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ABSTRACT 

Antibodies have become a critical component of many diagnostic assays and are used 

for therapeutic purposes. Nevertheless they often fail to meet often fail to meet the 

strict performance demands raised in industry and in the clinic (e.g. stability, repro-

ducibility, selectivity, affinity). These issues are especially notable for assays target-

ing post translational modifications (PTM) of proteins (phosphorylation, glycosyla-

tion, sulfation etc.). Antibody-based technologies suffer from problems of a more gen-

eral nature associated with the analytical use of biological receptors i.e.: i) limited 

stability requiring cold chain logistics, ii) high production costs, iii) batch to batch 

variability. The above emphasizes the need for alternative robust, reproducible and 

low cost “binders” and assays. The aim in this thesis is to design, develop and test 

molecularly imprinted polymers (MIPs) which were synthesized epitope and stoichi-

ometric imprinting approaches targeting phosphorylation as a PTM. Protein phos-

phorylation is one of the most common PTM, which is based on covalent attachment 

of phosphate group to particular amino acids. Misregulation of phosphorylation pro-

cess is found related with diseases such as cancer, diabetes, and neurodegeneration. 

MIPs are synthesized through copolymerization of functional monomers and cross-

linkers in the presence of N- and C- terminal protected templates. The key recognition 

element employed in developed synthetic receptors was 1,3-diaryl urea functional 

monomer 1. This monomer is a potent hydrogen bond donor forming strong cyclic 

hydrogen bonds with oxyanions. Amino acid sequence specific and side chain im-

printed binders were prepared targeting phosphorylation on tyrosine (pTyr) and on 

histidine (pHis). pHis MIP-based approach is proposed as a solution to enrich pHis 

peptides in the presence of other phosphoesters such as phosphoserine (pSer) in com-

plex mixture without pre-treatment like β-elimination. In pTyr, ZAP-70 (zeta associ-

ated 70 kDa protein), which is prognosticator for chronic lymphocytic leukemia 

(CLL), and pTyr-sequence specific motif Src-SH2 domain were chosen as targets to 

evaluate regio- or stoichiometric selectivity performance of imprinted polymers. The 

synthesized polymers are used as effective enrichment tools for target phosphorylated 

peptides from complex mixture prior to mass spectrometry. Overall, the results 

demonstrate unique proteomics enrichment tools that link with personalized medicine 

relying on diagnostic coupled cancer treatment strategies based on kinase inhibitors. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 
 

 

Antikroppar har blivit en kritisk komponent i många diagnostiska analyser och an-

vänds för terapeutiska ändamål. Ändå så uppfyller de ofta inte de strikta prestations-

krav som ställs inom industrin och på kliniken (t.ex. stabilitet, reproducerbarhet, se-

lektivitet, affinitet). Dessa frågor är särskilt anmärkningsvärda för analyser riktade 

mot post translationella modifikationer (PTM) av proteiner ( fosforyleringar, glyko-

syleringar, sufateringar osv). Dessutom lider antikroppsbaserade teknologier av pro-

blem av mer allmän karaktär i samband med analytisk användning av biologiska re-

ceptorer, d.v.s.: i) begränsad stabilitet som kräver kallkedjelogistik, ii) höga produkt-

ionskostnader, iii) batch-till-batch-variabilitet. Ovanstående betonar behovet av alter-

nativa robusta, reproducerbara och billiga "bindemedel" och analyser. Syftet med 

denna avhandling är att designa, utveckla och testa molekylärt präglade polymerer 

(MIP) som syntetiserades epitop- och stökiometriska präglingsmetoder riktade mot 

fosforylering som en PTM. Proteinfosforylering är en av de vanligaste PTM, som är 

baserad på kovalent bindning av fosfatgrupp till särskilda aminosyror. Felreglering av 

fosforyleringsprocessen finns relaterad till sjukdomar som cancer, diabetes och neuro-

degeneration. MIP: er riktade mot fosforylering syntetiseras genom sampolymerise-

ring av funktionella monomerer och tvärbindare i närvaro av N- och C-terminala 

skyddade fosforylerade mallar. Det viktigaste igenkänningselementet som användes i 

utvecklade syntetiska receptorer var 1,3-diarylurea-funktionell monomer 1. Denna 

monomer är en kraftig vätebindningsgivare som bildar starka cykliska vätebindningar 

med oxianjoner såsom fosfater. Aminosyrasekvensspecifika och sidkedjiga präglade 

bindemedel framställdes riktade mot fosforylering på tyrosin (pTyr) och på histidin 

(pHis). Särskilt pHis MIP-baserat tillvägagångssätt föreslås som en lösning för att be-

rika pHis-peptider i närvaro av andra fosfostrar, såsom fosfoserne (pSer) i komplex 

blandning utan förbehandling som β-eliminering. I pTyr valdes ZAP-70 (zeta-associ-

erat 70 kDa-protein), som är prognosticator för kronisk lymfatisk leukemi (CLL) -

sjukdom, och pTyr-sekvensspecifikt motiv Src-SH2-domän som mål för att utvärdera 

region- eller stökiometrisk selektivitetsprestanda för präglat polymerer. De syntetise-

rade präglade polymererna används som effektiva anrikningsverktyg för målfosfory-

lerade peptider från komplex blandning före masspektrometrianalys. Resultaten visar 

på unika verktyg för proteomik som länkar till personlig medicin genom diagnostik-

kopplade cancerbehandlingsstrategier baserade på kinashämmare.     
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MOLECULAR RECOGNITION 

General Aspects 

 

Molecular recognition is defined as the process where two or more molecules bind to 

one another in a specific manner.1 This phenomenon is crucial for biological mole-

cules such as proteins, nucleic acids, and saccharides, which play critical roles in bi-

ological reactions. Molecular recognition is of crucial importance in biological sys-

tem, thus chemical research is highly motivated to mimic natural receptors.  

 The classical concept of molecular recognition was explained using Lock-and-

Key model, which was postulated by Emil Fischer in 1894.2 In this analogy, the spe-

cific interaction between enzyme (lock) and substrate (key) suggested that only com-

plementary geometric shapes fit exactly one to another. Then, the induced fit model 

was described by Daniel Koshland in 1958.2 Unlike Fischer’s principle, this model 

suggested that enzymes are rather flexible in which the active site continuously re-

shapes during its interactions with substrates. Later on, the mechanism of lock-and-

key associations facilitated understanding of the concept in molecular self-assembly 

which developed supramolecular chemistry. Supramolecular chemistry, chemistry be-

yond the molecule, is based on the formation of unique structural complexes between 

two or more species, which is mostly associated with well-defined aggregates based 

on noncovalent and reversible interactions.3 This concept describes the incorporation 

of guest molecules to the internal spaces or cavities presented in host molecules.  

 Host-guest (HG) chemistry is one of the most active fields of supramolecular 

chemistry where a range of noncovalent interactions such as π-π stacking interactions, 

electrostatic interactions, charge-transfer interactions, hydrogen bonding, and Van der 

Waals force can be employed to assemble host networks for binding of guest mole-

cules.3 Since the specificity is the most pivotal for molecular recognition, HG inter-

action to occur, host molecule must possess the appropriate binding sites for the guest 

molecule to bind to where host-binding sites converge and guest-binding sites diverge 

in the complex. These specific spatial arrangements can arise from different factors 

such as the complementarities of host and guest binding sites, the pre-organization of 

host conformation and cooperativity of binding groups related with guest structure.  
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Supramolecular chemistry comprising HG chemistry or molecular recognition chem-

istry, has been extensively used in order to obtain molecules with ability to recognize 

specific guest species.4,5 Starting from mid-to-late 1960s, the use of supramolecular 

chemistry became one of the fast-growing fields particularly in the development of 

macrocyclic ligands such as crown ethers or cyclic ethers, cryptands, spherands, cy-

clodextrins (Figure 1) for metal cations.6,7  

 

 
Figure 1: Some examples of macrocyclic host ligands. [18]-crown-6, [2.2.1]cryptand and a single 

glucopyranose unit are given for crown ether, cryptand, cyclodextrin structures, respectively. 

 

 Crown ethers are known as the first artificial host molecules discovered by 

Charles Pederson in 1967.8 These cyclic compounds are constructed with ethylene 

bridges separated by oxygen atoms. In 1969, Jean-Marie Lehn introduced azacrowns 

where some of oxygen atoms in crown ether replaced with nitrogen functionalities.8 

The versatility of azacrowns macrocycles has subsequently made it possible to syn-

theize three-dimensional analogues of crown ethers by introducing bridges within the 

crown ether ring, so called cryptands. In 1973, Donald Cram introduced rigid and 

bowl-shaped macrocyclic structure called spherands offering an elegant and precise 

means of determining the influence of pre-organization on host molecules ligand bind-

ing.8 Another example of extensively studied host are the naturally occurring cyclic 

structures called cyclodextrins. These important molecules are cyclic oligosaccharides 

consisting of a macrocyclic ring of glucose subunits linked by -1,4 glycosidic 

bonds.8 Cyclodextrins are coupled with primary and secondary hydroxyl groups 

providing water solubility and a central hydrophobic cavity or cage for the complex-

ation with guest species. Among these macrocyclic ligands, crown ethers and 

cryptands have been extensively used due to their structural features which allow spe-

cific complexation with a number of cationic species. 
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To understand the relationship between ionic diameters of alkali metal cations and the 

cavity size of particular crown ethers, some examples are given in Figure 2.9 Not only 

simple crown ethers, but also their three-dimensional analogs, cryptands and 

spherands, have been studied with respect to cation-cavity size match. This showed 

that the more pre-organized hosts have better ability to discriminate the guest cation. 

 

 
Figure 2: Some of crown ethers with their cavity sizes and the best-fit cations with their ionic diam-

eters. Adopted from Cragg et al.9 with permission from Wiley. 

 

Since Charles Pederson’s discovery of crown ethers complexed with alkali metals, the 

field has experienced a very strong growth with numerous reports on the design and 

development of high affinity materials for particular targets. Later in 1987, Donald J. 

Cram, Jean-Marie Lehn, and Charles J. Pederson was awarded the Nobel Prize in 

Chemistry for the development and use of molecules with structure-specific interac-

tions of high selectivity and this award has drastically increased the significance of 

supramolecular chemistry.8 The versatility of supramolecular chemistry and its sub-

discipline involving assembling of molecules to form complex assemblies has led to 

diverse fields of research comparing the design of synthetic receptors and their appli-

cations in sensors, catalysis, nanotechnology, medicine, biomimetics, and molecular 

devices. In 2016, Jean-Pierre Sauvage, Sir J. Fraser Stoddart, and Bernard L. Feringa 

were honored with Nobel Prize in the field of supramolecular chemistry for their con-

tributions to the design and synthesis of molecular machines.10 Their essential work 

was on the realms of mechanically bonded molecules and sterically crowded olefins, 

which further improved the design of more complex artificial structures. Over the last 

three decades, their remarkable accomplishments and discoveries have contributed 

significantly towards HG chemistry particularly mimicking and understanding bio-

logical systems.   
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Molecularly Imprinted Polymers (MIPs) 

General Concept of MIPs 

Sensitivity and specificity are the key factors for ultimate form of sensing where the 

ability of a host to bind its particular target in molecular recognition. In biological 

machinery, how natural receptors such as antibodies are able to be produced via im-

mune response in the presence of any foreign or unknown guests in our body, such 

recognition can be adopted for the creation of synthetic receptors to mimic the natural 

systems. For instance, molecular recognition elements with selective, sensitive, and 

robust in combination with HG and modern chemistry can offer manufactured syn-

thetic receptors for detection of target of interest. These manmade binders might also 

overcome disadvantages of their biological analogues such as fragility with respect to 

environment conditions and high-cost.11  

 Molecularly imprinted polymers (MIPs) are a new generation of robust synthetic 

receptors. They are also called as plastic antibodies, which offer a new generic and 

cost-effective platform for synthesis of specific molecular affinity materials into pol-

ymer matrices.12-16 This imprinting strategy is based on process of prearrangement of 

recognition sites around target molecules or their analogues, template, using func-

tional molecules to form a scaffold around within a matrix forming an imprint, which 

present binding sites that are complementary in size, shape, and functionality for an 

affinity towards template or template substructure larger molecules (Figure 3a). Con-

trol polymers called non-imprinted polymers (NIPs) which are synthesized by omit-

ting template molecule in the synthesis of polymer network (Figure 3b). 

 

Figure 3: The schematic explanation of synthesis of Molecularly Imprinted (MIP) and Non-im-

printed (NIP) polymers. 
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Imprinting approach has long story starting from the very first paper published by 

Polyakov in 1931.11 Polyakov studied on silica polymerization and how silica pore 

structures differentiate using three different solvents, which are benzene, toluene, and 

xylene. Polyakov’s investigations showed a positive correlation for the adsorption of 

particular solvent at some extent to silica gels using acidic or basic additives. This was 

the first time where this kind of scientific study applied in the explanation of how the 

presence of template molecule might alter the behavior of end material in the adsorp-

tion process. After particular studies completed by Linus Pauling on understanding of 

protein structure, functions, and mostly, the selective and instructional theories on 

antigen selectivity of antibodies, the idea of bio-imprinting inspired Frank Dickey in 

the 1940s where he described the term, pattern molecules.11 In the study, he synthe-

sized silica matrices in the presence of different dye molecules, which were subse-

quently removed after the synthesis of sorption gels. Then he compared the relative 

adsorption of dyes to the corresponding and non-corresponding silica materials; more-

over, the one synthesized in the absence of dye was used as control. These adsorbents 

showed pronounced selectivity towards the corresponding dye molecule, which was 

used in the synthesis of particular one. This study played an important role to under-

stand the ligand-selective recognition using imprinting approach. Moreover, concern-

ing of template removal procedure, effects of proper extraction were emphasized in 

following studies where various agents were subjected for template removal to mini-

mize the defects in imprinted materials with enhancing binding selectivity. In 1955, 

R. G. Haldeman and P. H. Emmett were the first researcher who used imprints, have 

restudied of Dickey’s silica samples and reported on that lower binding and insignif-

icant selectivity due to aging of silica particles in time.11 Dickey also approved this 

inconsistency and more studies have brought new findings such as the electrostatic 

interactions were found as driving for the recognition process for this particular case, 

which was also supported by others. These studies also helped to understand the rela-

tion between the adsorption of target by binder and the dielectric constant of binding 

solvent. Later in 1959, the association mechanism of imprints were studied by John 

L. Morrison to understand how adsorption of target can be enhanced where he con-

cluded that complete removal of template removal by acidic washing can increase 

target molecules accessibility to created cavities. A. Waksmundzki studied on the im-

portance of template molecules on surface area and porosity of synthesized imprints. 

