosphorylated peptide product divided by the AUC of both the dephosphorylated product and 

phosphorylated substrate. All replicates were averaged in presented results. Phosphoserine, 

phosphothreonine, and phosphotyrosine array data for all five lysates are shown in Appendix Table 

S-1, Table S-2, and Table S-3, respectively. The peptide array data is also displayed in heat maps, 

which are a graphical representation of the average and standard deviation of the proportion of 

dephosphorylation of each peptide in the array. Each square represents an individual peptide in the 

array with the X and Z position amino acid son the vertical axis and horizontal axis, respectively. 

Dark purple represents complete dephosphorylation and the circle size inversely represents 

standard deviation.  
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Chapter 4. Machine learning on Signal to Noise Ratios Improves Peptide Array 

Design in SAMDI mass spectrometry 

This work was done in collaboration with Albert Xue and Neda Bagheri. The research and all 

figures presented in this chapter have been published and are adapted with permission from Xue, 

A. Y., Szymczak, L. C., Mrksich, M., and Bagheri, N. (2017) Machine Learning on Signal-to-

Noise Ratios Improves Peptide Array Design in SAMDI Mass Spectrometry, Anal. Chem. 89, 

9039-9047. Copyright 2017 American Chemical Society. 196 

https://pubs.acs.org/doi/10.1021/acs.analchem.7b01728	 Further permissions related to the 

material cited should be directed to the ACS. 

 

Introduction 

Peptide arrays have emerged as an enabling tool for identifying biologically relevant peptide 

substrates and molecular recognition sites, and hold great promise as a new analytical method for 

basic and translational research in the biomedical sciences.197, 198 Applications of peptide arrays 

include screening for active substrates of enzymes, profiling enzyme activity in complex samples, 

epitope mapping for antibody binding, measuring interactions between proteins and peptide 

ligands, and identifying substrates for cell adhesion.17 Many existing methods for peptide array 

analysis rely on either radioisotopic, colorimetric, or fluorescent labels to detect reaction 

products.199, 200 The requirement of labels introduces additional protocol steps and can alter natural 

biological activity leading to false interpretations, as when resveratrol was erroneously found to 

enhance deacetylation on a peptide with an attached fluorophore.97 
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We recently introduced SAMDI based peptide arrays, a label-free method that relies on 

MALDI mass spectrometry to analyze peptides that are immobilized to a self-assembled 

monolayer of alkanethiolates on gold, and we have demonstrated the use of this method for 

profiling enzyme specificities,174 discovering new enzymes,7 and profiling activities in a lysate.16 

The SAMDI-MS method offers many advantages for peptide arrays, including the use of surface 

chemistries that are intrinsically inert to the non-specific adsorption of proteins, the availability of 

a broad range of chemistries for immobilization of peptides, and, most significantly, the 

compatibility with MALDI mass spectrometry to analyze the masses of the peptide-alkanethiolate 

conjugates. The ability to directly measure peptide masses allows for a straightforward analysis of 

peptide modifications by identifying the corresponding mass shifts.173 This method provides a 

semi-quantitative measure of the peptides’ substrate activity, however the ionization efficiency of 

a peptide often depends on its amino acid sequence, resulting in different signal-to-noise ratios 

(S/N) for individual peptides in the array.16  

Peptides with poor ionization efficiency have low S/N, and therefore often do not provide 

useful information when relying on mass spectrometry for reaction product detection.201, 202 To 

gain better insight into optimizing future peptide array designs, we evaluated the effects of peptide 

sequence on S/N. We predicted S/N from amino acid sequences measured by SAMDI mass 

spectrometry, and identified amino acids associated with high S/N peptides in two peptide arrays. 

We then used machine learning to highlight properties that predict the relationships between amino 

acids and S/N. While SAMDI-specific results are not generalizable, the method we describe can 

be adapted and applied to diverse peptide array technologies.  
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Previous work has explored S/N relationships involving peptide charge (as with arginine 

residues)203, 204 or hydrophilicity, where hydrophilic proteins can be preferentially detected in 

MALDI-MS due to easier co-crystallization with MALDI matrix.205, 206 In addition to 

hydrophilicity, many specific and complex peptide-matrix interactions can effect MALDI peptide 

S/N.204, 207, 208 Single amino acids have been reported to improve signal strength. For example, 

Krause and co-workers reported that peptides containing arginine or phenylalanine typically 

contributed to higher MALDI signal strength.209 The relationship between S/N and amino acid 

sequence is also affected by the addition of chemical adducts. For instance, Kolarich and 

coworkers reported that peptides with attached N-glycans have altered signal strengths depending 

on the type of glycosylation and MS instrument.210 Many studies use peptides that may have 

undergone oxidation127, 209, 211, 212 which likely also affects peptide signal strength. Peptide 

modifications, such as glycosylation, oxidation, and phosphorylation introduce difficulties in 

signal detection and emphasize the need to integrate computational strategies to better understand 

the relationship between the amino acid sequence of a peptide and the quality of its signal. We 

selected two peptide libraries that are unbiased in their composition to evaluate differences in S/N 

due to differing amino acid sequences, and we offer a complete empirical analysis relating amino 

acid composition and S/N of the peptides. 

Using statistical and machine learning strategies, we investigated how amino acid composition 

affects S/N in SAMDI mass spectrometry and how subtle amino acid differences can give rise to 

different S/N. We focus on two peptide arrays, each containing two consecutive variable positions, 

X and Z, that are represented by all 19 amino acids except for cysteine. The amino acids 
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surrounding the variable positions however are different. The two peptide arrays are Ac-

GRKacXZC (K-array) and Ac-GXZHGC (H-array). We collected peptide spectra by SAMDI mass 

spectrometry and calculated the S/N of each peptide. Statistical analysis identified amino acids 

associated with low or high S/N peptides. We trained machine learning models to identify factors 

that predict S/N from the physical properties of the peptide’s amino acids. We then used the model 

to predict the S/N of peptides that were experimentally evaluated by SAMDI high-throughput data. 

Accurate prediction of peptide S/N from machine learning models allows for the pre-selection of 

peptides that are well suited for inclusion in an array without costly experimental screening.  

 

Results and Discussion 

Experimental design. We calculated peptide S/N using SAMDI mass spectrometry for two 

peptide arrays: Ac-GRKacXZC (K-array) and Ac-GXZHGC (H-array) where X and Z represent all 

combinations of the 19 natural amino acids excluding cysteine for a total of 361 peptides in each 

array. To investigate the relationships between specific amino acids and S/N, we conducted 

statistical tests and machine learning. We then applied the statistical test and machine learning 

results to a published peptide array data set to reveal how S/N information can serve as a guide for 

experimental design and analysis. In doing so, we discovered specific amino acid interactions that 

can explain observed S/N-amino acid relations. Through subsequent machine learning analysis, 

we identified physical properties and amino acid positions that predict the experimentally observed 

peptide S/N. Finally, we used our machine learning model to predict the S/N of an unknown array 

and a partially synthesized array. 
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Preparation of peptide arrays. We used solid-phase peptide synthesis to synthesize two 

peptide libraries containing terminal-cysteine residues, Ac-GRKacXZC (K-array) and Ac-

GXZHGC (H-array), where X and Z represent all amino acids except cysteine. Steel plates with 

384 gold spots were soaked in a solution of disulfides as described earlier.9 The monolayers self-

assembled onto the gold surfaces and presented a functional maleimide group allowing for the 

immobilization of thiol-containing molecules. We treated each monolayer surface with a unique 

peptide, which was immobilized to the surface through the side-chain thiol of the terminal cysteine 

residue. Eleven identical arrays were printed for the experiments that follow. 