Molecularly imprinted silica materials became so popular and used in many practical 

applications such as separation and catalysis.11 The limitation on sol-gel imprinted 

silica particles such as lost target memory in time and non-reproducibility caused tem-

porary decline on this research area. 
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Considering the potential of imprinting and principal disadvantages of silica method, 

a much better possibility to prepare more stable, reproducible, and controllable mate-

rials using imprinting approach was needed. Therefore, the molecular imprinting in 

synthetic organic polymers was introduced in 1972.17 The first promising imprinting 

in synthetic polymers was done by G. Wulff and A. Sarhan. This study is based on 

use of covalent approach to create imprinted polymer for the recognition of D-glyceric 

acid that used as template in the imprinting process together with a boronic ester and 

an amide as functional monomers. This achievement was later on significantly broad-

ened the molecular imprinting concept by K. Mosbach when he introduced noncova-

lent approach. The papers entitled “Imprinting of amino acids derivatives in macro 

porous polymers” by K. Mosbach and B. Sellergren in 198418 and “Enzyme-analogue 

built polymers” by G. Wulff in 198519 had positive impact on imprinting concept and 

caused exponential increase in interest for molecularly imprinted polymers by many 

researchers. From 1980s to now, MIPs extensively employed in various applications 

such as detection, separation, sensing, enrichment and enzyme/antibody mimics.  

 

Fundamental Aspects of MIPs 

Polymerization 

The formation and structure of polymer network in the field of molecular imprinting 

is based on polymerization mechanism. Polymerization is the process of creating 

larger macromolecules or higher molecular weight materials using relatively smaller 

molecules or repeating units called monomers. In general, polymerization reactions 

can be divided into two main groups: chain-reaction (addition) and step-reaction (con-

densation) polymerization (Figure 4). 

Figure 4: Examples for chain-reaction polymerization (a) where the formation of polyvinyl chloride 

from n number of vinyl chloride monomers and step-reaction polymerization (b) where the formation 

of polyester by repeating unit of formed ester complex showed.  
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These two types of polymerization can differ in terms of degree of polymerization, 

conversion rate, and polymerization rate during process, or requiring additional rea-

gents for reaction.20 Chain-reaction (addition) polymerization has also three sub-

groups: free radical, ionic and complex coordination polymerization. Majority of syn-

thesized MIPs are based on free radical copolymerization of vinyl monomers with an 

excess amount of crosslinking agent in the presence of porogenic solvent.  

Free radical polymerization 

Free radical polymerization is based on a mechanism where polymer molecules grow 

by the repetitive addition of monomer to a terminal free-radical reactive site. The term 

free radical stands for highly chemically reactive species, which can be activated by 

thermal or photochemical ways. Initiators are the source of free radicals.20 Peroxide, 

and azo- initiators are commonly used examples. Free radical polymerization has 

three main mechanistic steps: initiation, propagation, and termination (Figure 5). In 

initiation step, the process starts with the formation of radicals using proper initiator 

followed by that the generated free radicals attack to the π-bond of the monomers 

where the alkene undergo breakage of single bond which creates a new and larger free 

radicals. In the propagation, the generated larger radicals react with another monomers 

and the reaction follows as chain propagating process. In the final step, termination 

occurs when two active chain ends interact with each other either combination (two 

grown chain form a stable molecule) or disproportionation (when radical transfer hy-

drogen to make two stable molecules) ways. 

Figure 5: Free radical polymerization steps: radical generation, initiation, propagation and termi-

nation. Polymerization of methyl methacrylate (MMA) with AIBN initiator is shown as example. 
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Copolymerization 

Polymerization process where two or more different type of monomers involved 

called as copolymerization. The vast majority of identified imprinted polymers are 

copolymers particularly where co-polymerization between functional monomer or 

monovinyl monomers and crosslinking agent or divinyl monomers used. Copolymers 

can be in three different microstructures: random or statistical, alternating, and block, 

depending on monomer’s relative reactivity in the synthesis.20 In random or statistical 

copolymers, the addition of each monomer can be ideally or truly random such as A-

A-B-B-B-B-A-B-A-A-B-B-A-B; in alternating, after each A monomer follows with 

B such as A-B-A-B-A-B-A-B-A-B-A-B-A-B; and when individual monomer is more 

reactive to its own unit, it has tendency to generate blockings such as A-A-A-A-A-A-

A-B-B-B-B-B-B-B.  

 Kinetic of copolymerization mechanism is the key factor on which type of co-

polymer is formed. The particular reactivity ratio of generated monomeric radicals (r1 

= k11 / k12 and r2 = k22 / k21) depends on rate constants for self- (k11 or k22) or cross- 

(k12 or k21) propagating reactions. If self-propagating reactions are more favorable 

than cross-propagating ones (k11 > k12 and k22 > k21), the mechanism has tendency to 

form block- or homo- copolymers; in contrary alternating copolymers form.20 In ideal 

case, when r1 and r2 equal to 1, monomers incorporate randomly in polymer network. 

The formation of different type of copolymers may affect stereochemistry which can 

influence physical and chemical properties of polymers. The pendant groups on a pol-

ymer chain arranged in the backbone can diverse tacticity of polymers and the changes 

in tacticity might cause effects on physical properties of polymers such as having more 

amorphous or more crystalline structures. 

 Such MIPs synthesized by free radical copolymerization in the presence of ex-

cess number of crosslinking agents called highly crosslinked polymers. Since they are 

excessively crosslinked polymer networks, the flexibility of polymer chains are lower 

and this was hypothesized as better for shape related recognition. Considering the 

comparison of linear polymers (only monovinyl monomer introduced) and copoly-

mers, the effect of crosslinking process on tacticity and regularity of chain formation 

is important to assess.11 If the configurations are the same in polymer chain, they are 

called isotatic, if it is alternating called syndiotactic and if there is no repeating con-

figuration, they are atactic. The tacticity of polymer chain might affect the recognition 

of enantiomeric molecules; however, there is no clear explanation on what extent ef-

fecting on recognition properties.  
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Kinetics  

Kinetic and structural properties of template-tailored synthesized polymers using co-

polymerization of vinyl and divinyl monomers can vary. Earlier, the rate constants 

related to self- or cross- propagation reactions were mentioned. Thermodynamically 

initiated high crosslinked copolymerization mechanism is kinetically considered as 

different from the formation of linear polymers.  The presence of crosslinking agent 

and its possible interactions with vinyl monomers and template molecules definitely 

affect the formation of a specific geometry of recognition cavities or regions in im-

printed complex.11, 21 In principle, copolymerization of two or more different mono-

mers, their rate constants, their chemical properties of polymerizable units, and their 

intramolecular interaction cycles contribute physical formation of polymer networks, 

and regulate principles in affinity materials. A variety of interacting species in 

polymerization process such as temple-monomer complexation, monomer-monomer 

interactions, monomer-crosslinking interactions, crosslinking-template and/or cross-

linking effect on template-monomer assemblies influence kinetic parameters in the 

polymerization.  

 The rate of polymerization strongly depends on the reactions in initiation, prop-

agation, and termination steps that were earlier mentioned. How monomeric radicals 

generated, how the pendant groups react with each other –it can start forming polymer 

chain or some unreacted monomers can be trapped– how presence of excess cross-

linking agent affect polymer viscosity, how conversion of system from monomers to 

polymer change by the changing of polymerization environment –since when polymer 

viscosity increases the gelation might accelerate termination process decreasing the 

rate of initiation– and how these all parameters could affect the recognition pockets 

that aimed to be created in the polymer network must be taken into account.11 

 In terms of understanding the fundamentals in kinetic of polymerization, some 

useful information can be obtained investigating primary, secondary, and tertiary 

structures occurring during polymerization. Primary structures is mostly related wit 

particular monomers used in the polymerization and estimation their relative reactiv-

ity. At some extent, the interaction among template, monomer and crosslinking 

agents, their solubility in the choice of porogen, temperature of polymerization can be 

studied to make some predictions before starting polymerization process.  

 Since the interaction between template and functional monomer is essentially 

the key for the formation of proper recognition pocket, the effect of crosslinking agent 

right after addition, after starting polymerization and how it would affect the interac-

tion between template and monomer can be considered as secondary structures.  
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When formation of polymer chain starts, additional strain introduced in polymeriza-

tion should not affect the three-dimensional network. The formation of multidentate 

interactions upon polymerization of functional monomers is considerable important 

for the mechanism of specific site formation. Tertiary structure is about the formation 

of three-dimensional polymer network and its physical properties such as porosity, 

target accessibility, size of particles, inner size of scaffold, surface area, swelling char-

acteristic, etc. The choice of solvent has significant effect on the resulting polymer 

structure since it would affect swelling capacity of cavities, the distance between func-

tional groups presented in polymer network and polymer morphology.  

 Considering diversities in the formation of MIPs might help to eliminate possi-

ble heterogeneities or polyclonality and non-specific binding sites (Figure 6) might 

form in the imprinted materials.22 Figure 6 represents the formation of possible bind-

ing sites based on different accessibility, integrity and stability. For instance, there are 

macro- or meso- porous structure (D and H) where accessibility of template in rebind-

ing will be higher compared to micro-pores (A and C) where the diffusion will be 

slower. Comparing the binding sites represented macro- or meso- pores to micro- 

pores, microporous might show higher for a given volume. There can be undesirable 

reactions such as non-complexed monomer in the pre-polymerization (E and G), 

lower affinity binding sites due to the imprecise rearrangement of functional mono-

mers around template (B, D, E and H), or some collapsed binding sites after template 

removal (B). 

Figure 6: The undesired reactions formed during the polymerization process (left) and its possible 

effects on heterogeneity in the polymer network after polymerization and template removal (right).  

 

However, not these all polyclonality reflect the full image of one particular imprinted 

polymer since the diversity could be even higher. For this reason, in order to under-

stand the particular imprinted polymer synthesized for target of interest should be pre-

cisely analyzed and characterized before and after polymerization. 
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Characterization of MIPs 

Nuclear Magnetic Resonance, NMR is used to study the structure of compounds and 

their interactions with each other. The titration experiment carried out between mon-

omers and templates can result chemical shifts upon the formation of HG complexes. 

The data can be fitted binding models to get information about the association constant 

and stoichiometry between reagents. 

Infrared Spectroscopy is used to obtain a number of useful band information about 

the structure and formation of polymer chains. The monomer reactivity ratio upon 

conversion can be monitored since the vibration of –C=C– vinyl carbons has charac-

teristic absorption peaks between 1600-1641 cm-1. 

Thermal Gravimetric Analysis, TGA can give rough measurement about the yield of 

polymerization comparing particular polymer sample before and after template re-

moval. 

Differential Scanning Calorimetry, DSC can give information about the thermal be-

havior of polymers. For instance, using different crosslinking agents might give dif-

ferent glass transition temperature and removal of template from certain amount of 

polymer can lead some changes in the melting transition. 

Nitrogen Adsorption/Desorption Analysis is used to evaluate Brunauer-Emmett-

Teller (BET) surface area, total pore volume, average pore diameter, and pore size 

distribution that helps to get information about pore structure of polymers.   

Microscopy such as scanning electron microscopy (SEM) is used to examine 

imprinted polymers morphologically such as if it has irregular structure or not.  

Elemental Analysis is one of the traditional methods used to obtain information about 

the elemental composition of any material. Quantitative analysis of compounds can 

be done detecting such as hydrogen, oxygen, nitrogen, halogens, sulphur and phos-

phorus and compared with the theoretical composition for estimating polymerization 

yield.  
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Thermodynamic Principles underlying MIPs formulation 

The development of an imprinted polymer, which has great complementary and suf-

ficient selectivity towards its particular target, is extensively related with the strengths 

between template-monomer, monomer-monomer, template-solvent, and monomer-

solvent presented in the pre-polymerization mixture. Since vast majorities of variables 

play a critical role to utilize the formation of desired end material, fundamentals be-

hind the interaction of a host and a guest and why or how they do or do not interact 

with each other; the physical basis of molecular recognition can be thermodynami-

cally explained. In order to define the physical terms that involve in recognition events 

was thermodynamically expressed by Williams equation (1) which can help to under-

stand the principal contributions of favorable and unfavorable interactions in complex 

formation.23,24   

 

When a pre-polymerization mixture is prepared prior to synthesis of imprinted poly-

mer, the formation of template-functional monomers and the relative strength of in-

teractions depending on noncovalent or covalent imprinting approach play significant 

role for the number of binding sites and the degree of polyclonality which can be 

determined by ΔGbind. In addition to that, the binding characteristics of a polymer can 

be examined in terms of physical basis for MIP-ligand interaction. For the recognition 

of ligand by imprinted materials, ΔGconf and ΔGvdw enthalpic energies can be assumed 

as non-zero values since the recognition pockets formed in polymers should not pos-

sess any conformational strain and adverse interactions. The changes in ΔGt+r should 

bring energetic advantages while monomers interacting via decreasing number of 

freedom upon complexation. ΔGr can be minimized due to decreasing moments of 

inertia, the more rigid templates presented, the less heterogeneity formed. ΣΔGp is 

about how the electrostatic interactions related with solvent polarity to favor interac-

tions. Maximizing ΣΔGp leads to form more stable complex with better site fidelity. 

ΔGh is an assembling more favorable interactions arises upon the removal of hydro-

phobic surfaces. Overall, to produce an imprinted polymer with high-fidelity sites, 

greater affinity and selectivity, these factors can be considered.24  
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Noncovalent Imprinting 

Noncovalent approach in imprinting has been dominantly used to facilitate molecular 

recognition using these tailor-made affinity materials.25-30 Noncovalent imprinting is 

mainly based on generating hydrogen bonds, ion-pairs, dipole-dipole interactions and 

van der Walls forces amongst functional monomers and template molecules. In the 

imprinting process, it is assumed that first complexation occurs between functional 

monomer and template and then polymer chains grows around this prearranged struc-

ture to make more robust end material. Noncovalent approach has its own strengths 

for imprinting such as its relative simplicity and range of chemical functionalities, 

translating monomer functionality regarding to template of interest, being dynami-

cally reversed and much faster rebinding kinetics compared to covalent approach. On 

the other hand, this approach has some major drawbacks like heterogeneity of receptor 

sites that can yield formation of high and low affinity binding sites, and having low 

percent of high-affinity pockets compared to template amount used in the pre-

polymerization mixture due to inadequate rigidity.  

   

Reagents for MIPs synthesis 

Considering the previous sections on copolymerization, kinetics and thermodynamic, 

the prearrangement of template-monomer and follow-up polymerization process have 

more dynamic environment and unstable mechanisms. For this reason, the complexity 

of any particular system should be understood by choice of template, functional mon-

omer (s), crosslinking agent and its density or level, porogenic solvent, and initiator 

type. These all reagents are important which need to be taken into consideration in 

detail prior to synthesis of imprinted polymers for particular target.   