S/N is attributable to single amino acids in the K-array. Comprehensive analysis of the K-

array revealed general effects of single amino acids in a peptide on the observed S/N. We collected 

spectra for each immobilized peptide using MALDI mass spectrometry. Noise was quantified as 

the area under the curve (AUC) of the mass spectrum in a region devoid of signals, and the peptide 

signal was quantified as AUC of the expected peptide-terminated alkanethiol mass minus the noise 

AUC. Finally, we calculated S/N as the peptide’s signal AUC divided by the noise AUC and 

calculated the mean for each peptide over the eleven plates in each array. 

We used the Fischer exact test (Bonferroni corrected p < 10-4) to determine whether peptides 

with low or high S/N were enriched with specific amino acids. The corresponding p-values reflect 

the probability that the observed number of amino acids is within either the low or high S/N regions 

by random chance (gray regions in Figure 4-1A). All p-values are reported in Appendix Figure S-

11. We found that the majority of peptides containing tryptophan and leucine in the X-position 

were in the low S/N region and most peptides with Z-position glycine to have high S/N (Figure 
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4-1B). These results indicate that single amino acids can have a strong effect on a peptide’s 

detectability in MALDI-MS. The exceptionally low S/N of tryptophan and leucine-containing 

peptides suggests that the design of future arrays similar to the K-array should consider 

disregarding tryptophan and leucine.  

 

Figure 4-1. General effects of specific amino acids on peptide S/N in the K- and H- arrays. Low 

peptide S/N is observed in peptides containing tryptophan and leucine in the K-array and aspartic acid and 

glutamic acid in the H-array. Peptide S/N was averaged over 11 control plates. (A) Peptides in the K-array 

were sorted according to S/N. Low/high S/N regions are identified (see Methods). S/N ranges from 3.8 to 

313.7, demonstrating that peptides vary greatly in S/N. (B) Amino acids found in the low/high regions were 

found to be statistically significant (Bonferroni corrected p < 10–4) using a Fischer exact test. The reported 

p-value is the chance the observed number of amino acids is within the low or high region by random 

chance. Peptides with X-position tryptophan and leucine have statistically low S/N, and peptides with Z-

position glycine have statistically high S/N. Peptides that have X-position alanine are not statistically 
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significant and are representative of other amino acids. Panels C and D describe the same methods for the 

H-array. S/N has a similarly large range for both arrays, but the differences in amino acids observations 

suggest that dissimilar mechanisms are responsible for S/N. 

Peptides in the K-array display a wide range of S/N—from 3.8 to 313.7 (S/N is unitless)—

demonstrating a wide range of poorly-detectable to detectable peptides (Figure 4-1A). In MS-based 

proteomics experiments, proteins are commonly digested, and the fragments are detected using 

mass spectrometry. It is rare for complete detection of all peptide sequences following 

digestion,213, 214 and incorporation of known poorly-detectable peptide information could increase 

confidence of protein observation. Our observation of widely varying S/N across a peptide array 

may explain differences in MS-detectable peptide fragments after protein digestion.215, 216 Our 

statistical analysis of peptide S/N suggests that poorly-detectable peptides can be predicted by their 

sequence. As we demonstrate, characterization of a MALDI-MS experimental pipeline with 

known peptide sequences can inform subsequent protein quantification experiments. 

A machine learning model predicts SAMDI-MS S/N as a function of amino acid sequence. We 

developed a machine learning model to predict the S/N of peptide-terminated alkanethiolates in 

the SAMDI spectrum based on amino acid sequence with high accuracy suggesting that amino 

acid composition drives S/N observations in a predictive manner. We trained a random forest 

machine learning model217 to predict S/N based on the hydrophilic, steric, and electronic physical 

properties of amino acids.218 The training data contained 361 peptides (rows) and 39 associated 

physical properties for each of the X or Z position amino acids (resulting in 78 columns). The 

response vector, or predicted variable, defined the mean S/N from the 11 control plates. We used 
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cross-validation, where a data sample (randomly selected rows) is left out for model testing, to 

calculate the predictive power !" statistic219: 

!" = 1 − ∑ (() − (*))",
)

∑ (() − (-./0),)",
)

 

In this formulation, () is the true S/N for the omitted test peptide 1, (*) is the predicted S/N of 

the test peptide, (-./0), is the sample mean of S/N in the training set, and 2 is the number of cross-

validated test peptides. The !" statistic can take on values from -∞ to 1, where 1 represents perfect 

prediction and 0 is equivalent to random performance. We create an explicit null model for each 

case by randomizing the data values prior to model training; the average !" value of the null case 

was about 0. 

The analysis of the K-array resulted in a !" of 0.59 using both X- and Z-positions and all 39 

amino acid physical properties. The high !" value confirms our hypothesis that S/N values can be 

reliably predicted from amino acid sequences. This performance further suggests that S/N of new 

amino acids, such as non-natural amino acids, can be predicted using their known physical 

properties. Together these results strongly indicate that amino acid sequence influences S/N in 

MALDI-MS. However, the inability to acquire a !" value closer to 1 suggests that hidden 

variables—such as chemical interactions with amino acids outside the X- and Z-positions—play 

an important role in the overall response. These interactions are challenging to take into account, 

as they cannot be characterized with physical properties alone. 

A bubble chart illustrates the S/N as an experimental design parameter. As a measure of data 

quality, the S/N becomes another experimental design parameter. When studying enzyme activity 

on a SAMDI peptide array, we measure the extent of peptide conversion by the enzyme.16 Enzyme-
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treated peptides can be sorted into four categories: (i) high enzyme activity and high S/N, (ii) high 

enzyme activity and low S/N, (iii) low enzyme activity and high S/N, and (iv) low enzyme activity 

and low S/N. In the past, the SAMDI peptide array data was compiled into heat-maps that 

portrayed only enzymatic activity. We wanted to incorporate a metric into the output of SAMDI 

array data to differentiate between peptides that offer reliable and valuable information (category 

i) from those of lesser importance.  

To this end, we include S/N information to complement a previously published experiment.16 

We construct a bubble chart where each peptide is represented by a circle, whose color represents 

the extent of enzyme activity on that peptide, and whose size represents normalized S/N of the 

peptide before enzyme treatment. Previous approaches that use a color-only heatmap give the 

impression that each data point is equally valid in an analysis of the array data; however, some of 

the peptides contribute information that is more reliable because they have smaller errors. 

Therefore, observed enzyme activity on a peptide does not always correlate to significance. By 

incorporating S/N in bubble size, we rule out low performance signals and focus the analysis on 

high S/N results. We illustrate this approach by replotting the heatmaps from Kuo et al. to include 

S/N (Figure 4-2).16  

In Kuo et al, the K-array was exposed to cell lysates, and endogenous deacetylase activity was 

quantified by measuring the fraction of deacetylated peptides with MALDI mass spectrometry.16 

Deacetylation activity was quantified as the AUC of the modified (deacetylated) peptide divided 

by the AUC of both modified and unmodified peptides. AUC of each peptide is the sum of the 

three background-subtracted ion peaks in MALDI-MS: H+, Na+, and K+.  
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Figure 4-2. Heatmap including S/N and enzyme activity data highlights peptides that provide valuable 

information. This heatmap shows the S/N and cell lysate deacetylase activity of each peptide from Kuo et 

al.16 Bubble color is based on deacetylase activities from lysate treated ac-GRKacXZKC peptide arrays. 

Bubble area represents peptide S/N before lysate treatment, normalized by max S/N. Amino acids are sorted 

by their general trend in peptide S/N when in either X- or Z-position. Peptides containing tryptophan (W), 

arginine (R), methionine (M), and lysine (K) have consistently low S/N, regardless of position. This 

illustration emphasizes peptides that are both active in terms of enzymatic activity and reliable in terms of 

S/N. In contrast, the highest activity peptides (darkest in color) do not necessarily give the highest S/N 

(largest bubble). 

This new analysis revealed additional insights into the previous data. Peptides containing 

amino acids tryptophan, leucine, arginine, methionine, and lysine reflect low S/N, suggesting that 
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their activity profiles are less informative. Conversely, peptides containing proline, glutamic acid, 

and glycine reflect high S/N, suggesting that their activity profiles are more dependable. Peptides 

containing leucine exhibit low S/N exclusively in the X-position, demonstrating that amino acid 

position can affect peptide S/N. Though amino acid composition can largely explain a peptide’s 

S/N, we also find that some peptides have inexplicably low S/N—such as KAA, KIT, and KIQ—

despite general trends suggesting that these peptides should have high S/N. This peculiarity 

highlights the complexities in S/N and reinforces the utility of machine learning strategies to 

predict S/N, which can be a critical design factor for future arrays. 

Testing for S/N does not supplant tightly controlled and validated peptide array experiments. 

Instead, we suggest that accounting for unknown influences that lower confidence of a signal’s 

true value—such as peptide synthesis inefficiencies, side reactions, peptide loss from washing, or 

ionization efficiencies—can better guide experimental design and data analysis. These influences 

are especially complicated with peptide species, where it is not clear how different amino acid 

sequences affect S/N. Machine learning can be used to account for such effects. 

Low S/N peptides offer unrepresentative signals. The experiments by Kuo et al. demonstrated 

that peptides with low S/N have higher variance across replicates. The same K-array measurements 

as describe above were carried out on two time points and across three different cellular conditions. 

We compared the variance in replicates of peptides with S/N in the top 20% to those with S/N in 

the bottom 20%. A one-sided F-test verified that the data acquired from peptides with S/N in the 

top 20% have lower replicate variance than peptides with S/N the lower 20% across all conditions 

and time points (p < 10-10 for all cases). This finding suggests that peptides with low S/N may have 
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unrepresentative (or possibly random) signals, and they should be weighted less during analysis to 

avoid misled conclusions. To investigate further and confirm the relation between variance and 

S/N, we calculated the standard deviation of deacetylase activity on each peptide and plotted it 

against S/N (Figure 4-3A); peptides with lower S/N have a higher variance in deacetylase activity. 

This trend was consistent for all timepoints and experimental conditions, with a high anti-

correlation coefficient (ranging from -0.814 to -0.975, Figure 4-3B), demonstrating that peptides 

with low S/N can give unrepresentative measurements.  

 

Figure 4-3. Peptide S/N is anti-correlated with deacetylation activity standard deviation. Data is drawn from 

Kuo et al.8 Peptides are grouped into five quintiles (72 peptides each) based on S/N, and the standard 

deviation across replicates for each quintile is calculated. (A) The standard deviation of deacetylase activity 

versus mean S/N of each quintile is shown for the three cellular conditions of untreated lysate (blue), +TSA 

(green), and +NIC (red), and for day 0 (square) and day 6 (triangle). This consistent trend suggests that low 

S/N peptides have higher variations in deacetylase activity, which indicate that those peptides give 
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unreliable data. (B) The lumped correlation (r) is the Pearson correlation over all conditions and days, and 

data with randomized signal S/N gives zero correlation. Within each condition and day, signal standard 

deviation and mean S/N is strongly anti-correlated.  

S/N is attributable to single amino acids in the H-array. We investigate the H-array, Ac-

GXZHGC, to analyze the generalizability of our findings. More specifically, we examined if the 

S/N characteristics of peptides from the K-array also apply to other peptide arrays. Similar to the 

K-array, the H-array has a wide range of S/N values, ranging from 5.5 to 255 (Figure 4-1C and 

Figure 4-1D), reinforcing the fact that peptides can span a wide range of non-detectable to 

detectable signals in MALDI. All p-values are reported in Appendix Figure S-12. Peptides with 

statistically low S/N contain aspartic acid and/or glutamic acid, with peptide containing 

phenylalanine were found to have statistically high S/N. These findings may be important to 

consider when designing future arrays.  

Context matters: S/N characteristics are inconsistent between the K-array and H-array. In 

addition to the variable composition of amino acids, we found that the surrounding amino acids 

(those not in the X- or Z-position) affect overall S/N. Within the K- or H-array, the total amino 

acid composition appears to have a larger effect on peptide S/N, than the specific order of amino 

acids. In general, we find that a specific amino acid in either the X or Z positions have similar 

effects on the S/N (Figure 4-4).  
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Figure 4-4. Peptide S/N stays consistent between positions, but not between peptide arrays. Peptides with 

specific amino acids are sorted by their mean S/N when in either X- or Z-positions in the K-array. The two 

rows of bar plots are the K-array and H- array, and both have the same amino acid order. Within the K-

array, S/N is correlated between the X and Z position amino acids. However, the correlation disappears 

between the H- and K-arrays, demonstrating that the surrounding amino acids have an influence on peptide 

S/N. Conversely, peptides with certain amino acids, such as proline, have similar S/N values on both peptide 

arrays which suggests that some amino acids have a consistent effect regardless of surrounding amino acids.  

However, general trends in the K-array did not match those for the H-array. Peptides with the 

lowest S/N in the K-array contained tryptophan, arginine and methionine, while in the H-array, 

peptides with the lowest S/N contained aspartic acid and glutamic acid. This disparity 

demonstrates that S/N characteristics in one array can be contextual and are not always 

generalizable to other arrays (Figure 4-5). These results also suggest that the outside amino acids—

arginine and lysine in the K-array and histidine in the H-array—strongly influence SAMDI peptide 

detection. In other words, the amino acids surrounding the X- and Z-positions influence overall 
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peptide detection, and partial knowledge or evaluation of amino acid sequence is insufficient in 

understanding S/N values. 