Template 

Template or target-like molecule is the key reagent for preparation of imprinted pol-

ymers. The template, which is going to be used in pre-polymerization mixture, can be 

target itself or it can be target specific motif such as an epitope. If it is a custom de-

signed template, the specific target structural features of template molecule should 

fulfill the criteria to make it suitable for imprinting. These templates should be re-

sistance for polymerization conditions, able to solubilize in the choice of solvent, sta-

ble in terms of degradation and conformation, and the most important is the ability of 

forming desired complexation with monomers. Amino acids, proteins, pollutants, 

drugs and many clinically important molecules have been successfully imprinted.31-33  
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Functional Monomers 

Since molecular recognition provided by imprinting technology is about the strength 

and positioning of the template-monomer complexation, the choice of functional mon-

omer or monomers composition play a critical role to create highly specific recogni-

tion pockets in imprinted material. Not only the structural features of template mole-

cules, but also stabilization of monomer-template assemblies, template size and shape, 

monomer-template conformational rigidity should be taken into consideration while 

choosing functional monomer(s). Some of acidic, basic, and neutral commercially 

available functional monomers were shown below. 

 

Due to their dual hydrogen bond donor and acceptor property, carboxylic acid-deriv-

ative monomers have attracted to be used in imprinting process for the basic tem-

plates.15,34 Especially, methacrylic acid (MAA) have been extensively carried out in 

imprinting process since bulk methyl group presents additional advantage such as re-

striction on rotation and conformational flexibility which can fulfill shape-selective 

elements of binding pockets. Introducing trifluoromethyl group in the acrylic acid 

bone can enhance binding selectivity due to increased acidity in the monomer.35 Con-

cerning about acidic templates, basic monomers were particularly well suited for im-

printing; the vinyl pyridines, vinyl imidazole, notably amidines have been developed 

for imprinting use.36 Many experiments were carefully studied on finding optimal 

structure motifs provided by monomers to complement target molecule functionalities 

which further leads synthesis of new custom-made monomers such as 2,6-bis-

acrylamidopyridine for cyclic imide, nucleotide base adenine-based monomer for car-

boxylic acids, and a polymerizable bis-urea monomers for amino acids.37-40 
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Crosslinking agent: 

The use of crosslinking agents in imprinting has many functions such as controlling 

morphology, stabilizing binding pockets, and providing mechanical stability.41-44 Var-

ious crosslinking agents that are commercially available and widely used in imprint-

ing were shown below. 

 

The choice of crosslinking agent is significantly depending on the choice of monomer 

since polymerizable units should have similar functionality or reactivity to provide 

equal distributions in polymer matrix. Methacrylate-based crosslinkers are the most 

commonly used ones in imprinting due to their mechanical and thermal stability, good 

solubility and wettability in pre-polymerization mixture and compatibility with most 

rebinding media of ligands, and their rapid mass transfer ability. If strong and stoichi-

ometric complexation between template and functional monomer is provided in pre-

polymerization mixture, the effect of crosslinking agent on template should be negli-

gible. However, crosslinking agent has high impact on physical properties of poly-

mers. In this manner, crosslinking density play a critical role on polymer morphology, 

surface area, porosity, and consequently template rebinding capacity. Crosslinking 

percentage is usually higher than 70% of the total monomer composition to generate 

robust end materials and to provide sufficient rebinding of ligand. Amount of cross-

linking agent can be optimized regarding to target of interest and its end-use such 

aqueous-based rebinding environment might require less amount of crosslinking to 

enhance swelling capacity.  
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Porogenic solvents: 

The simple role of porogenic solvent used in imprinting is to bring all reagents used 

in polymerization into one phase. Another and the most important one is to help cre-

ating porous morphology in the polymer network, which enhances accessibility for 

rebinding mechanism.11,30,45 The choice of porogenic solvent is highly depending on 

template, functional monomer(s), and crosslinking agent since solvent should readily 

solubilize all reagents without interfering their interactions, and promote the for-

mation of template-monomer complexation during polymerization process. There-

fore, not only solubility of reagents is important but also polarity of solvent plays a 

substantial role. For this reason, non-polar and less polar organic solvents, such as 

toluene, acetonitrile and chloroform are often carried out as porogenic solvent espe-

cially in noncovalent imprinting approach. Considering the interactions in noncova-

lent imprinting, typically a combination of electrostatic (hydrogen bonding, ionic in-

teractions) and hydrophobic interactions (π–π-stacking, van-der-Waals interactions), 

good imprinting efficiency and affinity towards target is achieved when imprinting is 

done offering low hydrogen bond donor and acceptor an aprotic solvent with low di-

electric constant. In terms of polymer properties prepared in good or bad solvent, the 

growing polymer chains in polymerization process can be affected. Having poor sol-

vent can cause formation of open pore structure introducing more particle mechanism, 

which leads phase separation when microstructures precipitated. In contrary, homo-

geneous network provided by good solvent can create intermolecular crosslinking 

where high swelling ability can be observed compared to poor solvent.  

Initiators: 

The most common preparation of imprinted polymers is based on free radical 

polymerization using thermally or photo-chemically initiators.30 Azo compounds, par-

ticularly azobisisobutyronitrile (AIBN) and azobisdimethylvaleronitrile (ABDV) are 

widely used and the chemical structures were shown below.  

These initiators can decompose at the temperatures of 50 oC – 70 oC. To initiate the 

polymerization, the mixture has to be degassed by bubbling inert gas such as argon or 

nitrogen to remove dissolved oxygen which can inhibit the polymerization. 
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PROTEIN PHOSPHORYLATION 

Proteomics and Post-Translational Modifications (PTMs) 

The central dogma of molecular biology is described as follow: The two major types 

of nucleic acids are Deoxyribonucleic acid (DNA) and RNA (ribonucleic acid). Nu-

cleic acids are linear polymers of nucleotides strung together in a genetically deter-

mined order that is critical to their role to store all the generic information that an 

organism needs to develop, function, and reproduce.46 DNA and RNA differ in their 

chemistry and in their role in the cell. While RNA is mainly single stranded, DNA 

forms a double-stranded helix based on complementary base paring. DNA serves pri-

marily as the repository of genetic information, whereas RNA molecules, mRNA, 

tRNA, and rRNA function mainly in expression of the information in DNA by their 

involvement in protein synthesis. After RNA, molecules are synthesized in the nu-

cleus they are translocated to the cytoplasm. Prior to translocation, mRNA is used in 

transcription of the template strand of DNA. Thereafter ribosomes, mRNA and tRNA 

together perform protein synthesis in the cytoplasm of the cell by translating the nu-

cleotide sequence into the corresponding amino acid sequence with the help of the 

genetic code. Every three mRNA bases are converted to one particular amino acid and 

form unfolded, long chain of amino acids, also known primary structure sequence. 

Before newly synthesized polypeptides can function properly, they must fold into the 

correct three-dimensional shape. The polypeptide chain fold into two main structures, 

which are α-helixes and β-sheets and form secondary protein structure. These multiple 

structures create tertiary protein structures where three-dimensional folding occur due 

to chain interactions. If proteins consists of more than one amino acid chain, quater-

nary protein structures form into multimeric proteins such as hemoglobin.  

Proteomics is an interdisciplinary domain which generally address to the large-

scale study of proteins that enables the identification of proteomes, but often denote 

specifically to protein purification and mass spectrometry.47,48 Newly synthesized pol-

ypeptide chains often require chemical modification before they can function 

properly, so called post-translational modifications (PTM). Phosphorylation, glyco-

sylation, methylation, protein splicing are crucial examples amongst other 400 differ-

ent types of PTM.49 The chemical alterations in the formation of polypeptide chains 
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extend the diversity in protein structure and their functions. Protein-coding genes fre-

quently give rise to multiple distinct protein species, so called proteoforms that have 

a unique primary amino acid sequence and localized PTMs. This can also result in 

partition into different protein complexes or show functional differences. Thus, PTM 

processes make protein structure more complex. The ~20,000 coding genes are cur-

rently estimated to generate more than a million different proteoforms folding in dif-

ferent ways with multiple PTMs. These proteoforms can differ between individual 

cells, tissues, and disease phenotypes.50,51 

Phosphorylation as a PTM 

Phosphorylation is one of the most widespread type of PTMs. This process is based 

on the reversible mechanism of kinases and phosphatases that protein kinases catalyze 

the addition of γ-phosphate (PO3
2-) group of adenosine triphosphate (ATP) to the cor-

responding amino acid residue and protein phosphatases removes the phosphate 

group. Phosphate is highly negatively charged and hydrophilic group and phosphory-

lation can alter the charge and characteristic of proteins that lead to conformational 

changes and consequently cause effects on its functional outputs such as its activity, 

localization, stability, and interactions with other proteins (Figure 7).52 Since phos-

phorylation modifies protein functions, this mechanism plays a critical role for many 

processes in cells such as growth, division and regulation of signal transduction path-

ways.53-55  

 

Figure 7: Protein phosphorylation regulated by switch mechanism of kinases and phosphatases and 

the functional outputs of this particular mechanism such as conformation, localization, binding, 

interaction with other proteins, PTM crosstalk (Me, Ub, and Ac stand for methylation, ubiquitina-

tion, and acetylation, respectively). Adopted from Humphrey et al.52 with permission from Elsevier. 
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It is estimated that there are over 500 protein kinases, one of the largest gene family 

calculated about 2% of the genome, and around 140 phosphatases presented in hu-

mans.56, 57 Protein kinases are generally classified in two subunits, which are dual-

specificity of serine/threonine kinases that phosphorylate proteins containing serine 

(Ser, S) or threonine (Thr, T) residues and tyrosine kinases that phosphorylate pro-

teins, have tyrosine (Tyr, Y) residues. Protein phosphorylation predominantly occurs 

on serine followed by threonine and the lowest abundance, tyrosine. The phosphory-

lation ratio on these common phosphorylation events is found as 1800:200:1 

(pSer:pThr:pTyr) for Ser, Thr, and Tyr residues.58,59 However, phosphorylation events 

is not restricted only to Ser, Thr, and Tyr. Even though the major efforts have focused 

on these three amino acids residues, there are rare phosphorylation events that occur 

to the following six amino acids residues, histidine (His), lysine (Lys), arginine (Arg), 

cysteine (Cys), glutamic acid (Glu) and aspartic acid (Asp).60-62 The main difference 

amongst these amino acids is where the phosphate group is attached in their 

sidechains. Ser, Thr, and Tyr are known as phosphomonoesters where the phosphate 

group is attached to hydroxyl oxygen (O-P bond); His, Lys, Arg are called phospho-

amidate here the phosphate group bind to nitrogen (N-P bond), Cys has thiophosphate 

bond and; Glu and Asp make acyl-phosphate bonds. Phosphorylation on these nine 

amino acids are shown in Figure 8.63 

 
Figure 8: Phosphorylation on Ser, Thr, Tyr (O-P phosphoester bond), Cys (S-P thiophosphate 

bond), Asp, Glu (acyl-phosphates), His, Arg, Lys (N-P phosphoamidate bond) are shown with their 

chemical structure with modification. Adopted from Marmelstein et al.63 with permission from 

Springer. 
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Tyrosine Phosphorylation 

The first eukaryotic tyrosine kinase was discovered by Eckhart W., Hunter T., Sefton 

BM in 1979-1980 through their studies about animal tumor virus transforming protein 

and viral proto-oncogene tyrosine protein kinase, ѵ-Src.64 Over the past 40 years, 

there has been an astounding progress in identification of tyrosine phosphorylation 

and its effects on functional outputs, which lead to the development of therapeutic 

drugs related with cancer.64  

 In historical perspective, researches on epidermal growth factor (EGF) and plate-

let-derived growth factor (PDGF) which are part of receptor tyrosine kinase (RTK) 

family play a critical role to understand the function of tyrosine phosphorylation in 

growth factor signaling and its relation in oncogenesis.52,65 When the SH2 domain, a 

phosphodependent-binding domain was discovered in 1986, the binding of this do-

main to a particular tyrosine phosphorylation had accelerated progress on understand-

ing how the binding of this domain initiates downstream signaling. Furthermore, it 

led to a better understanding of how intracellular signaling changes when binding of 

this domain recruits other proteins.66 During the following years, other pTyr-binding 

domains (PTB), were identified such as growth factor receptor-bound protein 2 

(Grb2), signal transducer and activator of transcription (STATs) in RTK signaling.66,67 

In terms of signaling pathways controlled by protein tyrosine kinases (PTKs) / protein 

tyrosine phosphatases (PTPs), the mitogen-activated protein kinase (MAPK)68, phos-

phatidylinositol-3-kinase (PI3K)69,70, Janus kinase (JAK)71,72, Zeta-chain-associated 

protein kinase 70 kDa (ZAP-70)73-75 in the human kinome are some examples for ty-

rosine kinases.  

 Compared to pSer and pThr, pTyrs residue represent unique behavior, play large 

part for secondary interactions, and activate or mediate many biological processes 

from cell proliferation to aging to human diseases. Why do phosphate groups have an 

extreme attraction to tyrosine and why do tyrosine phosphorylation have as high po-

tential for further cellular activities? This might be originated from the high bond en-

ergy of phosphate ester and phenolic ring in tyrosine providing additional hydropho-

bic or π bond-ring interactions in a chemical perspective. Having much deeper binding 

pockets, SH2 domain tend to bind pTyr residues preferentially and specifically than 

pSer/pThr.76 On the other hand, even though tyrosine kinases are relatively large num-

ber (~90 human TK), total tyrosine phosphorylation is less than 1%. Unlike 

pSer/pThr, tyrosine phosphorylation is essential in protein regulation rather than struc-

tural activities. In addition, PTPs have high turnover rate, which makes the half life 

of pTyr shorter if it is not protected.77,78 
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Histidine Phosphorylation 

Oxidative phosphorylation on histidine (pHis) was firstly discovered and scientifically 

reported by Paul D. Boyer research group in 1962.79 pHis was found significant for 

prokaryotic signal transduction and an intermediate for metabolic enzyme. Under-

standing of its function in mammalian system is one of the hot-topic in many research 

group. Phosphorylation of histidine is based on attachment of phosphate group to im-

idazole nitrogen atoms (N1 or N3) presented in the histidine structure, and forms high-

energy phosphoamidate (P-N) bonds. This phosphoamidate formation can also occurs 

on lysine and arginine amino acid residues.61 Unlike pSer, pThr, and pTyr and their 

more stable phosphoester bonds (P-O), the high free energy of hydrolysis of P-N bond 

makes pHis relatively unstable and its stability pH-dependent.60,80,81 For example, the 

detection of histidine phosphorylation involves very or slightly acidic treatment which 

can cause losing the phosphate group (Figure 9).81 

 
Figure 9: The stability profiles of phosphorylation on tyrosine, serine/threonine phosphoesters and 

histidine phosphoamidate under different pH and temperature. Adopted from Hunter et al.81 with 

permission from Nature, Laboratory Investigation. 

Since the imidazole ring has two nitrogen, pHis can occur in three different forms. 

Two different isomeric mono-phosphohistidines: 1-pHis (π-pHis) and 3-pHis (τ-pHis) 

and one diphospho structure: 1, 3-diphosphohistidine (π, τ -pHis) (Figure 10a). The 

location of the phosphate group also affects the stability of this particular modifica-

tion. Between two isomeric forms, 3-pHis found more hydrolytically stable than 1-

pHis.82 Comparison of half-lives in between pH 4 and 6, 1-pHis hydrolysis was found 

ten times more rapid than 3-pHis due to its close positioning to positively charged α-

nitrogen which increase the electrophilic property of the phosphate group and make 

easier to dephosphorylate.82  
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Figure 10: The structures of 1-phosphohistidine, 3-phosphohistidine, and 1,3-diphosphohistidine. 

 

In terms of phosphohistidine proteomics, this acid-labile histidine phosphorylation 

was estimated as 6% of total protein phosphorylation in eukaryotic cells by H.R. Mat-

thews who investigated regulator of the mitogen-activated protein kinase cascade in 

1995.83 This value is still not showing the complete estimation of how large pHis 

proteome is because of common challenges for identification of histidine phosphory-

lation such as neutral loss of phosphate and lower ionization efficiency. In terms of 

the biological role of histidine phosphorylation, it was found that pHis involved in 

two-component regulatory system excessively including histidine kinase domain in 

eukaryotes.81,84,85 These two component regulatory system are based on an inner 

membrane-spanning histidine kinase and a cytoplasmic response regulator. In that 

system, typically a membrane bound histidine kinase autophosphorylates as a re-

sponse to an extracellular stimuli, phosphorylation and dephosphorylation on histidine 

can change in changing environmental conditions such as pH, temperature. It has also 

been shown that histidine phosphorylation has a main role in  the sugar phosphotrans-

ferase system in bacteria.85 In mammalian cells, Nucleoside Diphosphate Kinase 1/2 

(NME1/2) were reported as two highly related proteins with the activity of histidine 

protein kinases and Phosphohistidine Phosphatase 1 (PHPT1) as potential phospha-

tases activity.86 Compared to Ser, Thr, and Tyr phosphorylation and their roles in al-

tering protein conformations, recruiting other proteins or to be preserved by locking 

domains (e.g. pTyr-SH2 domain), phosphorylation on histidine except involving in 

enzyme intermediates could in theory participate in the regulation of electrostatic pro-

tein-protein interactions. Due to chemical instability and isomerism of pHis residues, 

detection and analysis of pHis require special efforts such as synthesis of stable pHis 

analogues to mimic unstable ones, exploring and optimizing mass spectrometry (MS) 

targeting particularly phosphorylation on histidine, better capture materials and en-

richment techniques prior to MS. Despite recent remarkable progress in the histidine 

phosphorylation research60,80,87,88, there are still challenges that need to overcome for 

studying this elusive PTM and understand its biological role.  
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The Role and Significance of Protein Phosphorylation in Cancer 

Reversible protein phosphorylation is responsible for the regulation of many im-

portant processes such as cell proliferation, differentiation, and apoptosis, which are 

vital in signal transduction pathways. The level of cellular kinase phosphorylation is 

firmly regulated and controlled by kinases and phosphatases. Dysregulation of these 

processes has been described to contribute to oncogenesis and might result in consti-

tutive activation of different signaling pathways where other signaling proteins and 

secondary domains are involved.89-91 Moreover, this dysregulation might play a criti-

cal role for the survival and spread of cancer cells since kinases are involved in mis-

related expression, amplification, mutations, chromosomal translocation, genetic or 

epigenetic altering where there might be many malfunctioning of signaling network 

leading to cancer. One of the most known kinase is serine/threonine-protein kinase B-

RAF, BRAF gene that is a class of oncogenes (Figure 11).92  When this kinase get 

mutated, it has potential to cause normal cells to become cancerous. BRAF is one of 

the common mutated kinase in human cancer and occurred approximately ~40-60% 

in melanoma, 10-15% colorectal cancer, and 1-5% of non-small cell lung cancer.  

 
Figure 11:  Three classes of BRAF mutations presented in different type of cancers. Class 1: where 

the strong activation of BRAF’s kinase activity, Class 2: Intermediate to high kinase activity, Class 

3: where the kinase activity is low or lack of mutation presented. Adopted from Watson et al.92 with 

permission from Nature, Oncogene. 

In terms of tyrosine phosphorylation, receptor tyrosine kinases (RTK) were identified 

as receptor-specific ligands such as when EGFR binds to extracellular regions of 

RTKs, it activates the receptor and conformational changes allow auto-phosphoryla-

tion followed by recruiting other pTyr specific domains.93,94 The altering cellular be-

havior and activation of signaling proteins via tyrosine kinases has no doubt on dom-

inating oncoprotein status that result the oncogenic activation of tyrosine kinase, 

which play a transforming role in cancer states.  



 

 

40 

The discovery of proto-oncogene Src (sarcoma) and its interaction with focal adhesion 

kinase, FAK (a substrate of ѵ-Src oncogene) is a well-known example for tyrosine 

phosphorylation of FAK by Src affects cell shape, adhesion and mobility.95-97 In terms 

of binding interaction, when FAK phosphorylated at particular tyrosine positioned at 

Y397, it recruits by Src-SH2 domain and Src activity increases the maximum phos-

phorylation level of FAK via autophosphorylation of other tyrosine residues posi-

tioned at Y576, Y577, Y861, and Y925 (Figure 12).97 In the FAK-Src complex, the 

phosphorylated FAK at Y861 is associated with another binding domain SH3 (Src 

Homology 3) where proline-rich regions are available. Phosphorylated FAK at Y925 

leads Grb2 adaptor protein to be recruited and this regulate extracellular signal-regu-

lated kinase-2 (ERK2) / mitogen-activated protein kinase (MAPK) cascade. This dy-

namic is a key to modulate not only cell motility but also proliferation of signals in 

the cell.  

 
Figure 12:  Focal adhesion kinase domain (FAK) structure, phosphorylation sites and binding ac-

tivities. Adopted from Schlaepfer et al.97 with permission from Springer. 

 

Many downstream signaling pathways including MAPK, PI3K and JAK/STAT and 

overexpression of various growth factor receptors such as EGFR and IGFRs (insulin-

like growth factor receptor) are also found associated and vital in various facets of 

cancer progression.98,99  

 The genetic mutations in kinases and their disease relation are not limited with 

cancer but also linked with neurodegenerative disease100, diabetes101, cardiovascular 

disease102, and inflammatory diseases103. For this reason, there has been considerable 

effort and intensive research in identification of drivers for kinases and potential can-

didates for disease biomarkers. Exploring the role of kinases has not only helped in 

drug discovery, but also kinase-targeted cancer therapy104-107 from monoclonal anti-

body to development of small-molecule agents known as kinase inhibitors and to im-

munotherapies and even personalized medicine applications.  
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In terms of kinase-targeted therapies, there are many kinase inhibitors used for the 

treatment of various human cancers due to improved clinical efficiency. Some of U.S. 

Food and Drug Administration (FAD) approved Ser/Thr kinase targeting and Tyr ki-

nase targeting inhibitors shown below.104 

 

Small molecule kinase inhibitors were classified regarding to their mechanism of ac-

tion.104 For instance, while Type I kinase inhibitors compete for substrate, binds to 

ATP binding pocket of active conformation, and alter conformational site; Type II 

kinase inhibitors interact with the catalytic site of nonphosphorylated inactive confor-

mation. There are also other types, allosteric inhibitors (Type III), substrate directed 

inhibitors (Type IV) and covalent inhibitor (Type V).104 

 Except these small molecule kinase inhibitors, kinase-targeted antibodies have 

also shown promising efficiency in many cancer types such Trastuzumab is an exam-

ple, it is a recombinant humanized IgG1 monoclonal antibody against human epider-

mal growth factor receptor 2, HER-2 receptor and used in breast cancer.108  

 Interestingly, some natural bioactive compounds are also studied and identified 

as kinase inhibitors. Mostly polyphenol based complexes with antioxidant property 

such as curcumin and green tea extracts exhibited EGFR inhibition.109  

 Despite the great number of studies on kinase-targeted cancer treatment, cancer 

is incredibly complex, dynamic interconnected systems with many different clonal 

heterogeneity in signaling pathways due to different kinases involved. One important 

issue is the kinase inhibitor resistance, which means that cancer stem cells show re-

sistance to chemotherapy and radiation. For this reason, developing kinase inhibitors 

with high tolerance to mutations, introducing alternative binding sites, targeting other 

possible pathways in the chance of any kinase transformation can overcome challeng-

ing on resistance to kinase inhibitors.  
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Enrichment and Characterization of Protein Phosphorylation 

Given the importance of biological role of phosphorylation, identified many number 

of kinases, phosphatases enzymes, different isoforms of phosphorylation sites in par-

ticular amino acid residues, and advances of phosphoproteomics on disease bi-

omarkers, target drugs; it is essential to develop analysis techniques for complete un-

derstanding of the role of dysregulated phosphorylation mechanism for early diagno-

sis and effective treatment of diseases. A comprehensive analysis of phosphoprote-

omics consists of enrichment of phosphorylated proteins and peptides, identification 

of phosphorylated samples, localization of exact amino acid residue that has phos-

phate prosthetic group as well as quantification of phosphorylation. There are current 

approaches for the analysis of phosphorylation based on mass spectrometry (MS) such 

as ‘top-down MS’ perform at the level of intact proteins and ‘bottom-up MS’ that 

perform at the level of peptides.110-113 The analysis of phosphoproteomics either pro-

tein or peptide level face with some challenges mostly related with physicochemical 

properties of the phosphorylated residues and possible limitations in characterization 

techniques. Phosphate group itself causes low ionization efficiency hence phospho- 

groups are negatively charged and they tend to lose protons to carry negative charges. 

Phosphoproteomes are in general less abundant species due to dynamic kinase and 

phosphatase activity compared to their nonphosphorylated forms present in much 

greater quantities that makes phosphorylated residues suppress in the background via 

presence of large amount of counterparts, consequently affecting MS analysis. For 

these reasons, in order to increase abundance of phosphoproteins or phosphopeptides, 

sample preparation based on enrichment and/or fractionation prior to MS is essential 

and crucial to be implemented to reduce the sample complexity and to allow more 

specific phospho-enrichment.56,114, 115 

 MS-based phosphoprotemics workflow commonly start extracting of proteins 

from biological samples (Figure 13). Phosphoprotein enrichment is performed imme-

diately after extraction of protein sample or peptides can be obtained by proteolytic 

digest of proteins and then phosphopeptide in mixture can be carried out for enrich-

ment. In terms of enrichment strategies, affinity-based chromatography, phospho-spe-

cific antibodies and protein domains, or polymer-based capture materials can be used 

prior to MS.115 Moreover; these methods can be combined for better coverage of phos-

phoproteomes. Enriched fractions are then analyzed using MS based techniques such 

as matrix assisted laser desorption/ionization (MALDI)-MS or liquid chromatography 

(LC)-MS. The vast majority of phosphoproteomics is based on bottom-up MS tech-

nique for identification and quantification of phosphopeptides. 
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Figure 13: Phosphoproteome enrichment strategies and analysis workflow: Proteins are extracted 

from biological samples. Enzymatic digest is performed prior to enrichment. Phosphoproteins or 

phosphosphopeptides enrichment can be done using different techniques (immunoprecitation, 

IMAC, MOAC, SH2-superbinder, Ti-IMAC, biomimetic polymers) shown in enrichment part. En-

riched phosphorylated samples are then analyzed using mass spectrometry based instrumentations 

(MALDI-MS or LC-MS/MS) for identification and quantification.  



 

 

44 

Enrichment Strategies 

 

Immobilized Metal Ions Affinity Chromatography (IMAC) 

IMAC consists of a supporting matrix composed of a chelating group associated with 

metal cation. The ability of metal ions to interact with phosphate group is via electro-

static attraction. High valence metal cations116-120 such as Fe3+, Ga3+, or Ti4+ and Zr4+ 

are noncovalently immobilized on the supporting matrix using chelating agents such 

as iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA) shown in Figure 14a.121 

This method had been used for the efficient extraction of Ser, Thr, and Tyr based 

phosphorylated proteins and peptides. Since the interactions between phosphorylated 

targets and IMAC binders based on Lewis acid-base reactions, pH of binding plays a 

significant role. For this reason, this method suffers from nonspecific binding of es-

pecially acidic peptides containing aspartic acid or glutamic acid where carboxylate 

moiety interacts with metal ion materials. To avoid the nonspecific binding, acidic 

loading and washing steps are usually carried out to protonate acidic amino acid resi-

dues; however, highly acidic condition might leach out the chelating agent from sup-

porting matrix. 

Figure 14: Affinity chromatography techniques schematically presented: a) IMAC (metal ion im-

mobilized affinity chromatography, b) Ti(IV)-IMAC (Titanium-IMAC) and c) MOAC (metal oxide 

affinity chromatography). Adopted from Mingliang et al.121 with permission from Wiley. 

 

Not only metal (III) cations, but also Ti4+ have been extensively used for IMAC (Fig-

ure 14b). Ti4+-IMAC showed more strong coordination with both phosphates and car-

boxylic acids. Additionally, using new chelating like phosphate (-PO3
2-) or arsenate 

(AsO3
2-) in the design improved loading capacity, robustness, selectivity, and resistant 

to leaching compared to other IMAC materials. Apart from enrichment of phosphoe-

sters, Fe3+-IMAC and Cu2+-IMAC were also used for the enrichment of acid-labile 

phosphorylation on histidine peptides.122 Moreover, there is an increase attention on 

using lanthanide elements such as Gd3+, La3+, and Er3+ due to their tight ionic bonds 

formation towards phosphates.123  
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Metal Oxide Affinity Chromatography (MOAC) 

MOAC matrix composed of metal oxides (MO) or hydroxides where it can form stable 

bonds toward oxygen anions (Figure 14c).121 MO-based affinity materials show 

higher tolerance for acidic pH than IMAC. The MO interacts with phosphate groups 

forming bidentate interaction. Titanium oxide (TiO2) is the frequently used MO for 

the enrichment of phosphopeptides.124,125 The manufacturing of TiO2 particles play a 

critical role in terms of binding capacity since the morphology in particles effect the 

surface-to-volume ratio. While TiO2 was used for phosphopeptide enrichment, alumi-

num hydroxide (Al(OH)3) was used for enrichment of phosphoproteins. In addition, 

zirconium dioxide (ZrO2), gallium oxide (Ga2O3), ferric oxide (Fe3O4), niobium oxide 

(Nb2O3) and stannic oxide (SnO2) also carried out for phosphoproteforms enrich-

ment.126-128 Comparison of TiO2 and ZrO2 materials, it was found that TiO2 is more 

selective for mono-phosphorylated residues while ZrO2 for multi-phosphorylated 

forms.129 

 Even though both IMAC and MOAC present similar properties such as binding 

mechanism towards phosphate, the combination of these enrichment techniques bring 

advantages to enhance the phosphoproteome coverage. This approach is based on us-

ing first Fe3+-IMAC and then TiO2 that is called sequential elution from IMAC 

(SIMAC).130,131 Following, peptide mixture is treated with Fe3+-IMAC, then the un-

bound and the fraction washed with acidic solution are separately collected for en-

richment of mono-phosphorylated peptides using TiO2. The bound peptides are eluted 

using basic conditions from Fe3+-IMAC beads for the enrichment of multiple-phos-

phorylated peptides.  