 

Figure 4-5. Amino acid influence on S/N is context dependent. Amino acids are sorted by their correlated 

mean peptide S/N in the K-array when in either X- or Z-positions. Bars represent S/N normalized by the 

highest value within each array. The S/N values from the H-array are very different from those in the K-

array, suggesting that the surrounding amino acids strongly influence S/N. The two negatively charged 

amino acids, aspartic and glutamic acid, have the largest difference between the two arrays, suggesting a 

relation between charge and S/N, but only within the H-array. 

Physical interactions help inform S/N differences. S/N differences can arise from a variety of 

sources, including synthesis inefficiencies, side reactions, and poor MALDI-MS ionization. 

Peptides with both methionine and tryptophan have low S/N in the K-array. These results were 
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unsurprising because methionine and tryptophan are both sensitive to oxidation,127, 211 which 

sequesters relevant peaks and lowers signal strength. However, in the H-array, peptides containing 

glutamic acid and aspartic acid generally have the lowest S/N (Figure 4-5). We speculate that the 

oxidation on methionine and tryptophan in the K-array could be increased by the hydrogen 

bonding capabilities of lysine when in close vicinity.220 Tryptophan-containing peptides have 

statistically low S/N specifically when in the X-position (Figure 4-1), which is directly adjacent to 

the lysine and further supports this hypothesis. If hydrogen bonding stabilization is required for 

methionine or tryptophan oxidation, then the presence of carboxylic acid groups on surrounding 

amino acids may be unfavorable for oxidation. To explore this concept further, we compared the 

S/N of methionine and tryptophan containing peptides in the K-array with and without glutamic 

and aspartic acid. We applied a Mann-Whitney U test and found that peptides with either 

methionine or tryptophan and glutamic or aspartic acid had higher S/N values (p = 0.0050) than 

peptides with methionine or tryptophan without glutamic or aspartic acid. This indicated that acidic 

amino acids may slow the oxidation of methionine and tryptophan residues.  

High S/N peptides in the K-array commonly contain hydrophilic amino acids such as glutamic 

acid, asparagine, and glutamine, potentially due to more efficient crystallization within the matrix. 

This finding is in agreement with a report by Fenselau and coworkers, where hydrophilic proteins 

were preferentially detected in MALDI-MS due to differences in the co-crystallization.205 

However, the H-array has high S/N associated with hydrophobic amino acids: proline, tyrosine, 

phenylalanine, and isoleucine. The divergence in S/N of hydrophobic and hydrophilic amino acids 

suggests that hydrophilicity does not alone determine S/N.  
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A two sided Mann-Whitney U test (Bonferroni corrected p < 2.6x10-3) reveals statically 

different S/N values between the K- and H-arrays for peptides that have at least one of eight 

specific amino acids in the X or Z position: glutamic acid, tryptophan, aspartic acid, methionine, 

arginine, lysine, glycine, and phenylalanine. The two sided Mann-Whitney U test directly 

compares differences between the two arrays rather than within the array, which offers slightly 

different S/N characteristics for amino acids than from the Fischer exact test in Figure 4-1. Notably, 

the effects on S/N from arginine and phenylalanine differ from the results shown in Figure 4-1, and 

both amino acids have lower S/N in the K-array. This result contrasts with those of Krause and 

coworkers where peptides with higher numbers of arginine or phenylalanine typically contributed 

to higher MALDI signal strength (the K-array has an additional arginine).209 The unusual 

observation may be due to unknown interactions with surrounding amino acids, indicating again 

that peptide S/N should be tested for each peptide array.  

Machine learning performance across positions and physical properties help explain S/N 

observations. We trained random forest models with individual physical properties to assess the 

impact each property has on S/N. Highly predictive properties (namely those with highest !") 

suggest that the associated physical property is highly relevant and predictive of SAMDI-MS S/N. 

In addition, we independently evaluated the X and Z positions to see if one position reflected more 

predictive power.  

Using both X and Z positions and all physical properties, the K-array and H-array had a !" 

of 0.59 and 0.61, respectively (Figure 4-6). The similar !" values suggest that the models reached 

an upper limit to predictive performance from amino acid sequence. Predictions based on the 
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amino acids in both X- and Z- positions consistently performed better than predictions based solely 

on one position: !"=0.22 and 0.20 for the X- and Z-positions in the K-array, respectively, and 

!"=0.16 and 0.28 in the X- and Z-positions of the H-array, respectively. As expected, more 

complete amino acid information results in better prediction. However, the higher !" for the Z-

position in the H-array suggests that positions can have varied influence on S/N. In addition, the 

highest single property !" values—0.57 and 0.54 in the K- and H-array, respectively—are close 

to the !" value of all properties. This observation indicates that only a few properties are necessary 

to predict S/N and that many physical properties are redundant.  

 

Figure 4-6. Peptide S/N is predicted as a function of amino acid properties. Peptide S/N was predicted using 

a random forest machine learning model based on 39 amino acid physical properties, shown in diamonds, 

of the amino acid in either the X-position (red), Z-position (blue), or both (purple). Additionally, models 
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were fit on individual properties to identify their predictive power, shown in circles. Random forest models 

contained 1000 trees and the predictive power, quantified by the Q2 metric, was calculated based on 5-fold 

cross-validation. All Q2 values are listed in Appendix Tables S-4 and S-5. Consistent for both peptide 

arrays, the highest Q2 values were attained when using both positions with all physical properties (purple 

diamond). Z-position Q2 values (blue) are higher in the H-array, which suggests that positions have varied 

predictive power on S/N. In addition, most properties lie near the diagonal indicating that they have similar 

predictive power between peptide arrays; the amino acid disagreement in Figure 4-5, however, suggests 

that those properties may be predictive for different reasons. 

In terms of physical properties (39 total), we find both consistent and inconsistent trends 

between the two arrays. Electronic properties (15 total) tended to be less predictive for both arrays 

than steric (16 properties) or hydrophilic properties (8 properties), that were found to be highly 

predictive in the K- and H-arrays, respectively.  (Appendix Tables S-4 and S-5). We speculate that 

hydrophilic properties were found to be highly predictive in the H-array because of the 

hydrophilicity of glutamic and aspartic acid and their association with low S/N, and the association 

of hydrophobic amino acids such as proline, tyrosine, phenylalanine, and isoleucine with high S/N. 

However, it remains unclear why electronic properties were found to be relatively less predictive 

and steric properties were found to be more predictive in the K-array. 

Despite these differences, the physical properties examined were found to be similarly 

predictive between the K-array and H-arrays, as evident in their closeness to the diagonal in Figure 

4-6. The diagonal line indicated that property, whether predictive or not, has similar predictive 

power between arrays. While the physical properties examined were found to have similar 

predictive power, we observe differences in S/N characteristics from single amino acids in the two 

arrays (Figure 4-5). These results altogether suggest that S/N values manifest from different 
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mechanisms between the arrays, and that the different mechanisms likely result from differences 

in the surrounding amino acids. 