Immunoprecipitation and Superbinders 

When foreign molecule called as antigen enter body, antibody is produced by the im-

mune system. Antibodies bind specifically those antigens and it can cleared from sys-

tem. Immunoprecipitation (IP) is to isolate a specific antigen from complex mixture 

using its specific antibody and is used for enrichment of phosphoproteins or phospho-

peptides using antibodies against phosphorylated residues.132,133 There are commer-

cially available and well-studied antibodies such as pTyr-100 and 4G10 to immuno-

precipitate pTyr proteins.121 In contrast, phospho-selective antibodies against pSer and 

pThr have cross-reactivity, consequently not efficient binding for all pS/pT site. Due 

to limitation of antibody-based affinity such as requiring large amount of sample, high 

cost for sufficient amount and requiring special storage conditions, alternative, cost-

effective binding reagents was used to perform enrichment.134 
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SH2 domain derivative pTyr binding materials, called SH2-superbinders, showed 

great potential to be used in the enrichment of pTyr peptides.121 Since SH2 domain as 

a sequence-specific phosphotyrosine binding module represents high affinity to a 

broad range of pTyr peptides, one-step SH2 superbinder eliminating commonly used 

phosphopeptide enrichment techniques showed significant improvement in pTyr pep-

tides purification, consequently better identification of concentrated and purified res-

idues from complex mixture. SH2 superbinder modified monolithic capillary column 

showed unique identification of more than 700 pTyr sites using only 100 µg of HeLa 

cell digest (Figure 15).135 This work represented a significant improvement on phos-

photyrosine enrichment.  

 
Figure 15: The concept of SH2 superbinder modified monolithic capillary column for selective en-

richment and analysis of pTyr from small amount of cell digest. Adopted from Yao et al.135 with 

permission from ACS. 

 

Except affinity chromatography, immunoprecipitation, and SH2-superbinder, there is 

also chemical derivatization, which is based on modification of phosphorylated resi-

dues prior to enrichment.115 β-elimination is one of example and this process consists 

of treatment peptide mixture with alkaline conditions where pSer and pThr undergo 

facile dephosphorylation via β-elimination in a strongly alkaline environment result-

ing dehyroalanine and β-methyldehydroalanine residues, respectively. This reaction 

combined with subsequent Michael addition for enrichment of pSer and pThr pep-

tides. This approach can be applied to enrich acid-labile phosphorylation on histidine 

in the presence of base-labile phosphoesters. However, this method is not applicable 

for tyrosine phosphorylation since pTyr does not undergo β-elimination. Another one 

is phosphoamidate chemistry (PAC). This derivatization can be applied to all phos-

phorylated residues. The concept consists of multi-step chemical modification and is 

based on reconstituting phosphate group by acid hydrolysis of the phosphoamidate 

bonds such synthesis of N-phosphorylation of histidine residues using potassium 

phosphoramidate, or lysine-containing peptides. Due to requiring multiple reaction 

steps for this derivatization, this technique might cause losing sample in each step. 
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Not only these more specific enrichment strategies, but there is also fractionation 

techniques such as strong cation exchange (SCX), strong anion exchange (SAX), and 

hydrophilic interaction chromatography (HILIC) which are less selective compared 

to previously mentioned enrichment techniques. Both SCX and SAX are based on an 

ion exchange chromatography principle.136 In SCX, phosphopeptides eluted earlier 

from anionic stationary phase, on the contrary, phosphopeptides are strongly retained 

in SAX due to cationic stationary phase. These both techniques are often used for 

prefractionation of phosphopeptides prior to enrichment using IMAC or TiO2.59-137 

HILIC where neutral hydrophilic stationary phased used separate peptides according 

to their hydrophilicity / hydrophobicity in the acetonitrile-water system.136  

Imprinted Polymers 

Imprinted polymers, MIPs, earlier mentioned in the previous chapter are known bio-

mimetic polymers had been used to develop phospho- specific affinity materials for 

enrichment of phosphorylated residues from complex mixture.138-141 The very first 

example on this concept was reported by B. Sellergren in 2008.138 Imprinted polymer 

synthesized via stable complexes formed between the diaryl-urea host monomer and 

quaternary ammonium phosphate salt showed promising results for targeting pTyr 

peptides and bias on target peptide in the presence of non-phosphorylated tyrosine and 

serine counterparts. Using this strategy and optimization later on facilitate the enrich-

ment of pTyr peptides spiked in complex digest. Not only pTyr peptides, but also 

using designed and synthesized particular template in the synthesis of pSer-specific 

MIPs showed a complementary selectivity towards phosphoserine-targeting peptides. 

In another study, four methods including pTyr-MIP, TiO2 and their combinations were 

used to evaluate and compare in terms of binding specificity towards different phos-

phorylation sites.142 Recently, the study on selective enrichment of histidine-phos-

phorylated peptides using MIPs (Paper II) represented the design of three different 

pHis-targeting imprinted polymers and validated selective enrichment of short pHis 

peptides using high-crosslinked polymers, and larger pHis-peptides using hierarchical 

MIP (synthesized using silica particles as scaffold in the synthesis of polymers).143 In 

another study, zinc acrylate as functional monomer was used together with phe-

nylphosphonic acid (PPA) as template for the synthesis of imprinted material and thIS 

study showed promising bias for pTyr peptides in aqueous buffer compared to TiO2 

performance in buffer.144    
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Characterization – MS-based phosphoproteomics 

Mass Spectrometry (MS) 

Mass spectrometry (MS) is a powerful and versatile analytical tool that is used to 

identify and quantify of samples and elucidate the structure and chemical properties 

of molecules. Briefly, the discovery of mass spectrometry was by J. J. Thomson about 

his initial characterization of electron and he was awarded by Nobel Price 1906.110,145 

Then continues studies on electric and magnetic field, the beams of positive ions, fast 

ions and reionization under the vacuum, F. W. Aston firstly described and measured 

m/z values and he was awarded by Nobel Price in 1922. Describing and studying on 

isotopes for chemically identical atoms, atomic weight measurements, relative abun-

dance, ion-acceleration, double focusing electrostatic, magnetic deflection, high ac-

curacy of isotopic masses; the molecular mass spectrometry method and improve-

ments on this field became very popular during 1925–1950. After 1950s, the qualita-

tive molecular mass spectrometry and careful studies on MS fragmentation of various 

type of samples accelerated the mass spectrometry growing as a field all around the 

world.110,145 After the revolutionary of analytical devices such as gas chromatography 

(GC) and liquid chromatography (LC) and their combination with MS techniques in-

creased the advantages of identification enormous number of compounds. In 1966, 

chemical ionization by F. H. Field and M. S. B. Munson, in 1968 electrospray ioniza-

tion (ESI) by M. Dole, and in 1985, matrix-assisted laser desorption-adsorption 

(MALDI) by F. Hillenkamp, M. Karas and co-workers were developed. In 1989, the 

development of ion trap technique by W. Paul brings him the Nobel Price in Physics. 

Then, A. Makarov presents the Orbitrap MS in 1999. In 21th century, J. B. Fenn and 

K. Tanaka were awarded of the Nobel Price in chemistry for the development of soft 

ionization technique for the MS analyses of biological macromolecules.110,145 

 Mass spectrometer measures the mass-to-charge (m/z) ratio of ionized atoms or 

group of atoms. MS is widely used in proteomic analysis for both top-down MS to 

sequence intact proteins and bottom-up MS to facilitate identification of short peptides 

obtained by proteolytic digest of proteins (Figure 13). MS-based phosphoproteomics 

is fundamental to uncover signaling networks in a variety of biological samples, pro-

filing PTMs, localization, and simple quantification of large-scale phosphopro-

teoforms. MS is composed of three parts: ion source, mass analyzer, and detector 

(Figure 16). Ionization determines different types of analytes to be measured by com-

bination of mass analyzer and detector that determine the quality, reliability and effi-

ciency of process.  
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Figure 16: Mass spectrometer components: Inlet, ion source, mass analyzer, detector, data system 

(data output and data handling).  

 

Ionization 

 

Ionization of samples in MS is simply where the mechanism of ionization occurs via 

ionization source. After sample is placed in an instrument and inserted into ionization 

source via direct insertion, direct infusion or injection followed any number of de-

sorption process such as laser or heat, vaporization and ionization can be facilitated. 

In ionization process, different methods can be used such as protonation (formation 

of positive ions), deprotonation (removal of one proton), cationization (charged com-

plex adding positively charged ions e.g. ammonium ion), transfer of a charged mole-

cule to gas phase, electron ejection (ejected electron to get position ion) or electron 

capture (absorption of an electron). Protonation (M + H+ → MH+) is a method where 

positive charge of +1 produces. Since positive charges via protonation make more 

stable form together with basic residues, peptides are often ionized via protonation. 

 Two most commonly used ionization methods are MALDI and ESI shown in 

Figure 17.146-148 These two techniques are widely used in proteomic studies that help 

to generate gas-phase analyte ions to provide efficient and non-destructive ionization 

of samples.  

 

Figure 17: Mass spectrometry ionization techniques are shown in schematic. Matrix-assisted laser 

desorption/ionization (MALDI) on the left and Electrospray ionization (ESI) on the right.  
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In MALDI, the sample is mixed with excessive amount of ultra-violet absorbing ma-

trix with low molecular weight such as 2,5-hydroxy benzoic acid (DHB) or 3,5-di-

methoxy-4-hydroxycinnamic acid (sinapinic acid) and then deposited on a metal plate. 

When laser irradiates, the matrix then absorbs the radiation and converts to heat en-

ergy; therefore, it facilitates both desorption and ionization process of the sample.147  

 In ESI, the gas phase ions are formed via passing sample in solution through a 

capillary maintained at high voltage. Due to strong electrical field, Taylor cone on the 

tip of spray needle generates formation of aerosol droplets. When the droplets evapo-

rate, they turn into smaller droplets; this process continues concentrating charged 

droplets to ions. ESI is compatible to be interfaced with liquid chromatography (LC) 

and it can be coupled with MS.148  

 Both MALDI and ESI are soft ionization methods, which is very useful for pro-

teomics studies since the analyte do not lead to fragmentation.  

 

Mass Analyzer 

The ionized sample is then introduced to mass analyzer that separate and resolve gas 

phase molecule ions into their characteristics mass components according to their m/z 

ratio using some physical property such as electric or magnetic field. The mass ana-

lyzer properties include accuracy (measure of how close the value obtained to the true 

value that varies from analyzer type), mass range, resolution (measure of how good a 

MS separates ions of different masses), and scan speed. There are different mass an-

alyzer which can be classified regarding to how ions being introduced such as contin-

uous or pulsed modes. Commonly used mass analyzers in proteomics are Time-of-

Flight (TOF), Ion trap, Fourier transform ion cyclotron resonance (FT-ICR), Quadru-

pole, and Orbitraps.149  

 

Time-of-Flight (TOF) 

 

TOF mass analyzer is a pulsed and non-scanning MS that consists of an accelerator, 

a field-free region, a reflectron ion mirror, and detector inside the flight tube. TOF 

MS is based on separation and detection of ions according to their m/z ratio by meas-

uring the time for the ions to travel through a field-free region. In principle, acceler-

ated ions via high acceleration voltage generates unique kinetic energy and velocity 

for particular ions. Each ion flies inside the flight and then reach to ion detector. While 

the lower m/z value ions flies faster, the larger masses flies slower. TOF can be con-

verted to m/z to generate mass spectrum.150 
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TOF analyzer have two modes that are linear and reflectron (Figure 18). Linear mode 

is where ions reach to detector at different times. Even though this mode results in 

low resolution of a one broad peak representing as non-resolved isotope peak (Figure 

18a), it has advantages to be used for identification of high molecular samples or the 

analyte are not stable enough to survive the applied energetic field in the reflectron.  

Reaccelerating of ions requires high kV electric field and this high field effects larger 

molecules e.g. intact proteins that can undergo fragmentation. Reflectron mode pro-

vides high-resolution spectrum show all isotope of peaks well-separated and mass ac-

curacy. Introducing reflectron ion mirrors equipped with repulse back electric field 

into drift zone where the ions are refocused by their masses which helps to ions to 

reach the detector simultaneously (Figure 18b).  

 
Figure 18: Schematic representation of a) linear mode and b) reflectron mode in TOF analyzer. 

 

TOF analyzer is usually coupled with MALDI that measure masses of both proteins 

and peptides with simplicity, mass accuracy, high resolution and sensitivity.  

Figure 19: Schematic representation of MALDI-TOF/MS instrument. 

 

MALDI-TOF/MS instrument was used in Paper II, III, and V for quantification of 

peptide mixture and profiling of fractions in enrichment. 
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Quadrupole, Ion Trap and Orbitrap 

 

The quadrupole mass analyzer (Figure 20a)149 based on continuous scanning mass 

filter, which consists of four cylindrical metal rods parallel to each other in the vacuum 

chamber. The opposing rod pair is connected together electrically. By generating a 

direct currents and alternate currents, ions with target m/z value pass through the quad-

ruple and then get to the detector. Varying the voltage allows different masses to pass 

in turn and then mass spectrum can be generated. Quadrupole mass filter can scan 

through all masses via mass scanning mode or can sit at one fixed mass via single 

mass transmission mode. LC-MS-ESI instrument with quadruple mass analyzer was 

used in Paper II and V.  

 Ion trap mass analyzer (Figure 20b)149 is based on ion trapping and pulsed MS. 

Ion trap analyzer consists of same ion sources like in quadrupole except quadrupole 

device is replaced with ion trap analyzer. Therefore, ion trap represents three-dimen-

sional device where it can store ions. This can allow getting more information for the 

ions with lower m/z values. For these reason, mass spectra obtained via ion trap are 

richer in fragmentation ions compared to quadrupole MS. 