Machine learning cannot predict S/N on completely unknown peptide arrays. We trained 

various machine learning models on the K-array and then tested them on the H-array, and vice 

versa, to assess the feasibility of predicting S/N on a de novo peptide array. We trained models for 

every positional combination to interrogate exhaustively the entire space. For example, we trained 

a model on X-position data in the K-array, then tested the model on the Z-position in the H-array. 

We continued to train and test models with all combinations of positions. We also trained several 

types of models based on random forest,217 deep learning,221 nearest neighbor regression,222 and 

partial least squares regression.223 The models had the following model-specific parameters: 

random forest had 1000 trees, deep learning consisted of two layers of 200 nodes with feed-forward 

connections; nearest neighbors regression used 10 neighbors; and partial least squares regression 

used one component, or loading vector. 

All models trained on the K-array failed to predict S/N in the H-array, and vice versa (!"<0.1). 

This failure is attributable to S/N disagreement between peptide arrays for each amino acid (Figure 

4-5), which likely arises from the unique outside amino acids in the two arrays (GRKacXZC and 

GXZHGC). This finding reinforces the idea that context matters: interactions with outside amino 

acids influence S/N.  

Only 1/3 of peptides in an array are required for machine learning model prediction of peptide 

S/N. We investigated the minimum number of peptides in an array needed to train a model that 

could accurately predict S/N of the full array. We simulated a partially synthesized array by 
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randomly selecting training peptides to predict S/N of the non-selected peptides. The number of 

training peptides ranged from 5 to 350, and each training size contained 200 repetitions of selecting 

random peptides. We trained a random forest model with all 39 physical properties in both amino 

acid positions. We then identified the point of diminishing returns, which balances minimum 

training size with maximum predictive power, by normalizing the number of training peptides and 

finding the sample size closest to training size 1 and !" = 1. The point of diminishing returns was 

found to be 87 and 111 peptides for the K-array and H-array, respectively, both of which had a 

!"=0.48 (shown with arrows in Figure 4-7). The null model that used randomized data performed 

consistently around !"=0. This result shows that we can partially screen future peptide arrays by 

synthesizing about 100 of the peptides in the planned 361-sized array, or roughly one-third, 

reducing the use of resources and time. Though we cannot generalize this specific ratio to larger 

array sizes, these results suggest that only a fraction or an array needs to be synthesized to evaluate 

which peptides in the remaining array will contain high S/N. This machine learning technique can 

prevent costly experimental screens and allow researchers to focus on predicted a priori high S/N 

peptides.  
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Figure 4-7. Peptide array S/N can be predicted from a minimal peptide subsample. A specified number of 

peptides were randomly selected for training to predict S/N of the remaining peptides using all physical 

properties of both X and Z position amino acids. Because of computational constraints, random forest was 

used with 100 trees for training set sizes from 5 to 350. The median Q2 and 80% confidence intervals are 

shown for 200 random training sets. For both peptide arrays, predictive power increases with training size 

and levels out around 100 peptides. The optimal trade-off was identified by normalizing the number of 

training peptides and finding the sample size closest to training size 1 and Q2 = 1. The trade-off is shown 

with arrows: 87 training peptides for K-array and 111 for H-array, which demonstrates that machine 

learning can predict S/N for future peptide arrays, avoiding costly experiments that screen for high S/N 

peptides. A randomized data set performed consistently around Q2 = 0. 

Conclusion 

There are significant variations in the intensities of peaks in SAMDI mass spectrometry that 

can arise from different peptide sequences. SAMDI analysis of peptide arrays demonstrates that 
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peptide signals can have a wide range of S/N, where many of the peptides are nearly undetectable. 

We find that S/N is attributable to single amino acids, offering design choices to increase 

information content. The underlying basis of properties that determine S/N remains unclear but 

may be due to complex interactions among amino acids, matrix, crystallization, or ionization 

efficiencies. Additionally, we find that the two arrays used in this work exhibited different S/N 

values for different amino acids, demonstrating that the whole amino acid sequence of a peptide 

can affect S/N values in MALDI-MS. Machine learning identified physical properties that predict 

S/N with high accuracy. We found that machine learning models can be trained on a fraction of 

peptides in an array to describe the full set of sequences, which allows for more efficient and higher 

quality peptide array design and synthesis. Accounting for S/N as a design choice can ensure higher 

quality results and prevent inaccurate conclusions drawn from poor peptide measurements. 

This work significantly improves and simplifies high-throughput data analysis by factoring in 

data quality. The statistical and machine learning methods presented here allow us to discover the 

most valuable information from peptide arrays and plan future experiments with more confidence. 

As demonstrated, these methods can inform the design of new peptide arrays using a small set of 

peptides. The presented methodology and applications of S/N have been adapted to maximize the 

information learned from peptide array experiments and can improve peptide design across a wide 

range of technologies. 
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Methods 

Solid phase peptide synthesis. Data was collected from K- and H-peptide array experiments. 

The K-peptide array synthesis and methods were published previously16 and contains peptides of 

the form Ac-GRKacXZC, where X and Z represent all combinations of 19 amino acids (cysteine 

omitted) for a total of 361 peptides. We synthesized another 361 membered unmodified histidine 

peptide array with the sequence Ac-GXZHGC, referred to as the H-array. The constant amino 

acids (everything except X or Z) are referred to as the outside amino acids. Peptides were 

synthesized using standard solid phase peptide synthesis on Fmoc-Rink Amide MBHA resin 

purchased from Anaspec. Fmoc-protected amino acids were purchased from either Anaspec or 

Sigma-Aldrich. The Fmoc-Rink Amide resin was swelled in dimethylformamide (DMF) for 30 

min and treated with 20% piperidine in DMF for 20 minutes to remove the Fmoc protecting group. 

The first Fmoc-protected amino acid was coupled to the resin with PyBOP and N-

methylmorpholine at a 4:4:8 ratio, which was repeated until all the amino acids were coupled to 

the resin. Once the Fmoc protecting group was removed from the final amino acid, the resin was 

treated with 10% acetic anhydride in DMF for 30 minutes to acetylate the N-terminus. The peptide 

was cleaved from the resin with a solution of 95% trifluoroacetic acid (TFA), 2.5% triethylsilane, 

and 2.5% milli-q water for 2 hours. To remove the resin, the solution was filtered and precipitated 

with peptides with ethyl ether. The peptides were re-suspended in 0.1% TFA, lyophilized and re-

suspended in 0.1% TFA again. The peptides are neutralized by dilution into 50 mM Tris buffer pH 

7.5 before immobilization.  
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Preparing peptide arrays. Peptide arrays were prepared as described previously.173, 174 Briefly, 

steel plates were evaporated with 384 gold spots. The plates were soaked in an alkanethiolate 

solution that self-assembles onto the gold surfaces. The alkanethiolate monolayers presented a 

functional maleimide group against a background of tri(ethylene glycol). Peptides were transferred 

onto the gold spots using Tecan robotics and incubated at room temperature for 1 hour for 

immobilization. Peptide immobilization occurs through conjugate addition of the thiol on the 

terminal cysteine residue to the maleimide. 