 Orbitrap mass analyzer (Figure 20c)149 is a type of ion trap analyzer where the 

ions are trapped around central spindle electrode that holds the trap together and aligns 

it via dielectric-end spacers. The idea of orbitrap is based on composing of all previ-

ously described mass analyzers such as trapping and the shaped of electrodes from 

ion trap, pulsed injection and electrostatic fields from TOF. Using external pulsed ion 

source, ions are trapped and then ions pushed to orbitrap. Increasing the voltage in the 

central electrode provides electrodynamic squeezing and ions are trapped. By detec-

tion the oscillation of ions, frequencies introduced to get m/z values of ions via their 

oscillation frequencies. The Orbitrap Fusion Lumos Tribrid151 instrument combines 

with LC-MS/MS was used for Paper II and III.   

 

Figure 20: Schematic representation of Quadrupole (a), 3D-Ion Trap (b), and Orbitrap (c). Adopted 

from Kelleher et al.149 with permission from Wiley. 
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Detector 

 

Faraday cup, photomultiplier conversion dynode, array detector, charge (or inductive) 

detector, and electron multiplier are commonly used ion detectors in MS.152 The 

choice of ion detectors depends on design of instrument and particular experiment to 

perform. All of them is based on same principle that is generating a signal from inci-

dent ions by generating secondary electrons, which are further amplified, or by induc-

ing current ions. In Faraday cup, the stroked incident ion emits electrons and induces 

a current, which is amplified and recorded. In electron multiplier, two different types 

can be introduced. One is same principle as Faraday cup, the second occurs due to 

continuous amplification through repeated collisions. The most common detector 

used in MS is photomultiplier. The incident ions generate electron emission and these 

electrons strike a phosphorous screen which turn releasing of photons. Using photons 

extend the lifetime of the detector that makes this type of detector preferred. 

 

Tandem Mass Spectrometry  

Once samples are ionized to generate a mixture of ions, where parent (precursor) ions 

obtained via m/z values of specific molecules, they are named as MS1. If the sample 

is unknown then knowing MS1 is not enough to get information about its structure. 

Tandem MS (or MS/MS, MSn) is a technique to break down selected precursor ions 

into their fragments where product ions are produced.153,154 The fragmentation of ions 

reveal not only chemical structure but also provides information on peptide sequence 

or PTMs on particular amino acid residues if any. In principle, the selected precursor 

ions are isolated in narrow m/z window and then fragmentation can be done by one 

or several fragmentation methods to generate different product ions. The fragmenta-

tion method is based on dissociation processes that are collision-induced dissociation 

(CID)155, higher-energy C-trap dissociation (HCD)156, electron capture dissociation 

(ECD)157 and electron transfer dissociation (ETD)158. CID uses an inert gas there en-

ergy generated to break down and it is usually coupled with triple quadrupole where 

first one selects a given ion and accelerates to second one that has collision cell where 

fragmentation occurs, and finally the third one scans the fragments. HCD principle is 

similar with CID but it is more specific for Orbitrap instruments. The generated 

higher-energy collisions produce more efficient fragmentation for lower mass frag-

ments. ECD and ETD compare to CID and HCD are softer fragmentation techniques. 

ETD and ECD induces fragmentation by transferring electrons to higher state cationic 

molecules. ETD is mostly coupled to ion trap-Orbitrap while ECD is primarily used 

in FTICR. 
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In the fragmentation of peptide, peptide bonds break down N-terminus fragments as 

a, b, or c ions and C-terminus fragments as x, y, or z ions (Figure 21).  

 
Figure 21: Ions generated due to MS/MS fragmentation: N-terminus as a, b, or c ions and C-termi-

nus as x, y, and z ions.  

 

While CID-induced fragmentation of peptides or proteins results in N-terminal b- and 

C-terminal y- ions, ETD fragmentation occurs on the α-C of amide bond that generates 

c- and z- ions. To get better peptide sequence information, these two dissociation pro-

cesses combined and called as ETciD / EThcD which help to improve sequence cov-

erage and confident PTM site localization.  

 

In example Figure 22, peptide sequence identification of two model peptides that were 

used in Paper III represented. GADDSYpYTAR (a) and GADDpYYTAR (b) are sin-

gle phosphorylated tyrosine forms of GADDSYYTAR peptide that is related with the 

kinase domain of zeta-associated 70-kDa protein, ZAP-70. The precursor ion mass 

for both peptide is 1197.43 Da. Calculating amino acid masses, not only peptide se-

quence but also the localization of phosphate group on tyrosine residues either 6th 

(GADDpYYTAR, Figure 22b) or 7th (GADDYpYTAR, Figure 22a) were identified 

since phosphate adds 80 Da due to neutral loss of phosphate group, HPO3 in mass. 

 
Figure 22: The fragmentation profiles of GADDSYpYTAR (a) and GADDSpYYTAR (b) peptides. 
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MIPS FOR PHOSPHOPEPTIDE 
ENRICHMENT 

State of Art 

In this thesis, the objectives are to design and synthesize template molecules regarding 

to phospho- targets, to synthesize imprinted polymers via noncovalent approach in the 

presence of synthesized template molecules together with functional urea monomers 

using combination of epitope and stoichiometric imprinting approaches, and then to 

enrich target phosphorylated peptides from complex peptide mixture using these syn-

thetic receptors.  

Epitope Imprinting 

In terms of imprinting of biomolecules, there are some intrinsic limitations in conven-

tional polymerization approach to MIP synthesis due to molecular size, complexity, 

conformational flexibility, and solubility of larger molecules such as peptides and pro-

teins. The traditional noncovalent approach in synthesis of imprinted polymers usu-

ally requires excess amount of crosslinking agent resulting high-crosslinked and ro-

bust materials. Not only amount of crosslinking agent, but also aprotic solvent is often 

chosen as porogen to provide better self-assembly between templates and functional 

monomers. Considering larger biomolecule imprinting under these conditions will 

lead generating limited binding sites, having additional disadvantages such as steric 

accessibility of porous materials, and excessive weak interactions due to distinct phys-

icochemical properties of larger molecule. Moreover, when larger biomolecules are 

used as template, for instance proteins, they might denature, change conformations 

and even aggregate which make them unsuitable for imprinting. 

 To overcome these limitation, ‘epitope imprinting’ idea was developed.159 This 

technique relies on using a small fragment of target peptide or protein as template in 

polymerization resulting imprinted polymer where able to retain the whole peptide or 

protein. Using this alternative approach also conquer possible problems such as poor 

mass transfer, denaturation or heterogeneity in the binding pocket affinity.  
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Stoichiometric Imprinting 

The chosen functional monomers to complement around a template molecule lie in 

self-assembly principle where the complexation between monomers and template de-

termines the binding groups in their positions in receptor binding sites. When targeting 

phosphorylated residues via MIPs, the design of imprinting is simply based on an 

anion recognition. Using commercially available monomers such as methacrylate or 

methacrylamide for the synthesis of anion targeting imprinted polymers, only weak 

interactions can be formed in the polymer network.160 For this reason, in this type of 

imprinting, usually excess amount of functional monomers being introduced to in-

crease the degree of complexation around template. However, this condition is not 

compatible with many biomolecules since they might require polar or aqueous envi-

ronment for imprinting.161  

 To improve this, design and synthesis of new functional monomers that provide 

strong and stoichiometric interactions with template molecule should be taken into 

account. Since stoichiometric complexation between template and functional mono-

mer is strong enough, it results generating high percentage of complexation in the pre-

polymerization mixture, consequently, high yield of selective binding sites in polymer 

network and reduced degree of nonspecific binding. One of the example of stoichio-

metric imprinting was demonstrated by Wulff G. in 1997 with the use of amidine-

based monomer in the presence of template, phosphonic acid mono ester.162  

Anion Binding with Urea and Thiourea Receptors 

Due to the importance of not only biological role of anions but also industrial pro-

cesses and pollutants, the research on anion receptors has expanded greatly in the last 

few decades.163 Much effort has been devoted to synthesize anion receptor motifs such 

as amides, guanidium, steroids, and pyrroles.164 Especially, urea and thiourea deriva-

tives165 played and continuous to play a leading role in the field of anion coordination 

chemistry.  Oxyanions such as phosphate, sulfate, or carboxylate are larger, generally 

have a wide range of geometries and high solvation energy, and display more pH 

sensitive interactions compared to their cations, therefore they require high degree of 

design and complementary to make selective synthetic receptors. One of the first ex-

ample of using urea derivatives for molecular recognition was reported by Hamilton 

in 1993. This work introduced hydrogen-bond donating urea hosts capable of recog-

nizing carboxylate guests.166 Up to now, a variety of oxyanion receptors containing 

urea and thiourea subunit have been developed and studied to understand the signifi-

cant role of this unique group in the anion recognition.165,167 
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Urea and thiourea moiety are potent hydrogen bond (H-bond) donors and hydrogen 

atoms on the nitrogen can interact with oxygen atoms in oxyanions creating an eight-

membered cyclic structure (Figure 23a).165 Not only oxyanions, but also halides make 

complexation forming a six-membered ring via interaction between bifurcated H-

bonds and anion in halide complexes (Figure 23b).165 

 
Figure 23: Hydrogen bond orientation of urea or thiourea receptors for the binding of oxyanion 

(a), or halide complexes (b), and the main structure of diphenyl- urea or thiourea derivatives. Urea: 

X= O and Thiourea: X= S. 

 

H-bond stabilization in the formation of anion-urea or anion-thiourea complexes 

hence relies on where H-bond acceptors of the anion interacting with H-bond donor 

of the receptor. For this reason, the strength of H-bonds, consequently the stability of 

complexation, relies on the acidity of the receptor and the basicity of guest. The un-

substituted thiourea (pKa= 21.1±0.1) has lower pKa value than urea (pKa= 26.9±0.1) 

which makes it more acidic. In terms of acidic strength, diaryl urea derivatives (Figure 

23c) such as N, N’-diphenyl- thiourea (pKa= 13.4±0.1) are more acidic than dialkyl 

urea (pKa= 18.7±0.1).165 Since the acidity of urea or thiourea derivatives is the key to 

the strong anion binding, the receptors with aromatic substituents compared to those 

carrying alkyl groups have attracted more attention; notably this type of derivatives 

has been extensively used in catalysts defining the field of organocatalysts.168 

 The choice of aryl substituents in 1,3-diaryl-ureas or thioureas also play a critical 

role in the design of receptors. Derivatives with a nitrophenyl group is one of the most 

common examples. The presence of –NO2 not only increased the acidity of the NH 

bond in the receptor, but also led to chromogenic behavior useful for colorimetric 

sensors.169 In the case of acidic hosts in contact with basic anion guests host deproto-

nation is possible. For instance, excess addition of fluoride anion (F -) in aprotic media 

to anthracene-based derivatives can deprotonate the receptor.170 Especially, the thio-

urea receptors compared to their corresponding urea ones have tendency to be depro-

tonated because of their lower pKa values in the presence of highly basic anions. 
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Hence, design of a urea and thiourea based receptors involves pKa adjustments via 

careful tuning of the aryl substituents to match the pKa of the guest. For these reasons, 

comparing many structural motifs, the strongest interactions with oxyanion guests 

were achieved using electron-withdrawing trifluoromethyl, CF3 moieties appended to 

the aryl groups.168,171 The most well-known ex-ample of using this CF3 moiety was 

studied by Schreiner in 2002171 with the synthesis of diarylthioureas together with 3,5-

bis(trifluoromethyl) groups in both sides of aromatic structure. 

  The -CF3 moiety is simply an electron-withdrawing group (EWG) and it makes 

the acid unit more acidic by delocalizing the charges leading to stronger interactions 

in the presence of an anion guest.172,173 The influence of the number of CF3 groups on 

the urea pKa is shown in Figure 24a-d.173 From dialkyl to diaryl and from two-unit -

CF3 to four-unit -CF3 decreases the pKa value of a particular receptor with nearly five 

units. Not only the presence of -CF3 but also its position in the aromatic groups influ-

ences the pKa values (Figure 24 e,f). 

 

 
Figure 24: Comparison of the effect of –CF3 moiety on pKa values in urea and thiourea derivatives: 

a) urea, b) 1,3-diphenyl-urea, c) 1-(3,5-Bis-trifluoromethyl-phenyl)-3-phenyl-urea, d) 1,3-Bis-(3,5-

bis-trifluoromethyl-phenyl)-urea, e) 1-(3,5-Bis-trifluoromethyl-phenyl)-3-phenyl-thiourea, f) 1-

(3,5-Bis-trifluoromethyl-phenyl)-3-phenyl-thiourea. Adopted from Schreiner et al.173 with permis-

sion from ACS. 

Studies have shown that the -CF3 moiety not only acidifies the receptor but also 

strengthens potential π-π interactions through the highly polarized aryl groups. This 

makes -CF3 a preferred substituent when engineering diaryl-urea based receptors. 
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Urea-based Functional Monomers 

Emphasizing the importance of 1,3-disubstituted urea structures, their receptor prop-

erties for targeting oxyanions, and the effect of functional units introduced in receptor, 

the model was employed for the synthesis of functional monomers for targeting pro-

tein phosphorylation. Regarding to the objectives in this thesis, the synthesized func-

tional monomer was used for the designing and synthesizing of amino acid side chain- 

and sequence- specific synthetic receptors for target phosphorylated residues. 

 In this thesis, in terms of HG association and complementing functional groups 

of template molecules, especially targeting phosphorylated residues, 1,3-disubstituted 

urea monomers have been chosen as neutral hosts for making complexation in the 

presence of oxyanion guest.161,174 The structural and compositional parameters for 

tuning HG association strength for the synthesis of urea-based functional monomers 

shown in Figure 25.174 

 

Figure 25: Structural and compositional parameters for tuning host-guest association. EWG: elec-

tron withdrawing group, C=carbon, P=phosphate, S=sulfur, H=hydrogen, O=oxygen, N=nitrogen, 

Q=quaternary.  
 

These neutral hosts provide a 2-fold H-bond donor towards affinity for guest where 

the affinity increases with the acidity of urea receptors and the basicity of oxyanion. 

To enhance the acidity of receptor, consequently H-bond donating capacity, -CF3 moi-

ety introduced in ortho- and para- positions of one of the aromatic ring (R3 and R5). 