SAMDI Mass Spectrometry. The SAMDI peptide array plates were coated with a 10 mg/mL 

2′,4′,6′-Trihydroxyacetophenone (THAP) MALDI matrix in acetonitrile. Each immobilized 

peptide was analyzed in the reflector positive mode with 900 shots on an AB Sciex TOF/TOF 5800 

MALDI mass spectrometer. 

Statistical testing to identify amino acids associated with high or low S/N. The S/N of all 

peptides were calculated by dividing the integrated product (area under the curve) of the expected 

peptide peaks (the signal) by the integrated product of a region in the spectrum devoid of peaks 

(the noise). The S/N for each peptide were sorted and ranked from lowest to highest. The S/N 

increase for consecutive peptides was calculated, and the low region boundary was defined as 

when a large change in S/N increase occurs. Similarly, a high S/N region was identified with the 

same process. This method allows different sizes for low and high regions. High levels or a specific 

amino acid in either region was determined using the Fischer exact test, which calculated the 

probability to observe at least as many amino acids in the region. Since there were 19 amino acids, 

the significance threshold was determined by a Bonferroni corrected p-value cutoff of 10-4; all 
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reported p-values define the likelihood that the observed number of amino acids is within the low 

or high regions by random chance.   
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Chapter 5. Conclusions and Perspectives 

This dissertation introduces new applications for reaction monitoring on peptide arrays using 

SAMDI-MS. This platform has previously been utilized to study substrate specificity of isolated 

and purified enzymes, including lysine deacetylases, lysine acetyltransferases, proteases, kinases, 

and glycosyltransferases.14, 15, 54, 158, 189 More recently, SAMDI-based peptide arrays were used to 

measure lysine deacetylase and sirtuin activity in cell lysates.16 The research described in this 

dissertation expands upon previous applications such as measuring global enzyme activity in cell 

lysates, and introduces reaction discovery on peptides as a new application. Further, this work 

introduces statistical and machine learning analysis on peptide array data for the optimization of 

peptide array design and synthesis.  

Chapter 2 illustrates the use of peptide arrays and SAMDI-MS for reaction discovery on 

peptides. We show that acetic anhydride selectively acetylates peptides containing histidine and 

tyrosine and that this reactivity occurs through initial acetylation of the imidazole side chain of 

histidine, followed by acetyl-transfer to the hydroxyl group of tyrosine. With a second peptide 

array, we show that amino acids surrounding the HY dyad can affect the reactivity of acetic 

anhydride. Additionally, we measure inter- and intramolecular distance dependent effects, the 

stability of acetylation on the HY dyad, and the solution-phase reactivity for comparison to 

surface-phase. One of the main advantages of SAMDI-based peptide arrays that permitted the 

discovery of this reaction is the ability to detect unanticipated products, which is a limitation of 

other forms of peptide arrays that rely on labels for detection. SAMDI-MS offers a convenient 

method for reaction optimization for current and future protein bioconjugation reactions. 
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In Chapter 3, we used SAMDI-MS and phosphorylated peptide arrays to profile global 

phosphatase activity in cell lysates derived from 5 different mammalian cell lines. We utilized 

peptide arrays consisting of a central phosphorylated serine, threonine, or tyrosine residue 

surrounded by two variable positions. While these peptides are not biologically relevant, they are 

unbiased towards any one specific phosphatase and screen a broad range of substrates to allow a 

full picture of global phosphatase activity. Phosphatases remain an understudied class of enzymes 

due to a lack of compatible assays and the past belief that phosphatases serve as housekeeping 

enzymes without regulation or specificity. Our results show that phosphatases are specific and 

likely play important roles in the regulation of phosphorylation. Further research on phosphatases 

could greatly impact our understanding of phosphorylation and have important implications for 

the advancement of treatments for disease.  

Chapter 4 addresses the need for data analysis on high-throughput data acquired from peptide 

arrays. We first evaluate peptide quality using SAMDI-MS signal-to-noise ratios. We then use the 

corresponding signal-to-noise as well as properties of each peptide sequence to train a machine 

learning model for optimization of future array design. We show that only 1/3 of an array is needed 

to predict the quality of the remaining peptides in that array. Using this technique, peptide arrays 

can be designed to contain only high-quality peptides, which increases the efficiency of peptide 

library synthesis. While the application of machine learning to biochemical systems offers promise 

for experimental design, few examples have been reported.224-226  Machine learning on peptide 

array data will likely continue to be utilized for enzyme-substrate optimization and the design of 

bioactive peptides for drug applications. 



 

 

116 

The use of SAMDI-MS for peptide array experiments offers several advantages over other 

peptide array technologies, many of which derive from the use of self-assembled monolayers 

(SAMs) on gold and the compatibility of the technique with MALDI mass spectrometry. The use 

of SAMs of alkanethiolates on gold allows for a well-defined structure with density control and 

uniform orientation of peptide substrates. Further, the incorporation of tri(ethylene glycol) groups 

resist non-specific protein adsorption to the surface, which eliminates the need for blocking steps 

and significantly reduces background noise. The compatibility of SAMs with MALDI mass 

spectrometry allows for label-free detection. Peptide arrays that rely on colorimetric or fluorescent 

labels for detection are limited by label availability and low signal-to-noise ratios and are often 

prone to perturb enzyme activity. Label-free detection methods can detect unanticipated reaction 

products, which is an important advantage for studying systems that are not well understood or 

unpredictable. MALDI-MS also provides quantitative results, allowing for higher resolution data 

to be obtained from studies comparing reactivity on large numbers of peptides.  

SAMDI-MS and peptide arrays are an efficient high-throughput screening technology, with 

current arrays consisting of 384 and 1,536 features that can be analyzed in 15 and 30 minutes, 

respectively. However, this technique has two main limitations. First, other forms of peptide 

arrays, such as SPOT or particle-based arrays, can offer much higher feature density. Second, 

SAMDI-based peptide arrays rely on immobilization of pre-synthesized peptides. Solid-phase 

peptide synthesis (SPPS) is slow and tedious for large numbers of peptides. The development of 

more efficient peptide synthesis methods and higher density SAMDI arrays will continue to 
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expand the possible applications and allow for higher-throughput screening. In fact, the Mrksich 

lab is currently working on developing arrays that contain 6,144 and 24,576 features.  

Peptide arrays have expanded the capabilities of protein research, allowing for a broad range 

of applications. They will continue to play a central role in applications such as epitope mapping 

for antibody binding, identification and characterization of binding interactions between protein 

and peptide ligands, screening for active substrates of enzymes, and profiling enzyme activity in 

complex samples. The full potential of peptide arrays is not yet fully appreciated, and they will 

likely play important roles in applications with new purposes. Some examples may include 

identifying and optimizing reactions for sequence-specific modification of peptide tags,227 

providing patterns of enzyme activities to understand cell function at a systems level, and 

identifying peptides with biological activity for drug conjugation. Peptide arrays may also find 

application in recognizing peptides with nonbiological properties, including affinity for 

nanoparticle surfaces228 and development of other peptide-based materials.  
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Appendix 

Supporting Information 

Figures 

 

Figure S-1. Heatmaps showing the average percent yield and standard deviation of the acetylation of each 

peptide in the Ac-GXZRGC peptide array after treatment with 100 mM acetic anhydride at room 

temperature for 1 hour. These values were obtained from four replicates and correlate to the heatmap shown 

in Figure 2-3a. 
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Figure S-2. Average percent yield and standard deviation of the acetylation of each peptide in the Ac-

GXYHZRGC peptide array after treatment with 100 mM acetic anhydride at room temperature for 1 hour. 