The strength of interaction between functional monomer and oxyanion also depends 

on solvent polarity. The advantage of this type of functional monomers is to be able 

to solubilize in aprotic organic solvent where it can maximize the complexation be-

tween template and functional monomer in noncovalent imprinting strategy. Follow-

ing this approach to synthesize of urea receptors, it was reasoned that this idea would 

fulfill the tight and selective binding sites required for the synthesis of imprinted pol-

ymers for targeting phosphorylated residues. 
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The core of this thesis relies on the use of unsymmetrical substituted aromatic urea 

derivative, 1-(4-vinylphenyl)-3-(3,5-bis(trifluromethyl) phenyl)-urea (1) functional 

monomer which was synthesized by the condensation of 1,3-bis(trifluromethyl) phe-

nyl isocyanate and 4-amino styrene (Figure 26).161 

Figure 26: Synthesis of 1-(4-vinylphenyl)-3-(3,5-bis(trifluromethyl) phenyl)-urea (1) functional 

monomer by the condensation of 4-amino styrene and 1,3-bis(trifluromethyl) phenyl isocyanate. 

Considering the oxoanion and oxourea complexation, this urea monomer, 1, form 

ternary HG complex with phosphate dianions (2:1 complex). To study the 

complexation between 1 and oxyanions and their stoichiometries, nuclear magnetic 

resonance (NMR) spectroscopy was used. NMR is technique to study the structure of 

compounds and interactions between various molecules. This spectroscopic technique 

is based on nuclei of atoms have magnetic properties that can be utilized to yield 

chemical information. Using this technique helps to determine molecular 

conformation in solution and physical properties at the molecular level. In this thesis, 

NMR was used for conformation of the structure and purity check of synthesized 

compounds and extensively the interaction between templates and functional 

monomers.  

Oxoanion-oxourea Complexation 

The interaction of functional urea monomer, 1 with mono tetrabutylammonium (TBA) 

salt of phenyl phosphonic acid (PPA) was investigated by titrating the receptor mon-

omer solution, which was prepared in d6-DMSO (dimethyl sulfoxide), together with 

a standard solution of the anion guest up to a ten-fold molar excess. The spectroscopic 

characterization was done using 1H NMR (Figure 27).174 The titration 1 with 

PPA•TBA resulted strong downfield shift in urea protons Ha and Hb which reflect the 

establishment of an H-bond interaction with guest molecule. The obtained data was 

then converted for complexation induced shift vs. free concentration of guest and fit-

ted to a binding model to derive the complex stability constant, Keq that was calculated 

as 7005 M-1 by fitting the model for 1:1 interaction (Paper I). 
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Figure 27: 1H-NMR chemical shift changes on aromatic and urea protons of host monomer 1 in 

DMSO-d6 with Bu4 N + PhPO3H - (PPA·TBA, guest) illustrating spectral shifts of aromatic protons 

(a), urea protons and the chemical shift profile of N-Ha proton versus number of equivalents of 

added PPA·TBA (b).  

 

Previous studies found that urea monomers might interact with each other and they 

can form dimerization. This causes blocking the recognition groups that are supposed 

to bind guest molecule. For this reason, it is critical to understand monomer-monomer 

interactions too.  

 In Paper I, not only to understand the interaction of host 1 to another 1, but also 

to investigate 2:1 (2 equivalent of host: 1 equivalent of guest) binding model, two-

dimensional NMR with nuclear Overhauser effect spectroscopy (NOESY) was used. 

This technique is practical for proton resonances are located on the same or adjacent 

carbon nuclei. NOESY NMR of 1 confirms that there is no interaction of urea N-H 

protons of monomer with another one which proves no dimerization.  

 To understand the complexation between 1 and bis pentamethyl piperidine 

(PMP) salt of PPA guest, the titration was carried out. The addition of half equivalent 

of PPA•2PMP to 1 caused changes in Ha protons. The visual observation had an in-

direct support how the addition of bis-PMP salt of PPA to 2 equivalent of 1 makes the 

solution of 1 in aprotic polar solvent tetrahydrofuran (THF) completely transparent 

(Paper I, Scheme 4). Additionally, molecular dynamic (MD) simulations completed 

on this binding model agreed for the degree of complexation. These studies simply 

confirm the 1:1 and 2:1 complexes for pre-polymerization mixture prior to imprinting. 
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Side Chain- and Sequence- Specific Imprinted Polymers 

Synthesis of side chain- and sequence- specific imprinted polymers were carried out 

using N-terminal (via fluorenylmethyloxycarbonyl (Fmoc) group) and C-terminal (via 

methyl or ethyl groups) protected phosphorylated templates regarding to the target.  

In Paper II, 3-[4-Phosphono-[1,2,3]triazol-1-yl]-2-(9H-fluoren-9-ylmethoxycar-

bonylamino)-propionic acid ethyl ester (Fmoc-pTza-OEt)143 was synthesized and 

used as template for the preparation of imprinted polymers targeting histidine phos-

phorylated peptides. In Paper III, regarding to the target tyrosine phosphorylation on 

Y492 and Y493 amino acid residues in the kinase domain (ALGADDSYYTAR) of 

zeta-associated 70-kDa protein (ZAP-70), Fmoc-pTyr-Tyr-Gly-OMe, Fmoc-Tyr-

pTyr-Gly-OMe, Fmoc-pTyr-pTyr-Gly-OMe, and Fmoc-Tyr-Tyr-Gly-OMe were syn-

thesized and used as template for the preparation of pTyr-based sequence specific 

receptors. In Paper V, to mimic the behavior of Src-SH2 domain for its unique bind-

ing towards EPQpYEEIPIYL peptide, Fmoc-pTyr-Glu-Glu-Ile-OEt and Fmoc-Tyr-

Glu-Glu-Ile-OEt were used as template for the preparation of pYEEI sequence-based 

recognition. 

 The general synthesis protocol of imprinted polymers was given in Figure 28. 

Acetonitrile (MeCN) which is aprotic polar solvent was chosen as porogen. Co-

polymerization was carried out using pentaerythritol tetraacrylate (PETA) crosslink-

ing agent. Conventional azo-initiated thermal polymerization was used for the for-

mation of polymer network. After synthesis, template removal was carried out for all 

polymers using methanol (MeOH):0.1 M hydrochloric acid (HCl) (80:20) solution. 

Figure 28: The general synthesis protocol of imprinted polymers using one equivalent of bis-TBA 

salt of phosphorylated template together with two equivalent of 1.  
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Static Binding 

For the evaluation of imprinted polymers, one of simple test is static rebinding (batch 

binding) experiment (Figure 29). This test is based on incubation of polymer particles 

in the presence of peptide mixture prepared at different solution. After the equilib-

rium, the polymer is separated from solution and the amount of unbound analyte in 

solution is measured using high-performance liquid chromatography (HPLC).  

 

Figure 29: The rebinding experiment: Incubation polymer with analyte, determine free analyte in 

supernatant, calculate bound analyte, fitting model for free analyte versus bound. 

HPLC is a separation technique, which allows purifying, identifying, and quantifying 

compounds in analytical way. Liquid chromatography is based on where the sample 

is forced via high pressure through a column that is packed with a stationary phase, 

generally composed of porous layers, by a liquid called as mobile phase. Stationary 

phase where the compounds are to be separated, and mobile phase which carries the 

compounds. The separation of individual components of a sample depends on a dif-

ference in their affinity to the stationary phase.  

 In the batch binding test shown in Figure 29, amount bound analyte per unit of 

polymer (B, in µmol/g) is calculated by followed equation: B = (n0 – nfree) / mpolymer 

where n0 is the initial concentration of analyte, nfree is the amount of unbound analyte 

and mpolymer is the mass of polymer used in rebinding test. The experimental data can 

be fitted to a theoretical model, for example Mono-Langmuir, Bis-Langmuir, Freun-

dlich, or Langmuir Freundlich depending on the description of binding sites using a 

graph fitting software, for example GraphPad Prism (GraphPad Software, La Jolla, 

CA, USA) or OriginPro (Originlab Corporation, Wellesley Hills, MA, USA).175 

Mono-langmuir model, where it is assumed that the interactions between analyte and 

receptor are one type of homogeneous binding, is the simplest model. The obtained 

adsorption isotherms calculate the maximum bound of analyte, Bmax, the dissociation, 

Kd, and the association constant, Ka which is reverse of Kd value. 
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Enrichment of Target Phosphopeptides 

When the imprinted polymers, which were subjected to batch binding studies, confirm 

the specificity towards their target phosphorylated peptides, phosphopeptide (p-pep-

tide) enrichment can be carried out. The aim of phosphopeptide enrichment protocol 

is based on reducing non-target background peptides and increasing target p-peptide 

quantification (Figure 30).  

 
Figure 30: The protocol for enrichment of target phosphopeptide using imprinted polymer: incuba-

tion MIP particles with peptide mixture, followed by washing of particles, and then extraction of 

bound peptides from MIPs and then mass analysis.   

First, target p-peptide is spiked into complex peptide mixture (prepared by proteolytic 

digest of commercially available proteins) containing both phosphorylated and non-

phosphorylated residues at different spiking level that is related with the abundance 

of target p-peptide in total protein phosphorylation. Then incubation of MIP particles 

together with peptide mixture prepared in aprotic polar solvent, followed by centrifu-

gation and flow-through (FT) fraction is collected. Next, MIP particles is washed with 

usually the same solution used in FT to get rid of non-specifically bound peptides 

from particles or container surface, followed by centrifugation and then  washing (W) 

fraction is combined together with FT fraction. In the last step, consecutive elution 
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(E) or extraction is carried to remove the bound peptides from imprinted polymers 

using mostly protic polar solvent and each elution fraction pooled together. Both 

FT+W and E fractions were dried and concentrated prior to analysis. The concentrated 

samples were then analyzed using MALDI TOF/MS-MS or LC-MS/MS to see the 

peptide profile in each fraction and to quantify the bound percentage of target p-pep-

tide.  

In Paper II, to fulfill the enrichment profile of pHis-targeting imprinted polymers, 

N-phosphorylation of histidine residues from horse heart myoglobin were chemically 

synthesized using potassium phosphoramidate chemistry. After conformation on 

phosphorylation via mass determination, the histidine-phosphorylated peptides were 

obtained by proteolytic digest (Figure 31) and the digest were mixed together with 

commercially available bovine serum albumin (BSA) and β-casein digest at equimolar 

and carried out for enrichment using pHis MIPs.143 

 
Figure 31: Extracted chromatograms highlighting histidine-phosphorylated peptides obtained from 

chemical N-phosphorylation of myoglobin. Each peptide indicated in colors. The background pep-

tide signal colored in gray (reference) is the peptides from bovine serum albumin (BSA): β-casein: 

myoglobin (1:1:1) digest.  

In Paper III, to fulfill the aim of the study, ZAP-70 phosphoprotein was obtained 

from stimulated Jurkat cells, a human T-lymphocytes cell line. This cell line was cho-

sen be-cause it is known that cytoplasmic tyrosine kinases are highly and specifically 

activated in these cells. Gel electrophoresis was carried out using cell lysates. This 

technique is based on separation of macromolecules by their size and charge. Western 

blotting was then applied where phosphorylation sites on ZAP-70 phosphoprotein was 

identified using anti pTyr- antibodies.  
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After localization and identification of different phosphorylation sites on ZAP-70 pro-

tein, in-gel digest was carried out. Characterization and peptide profiling of digests 

was completed using MALDI-TOF/MS. The schematic explanation of each step was 

given in Figure 32 and the details for this part was discussed in Paper III.    

 

Figure 32: Schematic explanation of the workflow for the extraction of ZAP-70 phosphoprotein 

obtained by stimulated Jurkat T-cell line, identification by Western Blot, Immunoprecipitation, pro-

teolytic in-gel digest and identification of peptide profile using MALDI-TOF/MS.      
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RESULTS AND DISCUSSION 

Summary of Papers I-V 

Paper I:  

Urea-based imprinted polymer hosts with switchable anion preference. 

 

In term of oxyanions and their biological relevance, the importance of binding inter-

action is found related with most of the chemical and biochemical processes such as 

enzymatic sites, structural changes, and storage of genetic information. Earlier in the 

thesis mentioned that the design of synthetic receptors is particularly challenging for 

anions compared to cations due to being larger size, having variety of geometries, and 

being possible pH dependent. In more detail, the discrimination among phosphate and 

sulfate and other isoteric oxyanions requires special attention considering their com-

petition in binding.  

 In Paper I, considering in-depth investigation of MIPs for simplex oxyanions, 

PPA (phenyl phosphonic acid), PSA (phenyl sulfonic acid), and BA (benzoic acid) 

were used as template in the imprinting together with functional monomer 1 as host 

monomer. In this study, it was aimed to answer the questions about the level of oxy-

anion selectivity and affinity via MIPs in either organic or aqueous media, switchable 

oxyanion preference using small molecule acidic or basic modifiers, and the mecha-

nism underlying imprinting process in the presence and absence of template molecule. 

Considering oxyanion−oxourea complexation, the stability has been shown to in-

crease in the order of increasing acceptor basicity, i.e., PhSO3
− < PhOP(OH)O2

− < 

PhP(OH)O2
− ≤ PhCOO− < PhPO3

2 - ≤ PhOPO3
2−. Evaluating the template binding 

studies using the neutral, monoanion and dianions of PPA, PSA, and BA via corre-

sponding imprinted and non-imprinted polymers showed that the increase in deproto-

nation enhances the degree of interaction with 1. Further tests such as adsorption iso-

therms, switchable oxyanion selectivity, and binding in water were completed using 

PPA imprinted polymers. Here also, more hydrophilic crosslinking agent, PETA was 

introduced instead of EGDMA and the polymers synthesized with this recipe were 

conducted for binding selectivity tests. The investigation of imprinting mechanism 

was completed for fundamental understanding of the imprinting mechanism in the 
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presence of template and how the presence of template is affecting the early stage in 

the polymerization process. The mechanistic studies were completed using differen-

tial scanning calorimetry (DSC) to investigate whether the monomer reactivity de-

pends on template presence or randomly incorporated. Moreover, it was presented that 

using acidic (TFA) or basic (TEA) modifier makes possible to switch the binding of 

PPA or PSA. The imprinted polymer synthesized using PPA as template showed that 

with TEA modifier it has more binding preference for PPA; however, TFA modifier 

switch to binding preference to PSA (Paper I, Figure 6). In term of polymerization 

mechanism, it was found that the template role is to bring polymerizable units close 

in space and enhance the stereo- and sequence- controlled monomer incorporation 

(Paper I, Figure 9 and Figure 10). 

Paper II:  

Selective enrichment of histidine phosphorylated peptides using molecularly 

imprinted polymers 

 

Even though histidine phosphorylation (pHis) is known over 50 years, the acid-labile 

nature of pHis hampered study of this modification. The traditional enrichment meth-

ods such as IMAC, MOAC for identification of phosphoesters (pSer, pThr, and pTyr) 

involve acidic conditions for enrichment of these particular phosphorylated residues. 

However, pHis hydrolyzes and loses its phosphate group under these conditions. Not 

only enrichment protocols but also the lack of affinity materials for this unique mod-

ification cause challenges for identification of pHis. For this reason, it was urge to 

design and develop efficient tools where pHis can be identified and enriched from 

complex mixture under mild enrichment conditions where preserving the modifica-

tion.  