The heatmaps above show the a) averaged percentage and b) standard deviation of the acetylation states of 

each peptide in the peptide array. These values were obtained from five replicates and correlate to the 

heatmap shown in Figure 2-8a.  
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Figure S-3. Average percent yield and standard deviation of the acetylation of each peptide in the Ac-

GXYHZRGC peptide array after treatment with 0.1 mM acetic anhydride at room temperature for 1 hour. 

The heatmaps above show the a) averaged percentage and b) standard deviation of the acetylation states of 

each peptide in the peptide array. These values were obtained from five replicates and correlate to the 

heatmap shown in Figure 2-8b.  
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Figure S-4. Relative ratios of unphosphorylated to phosphorylated peptide ionization efficiency for 19 

unphosphorylated/phosphorylated peptide pairs with the sequences Ac-GX-S/Sp-GGRC, Ac-GX-T/Tp-

GGRC, and Ac-GX-Y/Yp-GGRC. The unphosphorylated peptides generally have ionization efficiencies 

between 2-4 times greater than phosphorylated peptides of the same sequence. The relative ratios between 

S:Sp, T:Tp, and Y:Yp are relatively consistent, indicating that the central serine, threonine, or tyrosine 

residues do not have large effects on ionization efficiency. 
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Figure S-5. ATP is required for kinase activity. MALDI-MS spectra of Ac-IYGEFKKKC peptide, a known 

substrate for the Src kinase, were treated with 100 nM active Src kinase in NIH/3T3 cell lysate with 20 mM 

MgCl2 and either 0 mM (top, gray spectrum) or 2.5 mM ATP (bottom, black spectrum) for 1.5 hours at 37 

°C. Phosphorylation results in a peak shift of 80 Da. The expected H+ and Na+ adduct product masses are 

shown by the dashed gray lines. Kinase activity is only observed with the addition of ATP, indicating that 

ATP is required for kinase activity in cell lysates. 
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Figure S-6. Heatmaps showing global phosphatase activity in cell lysate from the HT-1080 cell line. The 

average extent of dephosphorylation of each peptide is plotted in the heatmaps, where complete 

dephosphorylation is dark purple, and each square represents a peptide having X and Z residues as denoted 

on the vertical and horizontal axes, respectively. The standard deviation of the dephosphorylation of each 

peptide is displayed by circle size in each peptide square, with larger standard deviations resulting in smaller 

circles. The proportion of dephosphorylated peptide was calculated by dividing the area under the curve 

(AUC) of the peak for the dephosphorylated product by the total AUC of the peaks for unreacted substrate 

and dephosphorylated product. 
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Figure S-7. Heatmaps showing global phosphatase activity in cell lysate from the MCF-7 cell line. The 

average extent of dephosphorylation of each peptide is plotted in the heatmaps, where complete 

dephosphorylation is dark purple, and each square represents a peptide having X and Z residues as denoted 

on the vertical and horizontal axes, respectively. The standard deviation of the dephosphorylation of each 

peptide is displayed by circle size in each peptide square, with larger standard deviations resulting in smaller 

circles. The proportion of dephosphorylated peptide was calculated by dividing the area under the curve 

(AUC) of the peak for the dephosphorylated product by the total AUC of the peaks for unreacted substrate 

and dephosphorylated product. 
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Figure S-8. Heatmaps showing global phosphatase activity in cell lysate from the BT474 cell line. The 

average extent of dephosphorylation of each peptide is plotted in the heatmaps, where complete 

dephosphorylation is dark purple, and each square represents a peptide having X and Z residues as denoted 

on the vertical and horizontal axes, respectively. The standard deviation of the dephosphorylation of each 

peptide is displayed by circle size in each peptide square, with larger standard deviations resulting in smaller 

circles. The proportion of dephosphorylated peptide was calculated by dividing the area under the curve 

(AUC) of the peak for the dephosphorylated product by the total AUC of the peaks for unreacted substrate 

and dephosphorylated product. 
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Figure S-9. Heatmaps showing global phosphatase activity in cell lysate from the MDA-MB-231 cell line. 

The average extent of dephosphorylation of each peptide is plotted in the heatmaps, where complete 

dephosphorylation is dark purple, and each square represents a peptide having X and Z residues as denoted 

on the vertical and horizontal axes, respectively. The standard deviation of the dephosphorylation of each 

peptide is displayed by circle size in each peptide square, with larger standard deviations resulting in smaller 

circles. The proportion of dephosphorylated peptide was calculated by dividing the area under the curve 

(AUC) of the peak for the dephosphorylated product by the total AUC of the peaks for unreacted substrate 

and dephosphorylated product. 
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Figure S-10. Heatmaps displaying the variation of phosphatase activity from fresh vs frozen BT474 lysate 

on each peptide in the phosphorylated peptide arrays. Each square represents a peptide having X and Z 

residues as denoted on the vertical and horizontal axes, respectively. Peptides with a variance of less than 

12.5% are white or light gray, between 12.5-25% are dark gray, 25-37.5% are blue and 37.5-50% are red. 

 

Figure S-11. Peptide S/N is affected most by tryptophan, leucine, and glycine in K-array peptides. The 

peptide’s S/N were calculated from the AUC of the peptide peaks in each mass spectrum for 11 control 

plates containing Ac-GRKacXZC peptides. Peptides were identified to have low or high S/N as shown in 

shaded region in Figure 2 with 50 low and 30 high S/N peptides (See Methods in Chapter 4). A Fischer 

exact test (Bonferroni corrected p<10-4) was performed to determine general trends in peptides containing 

specific amino acids. The reported p- value is the chance the observed number of amino acids is within the 

bottom 50 or top 30 by random chance. (A) The low S/N region was enriched with peptides having X-

position tryptophan, W, and leucine, L, and (B) the high S/N region was enriched with peptides having Z- 

position glycine, G.  
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Figure S-12. Peptide S/N is affected most by aspartic acid, glutamic acid, and phenylalanine in H-array 

peptides. The peptide’s S/N were calculated from the AUC of the peptide peaks in each mass spectrum for 

11 control plates containing Ac-GXZHGC peptides. Peptides were identified to have low or high S/N as 

shown in shaded region in Figure 2 with 40 low and 25 high S/N peptides. A Fischer exact test (Bonferroni 

corrected p<10-4) was performed to determine general trends in peptides containing specific amino acids. 

The reported p- value is the chance the observed number of amino acids is within the bottom 40 or top 25 

by random chance. (A) The low S/N region was enriched with peptides containing X- or Z-position aspartic 

acid, D, and Z-position glutamic acid, E, and (B) the high S/N region was enriched with peptides having Z-

position phenylalanine, F.  
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Table S-4. Predictive power of amino acid physical properties on K-array. 39 amino acid physical properties 

are used to predict pep- tide S/N in Ac-GRKacXZC SAMDI peptide arrays. Properties are sorted based on 

Q2 predictive power of both X- and Z-position amino acids. The individual positions have correlated Q2’s 

of r=0.924 (0 for randomized data). Random forest with 1000 trees and 5-folds cross validation was used. 

Hydrophilic, steric, and electronic properties are shown in green, red, and blue, respectively.  

 

Q2 of individual properties on K-array
Property type Physical properties X-position Z-position Both positions
Steric Substituent van der Waals volume 0.224 0.204 0.568
Steric Average volume of buried residue 0.251 0.189 0.565
Steric STERIMOL length of the side chain 0.234 0.204 0.563
Steric Radius of gyration of side chain 0.238 0.214 0.535
Hydrophobic Solvation free energy 0.228 0.173 0.525
Steric Refractivity 0.234 0.209 0.517

Steric
Distance between C-alpha and centroid of 

side chain 0.239 0.203 0.513
Steric Normalized van der Waals volume 0.238 0.199 0.508

Steric
STERIMOL maximum width of the side 

chain 0.252 0.239 0.479
Steric van der Waals parameter epsilon 0.244 0.171 0.465
Steric Average accessible surface area 0.248 0.208 0.462
Electronic Isoelectric point 0.242 0.209 0.454
Hydrophobic Retention coefficient in HPLC pH 2.1 0.227 0.221 0.445

Steric
Residue accessible surface area in 

tripeptide 0.233 0.211 0.427
Steric side chain torsion angle phi 0.237 0.174 0.395
Electronic Electron-ion interaction potential values 0.236 0.187 0.383
Hydrophobic Hydration number 0.227 0.225 0.383

Hydrophobic
Partition coefficient in thin-layer 

chromatography 0.215 0.172 0.381
Electronic aNH chemical shifts 0.244 0.221 0.375
Hydrophobic Melting point 0.233 0.213 0.375
Steric Graph shape index 0.240 0.212 0.366
Electronic pKCOOH(COOH on C_alpha) 0.212 0.162 0.363
Hydrophobic Free energy of solution in water 0.214 0.189 0.361
Electronic Polarity 0.177 0.167 0.360
Hydrophobic Retention coefficient in HPLC pH 7.4 0.153 0.185 0.333
Steric Side-chain angle theta 0.173 0.217 0.326

Electronic
Nuclear magnetic resonance (NMR) 

chemical shift of αcarbon 0.241 0.201 0.325
Electronic Amphiphilicity index 0.114 0.194 0.314
Electronic aCH chemical shifts 0.247 0.239 0.304
Steric van der Waals parameter Ro 0.156 0.107 0.291
Electronic pKNH2(NH2 on C_alpha) 0.198 0.181 0.230
Electronic Net charge 0.040 0.110 0.170

Electronic
A parameter of charge transfer donor 

capability 0.080 0.088 0.144

Electronic A parameter of charge transfer capability 0.059 0.083 0.131

Steric
STERIMOL minimum width of the side 

chain 0.016 0.046 0.086
Hydrophobic Number of hydrogen-bond donors 0.027 0.056 0.085
Electronic Positive charge 0.019 0.044 0.063
Electronic Negative charge 0.009 0.024 0.038
Electronic Localized electrical effect 0.029 0.013 0.016
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Table S-5. Predictive power of amino acid physical properties on H-array. 39 amino acid physical properties 

are used to predict mean peptide S/N in the Ac-GXZHC SAMDI peptide array. Properties are sorted based 

on Q2 predictive power of both X- and Z-position amino acids. The individual positions have correlated 

Q2’s of r=0.942 (0 for randomized data). Random forest with 1000 trees and 5-folds cross validation was 

used. Hydrophilic, steric, and electronic properties are shown in green, red, and blue, respectively.  

 

Q2 of individual properties on H-array

Property type Physical properties X-position Z-position Both positions

Hydrophobic Retention coeffïcient in HPLC pH 2.1 0.156 0.280 0.544

Hydrophobic Solvation free energy 0.167 0.292 0.535

Steric Average accessible surface area 0.168 0.291 0.501

Electronic Isoelectric point 0.139 0.304 0.479

Hydrophobic Hydration number 0.132 0.219 0.450

Hydrophobic Free energy of solution in water 0.154 0.303 0.450

Steric Substituent van der Waals volume 0.139 0.274 0.446

Electronic Polarity 0.172 0.257 0.436

Hydrophobic Retention coeffi 4.7 Hp CLPH ni tneic• 0.153 0.275 0.431

Steric Average volume of buried residue 0.147 0.310 0.407

Electronic

Nuclear magnetic resonance (NMR) 
chemical shift of αcarbon 0.151 0.315 0.406

Steric Radius of gyration of side chain 0.119 0.290 0.400

Hydrophobic

Partition coefficient in thin-layer 
chromatography 0.164 0.313 0.396

Hydrophobic Melting point 0.146 0.256 0.381

Electronic Electron-ion interaction potential values 0.134 0.290 0.377

Steric

Distance between C-alpha and centroid of 
side chain 0.136 0.287 0.376

Electronic pKCOOH(COOH on C_alpha) 0.144 0.287 0.370

Steric Refractivity 0.143 0.260 0.367

Steric STERIMOL length of the side chain 0.164 0.262 0.361

Steric

Residue accessible surface area in 
tripeptide 0.157 0.309 0.359

Electronic Localized electrical effect 0.149 0.204 0.356

Electronic αCH chemical shifts 0.129 0.244 0.350

Steric

STERIMOL maximum width of the side 
chain 0.119 0.302 0.348

Steric Normalized van der Waals volume 0.148 0.297 0.346

Electronic aNH chemical shifts 0.173 0.289 0.342

Electronic Net charge 0.131 0.193 0.323

Steric side chain torsion angle phi 0.135 0.262 0.288

Steric van der Waals parameter epsilon 0.086 0.155 0.282

Electronic Negative charge 0.119 0.173 0.279

Steric Graph shape index 0.093 0.183 0.232

Steric van der Waals parameter Ro 0.070 0.184 0.220

Electronic pKNH2(NH2 on C_alpha) 0.085 0.245 0.206

Steric Side-chain angle theta 0.075 0.176 0.182

Electronic Amphiphilicity index 0.092 0.099 0.168

Hydrophobic Number of hydrogen-bond donors 0.099 0.069 0.157

Electronic A parameter of charge transfer capability 0.029 0.081 0.104

Electronic

A parameter of charge transfer donor 
capability -0.010 0.011 0.022

Steric

STERIMOL minimum width of the side 
chain 0.003 -0.021 0.021

Electronic Positive charge -0.011 0.003 -0.009