 Paper II describes a method for selective enrichment of pHis peptides using three 

different imprinted polymers (MIP1-3) under non-acidic conditions. The pHis MIPs 

were synthesized using a stable analogue of phosphohistidine (Fmoc-pTza-OEt) tem-

plate together with functional monomer 1. Their non-imprinted polymers (NIP1-3) 

were synthesized under same condition by omitting template molecule. MIP1 and 

MIP2 are high-crosslinked polymers synthesized using different counterions, PMP 

and TBA.OH, respectively. MIP3 is mesoporous imprinted microspheres synthesized 

in porous silica microparticles using the same recipe for MIP2. The polymers were 

tested with peptide mixture prepared in different MeCN/H2O ratios with 0.1% TEA 

(triethlyamine, basic modifier). First test was completed using MIP1 and NIP1 to eval-

uate their affinity towards template molecule, pTza. Further short peptide (VpHI, 
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VpSI, VHI, and VEI) mixture was treated with MIP1 and NIP1. The polymer dis-

played promising affinity towards pHis peptide, VpHI, in 95% MeCN + 0.1 TEA. 

Due to the interfering affinity for pSer modification, the phosphoesters treated with 

alkaline conditions via β-elimination where VpSI and VpTI dephosphorylated. This 

approach proof the strong retention of VpHI peptide without interfered affinity. Then 

MIP1 recipe was changed and MIP2 was synthesized. MIP2 was able to enrich VpHI 

peptide in the presence of VpSI and VpTI short peptides spiked in tryptic digest of 

BSA without requiring any β-elimination. However, when MIP2 was tested for the 

enrichment of chemically phosphorylated myoglobin pHis-peptides mixed with 

equimolar BSA and β-casein digests, it showed poor selectivity. Since MIP2 is high-

crosslinked polymer with a wide distribution of pores, ranging from micro-pores with 

limited larger peptides accessibility to meso- or macro-pores, MIP3 was synthesized 

resulting mesoporous microspheres featured a controlled and narrow pore size distri-

bution. MIP3 showed improved selectivity and specificity for the enrichment of 

larger-sized pHis-peptides from complex mixture. Moreover, MIP3 increased the 

abundance of pHis peptides compared to pSer- and pThr- peptides. 

 Overall, the MIP-based protocol reported in Paper II exhibited alternative way 

for the enrichment of pHis peptides from complex mixture that is compatible with 

preserving pHis modification and facilitating promising strategy to explore this PTM.  

Paper III:  

MIP-Binder for sequence specific phosphopeptide capture of ZAP-70 regu-

latory motifs. 

Tyrosine phosphorylation, pTyr is a sub-stoichiometric modification that occurs in 

low abundance where detection and identification can be done using anti pTyr-anti-

bodies, or metal oxide-based affinity materials. Even though immunoaffinity enrich-

ment coupled to MS based identification and quantification exhibit promising ap-

proach translating the knowledge to clinical applications, there is still need for simple 

and robust techniques capable of separating or sensing this particular PTM for the 

development of effective diagnostics in early stage and treatment of diseases. Apart 

from developing a generic fractionation tool that is capable of capturing all phosphor-

ylated residues such as pTyr, pSer, or pThr over non-phosphorylated peptides, the 

other levels of selectivity are equally critical such as regio- or stoichiometric- selec-

tivity. Therefore, synthetic receptors prepared using imprinting approach that can rec-

ognize amino acid sequence around different phosphorylation sites would help in di-

agnostic applications in the case of biomarker discovery.  
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Paper III describes a concept where MIPs can capture phosphopeptides in a sequence 

specific manner in complex media. In this paper, imprinted polymers were prepared 

for targeting on phosphorylation of epitope tripeptides of ZAP-70 (zeta-associated 70-

kDa protein) which has the following peptide sequence of amino acids, AL-

GADDSYYTAR (485-496) in the kinase domain. ZAP-70 is a positive prognosticator 

for the disease chronic lymphatic leukemia, CLL. The phosphorylation of Y492 or 

Y493 in the kinase domain is identified as regulators for the disease. Regarding to the 

target pY-ZAP-70, four imprinted polymers were prepared using the synthesized N- 

and C- protected templates: YpY MIP (targeting pY493), pYY MIP (targeting 

pY492), pYpY MIP (targeting pY492pY493), and YY MIP as control for the follow-

ing sequence, ALGADDSY492Y493TAR. 

 The synthesized polymers were firstly tested with the mixture of model peptides: 

GADDSYYTAR, GADDSYpYTAR, GADDSpYYTAR, and GADDSpYpYTAR 

prepared at different MeCN/H2O ratio buffered with 0.1% acidic and basic modifiers 

and aqueous buffers at different pH. The sequence specific pY-targeting polymers 

displayed promising affinity towards their corresponding targets when tested in 90% 

MeCN + 0.1% TFA (trifluoroacetic acid) and aqueous buffer, pH=7.4. Next, the 

model decapeptides were spiked with 12-protein digests at different spiking level. 

Then, the performance of sequence specific receptors were tested to clear their ability 

to enrich target p-peptide from complex mixture. The abundance of target peptide in 

the elution fraction over nontarget and nonphosphorylated peptides using receptors 

exhibited promising site- and stoichiometric- selective discrimination compared to the 

abundance of peptides in pre-enrichment fraction (Paper III, Figure 3 and Figure S5). 

Having determined that these sequence specific binders are able to enrich their partic-

ular target from complex mixture, further study on enrichment of dodeca- peptides via 

digested ZAP-70 phosphoproteins that were extracted from stimulated Jurkat T-cells. 

In this particular experiment, Jurkat cells were stimulated with different regulators 

and their combinations. It was found that non-stimulated lysate showed already con-

stitutive hyperphosphorylation of Y493 pTyr site and the other regulators showed va-

riety of phosphorylation profiles (Paper III, Figure 4). The experiments on the enrich-

ment of phosphorylated peptides obtained from stimulated lysates are still undergo-

ing. Nevertheless, the results presented in the enrichment of target p-peptide from 

complex mixture showed the potential use of imprinting approach to design sequence 

specific receptors, which are capable of enrichment of phosphorylated residues in 

other levels of selectivity.  
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Paper IV:  

High salt compatible oxyanion receptors by dual ion imprinting. 

 

Studies showed that using TBA transfer agent together with target anion where func-

tional monomer 1 used in the polymerization process promote to generate high affinity 

binding pocket for recognition. For instance the association constant for PPA•TBA 

guest and 1 host found as Ka=7005 ± 985. However, these synthetic receptors for an-

ion recognition is usually selective in aprotic polar solvent but weaken and become 

highly competitive in media presented high ionic strength. For this reason, introducing 

another host compatible with naturally most common counterion of guest could en-

hance the affinities targeting not only anion but also counterion.  

 Paper IV describes that using crownether which, is macrocyclic host where it 

can generate 1:1 host:guest complexation in the presence of metal ion, together with 

anion guest and 1 host in the pre-polymerization can feature strong cooperativity for 

the recognition of target anions in more amphiphilic nature. In the study, PPA•Na 

template was imprinted in the presence of 1 and 18-crown-6 (18C6) and their binding 

profiles in buffer prepared at different pH was compared. Moreover, the titration of 

18C6-Na•PPA complex with 1 resulted an associated constant, Ka= 11181 ± 1655 

which is significantly higher than titrating PPA•TBA complex with 1 (Paper IV, Fig-

ure S1, Table 1). Moreover, the testing binding capacities and association constant in 

the absence and presence of NaCI solution revealed (Paper IV, Figure 4) that combin-

ing macrocyclic cation host with neutral urea-based monomer in the anion recognition 

effectively enhance the affinity and capacity in the recognition of anion in buffers.  

Paper V:  

Imprinted Src-SH2 domain mimicking: Targeting pYEEI sequence. 

 

Earlier, the discovery of Src homology 2, SH2 domain was described. SH2 domains 

are known as phosphorylation- especially pTyr containing peptides and sequence spe-

cific- dependent variants that play critical role in receptor signaling and signal trans-

duction pathways. SH2 domain is a part of Src family kinases that are modular sig-

naling domains.  There are different members were identified such as Src, Lck, Fyn, 

Lyn, and more. These subgroups have different pTyr peptide specificity related with 

its motif and sequence. For instance, Src and Lck prefer to bind the motif of pTyr-

hydrophilic-hydrophilic-Ile/Pro (Ile: Isoleucine, Pro: Proline). Src-SH2 domain is 

specifically bind the sequence of pY-E-E-I, pTyr-Glu-Glu-Ile (Glu: Glutamic acid) 

peptide with higher affinity in nM (nanomolar) range (Paper V, Scheme 1).  
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Paper V described the synthesis of pYEEI sequence specific affinity-capture-material, 

which can mimic the binding of Src-SH2 domain. In this paper, three different 

polymerization formats that are high-crosslinked, high-dilution, and mesoporous mi-

crospheres were used in the presence of N- and C- protected Fmoc-pYEEI-OEt and 

Fmoc-YEEI-OEt templates using 1:2 and 1:4 stoichiometric imprinting. The polymers 

were tested with the mixture of model peptides, EPQpYEEIPIYL and 

EPQYEEIPIYL, prepared in 95% MeCN + 0.1% TFA or TEA and aqueous buffers 

at different pH. The promising phospho-template imprinted ones for each polymeri-

zation format was further carried out for enrichment and sequence specificity tests. 

The sequence specificity of imprinted polymers were tested with the mixture of fol-

lowing phosphorylated and non-phosphorylated peptides: EPQYEEIPIYL, 

EPQpYEEIPIYL, DRVYIHPF, DRVpSIHPF, DRVpYIHPF, GADDSYYTAR, 

GADDSpYYTAR, GADDSpYpYTAR, and their binding preference compared with 

their corresponding non-imprinted polymers. The mesoporous microsphere synthe-

sized with 1:2 stoichiometry showed the highest selectivity with a clean extraction 

towards target p-peptide (Paper V, Figure 4, 5, and 6). Moreover, two model peptides 

were spiked with β-casein digest at 1:25 spiking level. The peptide profile in each 

fraction was monitored using MALDI-TOF/MS. The comparison between elution 

fractions of pY-MIPs and NIPs confirmed the affinity of pY-MIPs towards target pep-

tide. This study is undergoing and it has great potential on targeted phosphoprote-

omics, especially considering the development of highly specific kinase inhibitors 

based on anticancer agents.  
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CONCLUDING REMARKS AND   
FUTURE OUTLOOK 

The research presented in this thesis is focused on designing, synthesizing and devel-

oping amino acid side chain- and sequence- specific molecularly imprint-ed polymer 

receptors targeting protein phosphorylation.  

 Protein phosphorylation is identified as a reversible PTM that play a critical role 

in many regulatory mechanisms of the human genome. The process is carried out by 

protein kinases that transfer phosphate group from ATP to amino acid residues and 

phosphorylate them. Studies aiming at understanding the fundamental mechanisms of 

cell signaling are strongly associated cancer medicine. In fact, most protein kinases 

are related to oncogenesis beside their normal role in basic biological processes such 

as cell growth and apoptosis. Not only specific mutations or dysregulation on kinases 

are associated with human malignancies, but also genetically inherited variants of par-

ticular kinases is critical for the initiation, promotion and progression of a disease. 

Therefore, it was inevitable that kinase inhibitors-based drugs have become signifi-

cantly predominant for the treatment of cancer and other diseases. Among the number 

of approved kinase-inhibitors, some showed resistance and failure due to kinase mu-

tations. Except for leading to resistance to treatment, most kinase inhibitors are tar-

geting highly conserved ATP-binding pocket, and therefore their affinity and selec-

tivity for a particular kinase and its corresponding disease relevance is not very clear. 

For this reason, proteomics-derived biomarkers are used to provide a critical disease 

signature, offering in turn an important guide for further treatment. Biomarkers can 

be diagnostic, prognostic, and predictive tools. For instance, prostate-specific antigen 

(PSA) is used for the detection of prostate cancer; however, its poor selectivity fails 

to discriminate between prostate cancer and other relative pathologies. For this reason, 

high-throughput genomic, proteomic and metabolomics technologies have been used 

to find more precise predictive biomarkers for clinical applications. In this context an 

urgent need for robust affinity techniques has emerged that can provide easy-to-use 

and reliable biomarker identification and detection. 

 Protein phosphorylation analysis using mass spectrometry and applications of 

enrichment techniques such as IMAC and MOAC in particular are commonly re-

stricted to generic enrichment of phosphorylated residues. Here molecularly imprinted 
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polymers offers a new dimension in offering the ability to tailor the enrichments to-

wards specific amino acid modifications or peptide sequences. This may reveal new 

previously unknown phosphorylation sites, or offer an important tool for targeted 

phosphoproteomics.  

 Particularly in this thesis, side chain- and sequence- specific imprinted polymers 

were introduced. We show, for the first time, that sequence specific binders are capa-

ble of specific enrichment of the targeted pTyr peptides from a complex biological 

sample. Moreover, addressing the well-known challenges associated with enrichment 

and identification of labile phosphorylations, carefully engineered pTza-MIPs are ca-

pable of specifically enriching pHis peptides placing MIPs on the map of enrichment 

techniques for this particular acid-labile phosphorylation. 

 Despite the above advances, further optimization and validations are required 

for efficient use of MIPs in clinical phosphoproteomic. For instance, the following 

points should be further investigated: i) suppression of MIP heterogeneity to boost 

binding capacity and reduce nonspecific binding, ii) further MIP optimization to en-

hance compatibility with aqueous media and in turn enrichment of targets from native 

biological sample iii) further validation of the enrichment protocol and parameter op-

timization e.g. the sorbent/sample volume ratio, solvent system and modifiers, iv) 

generating selective binding pockets in nano-sized MIPs for biological applications.  

 Overcoming possible limitations in the field of imprinting would offer selective, 

robust, and low production cost synthetic receptors compatible with robust cancer 

theranostics platforms. The results presented in this thesis suggest that this goal is 

realistic and that it can be achieved within the foreseeable future.  
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ABSTRACT: The design of artificial oxyanion receptors with
switchable ion preference is a challenging goal in host−guest
chemistry. We here report on molecularly imprinted polymers
(MIPs) with an external phospho-sulpho switch driven by small
molecule modifiers. The polymers were prepared by hydrogen
bond-mediated imprinting of the mono- or dianions of phenyl
phosphonic acid (PPA), phenyl sulfonic acid (PSA), and benzoic
acid (BA) using N-3,5-bis-(trifluoromethyl)-phenyl-Ń-4-vinyl-
phenyl urea (1) as the functional host monomer. The interaction
mode between the functional monomer and the monoanions was
elucidated by 1H NMR titrations and 1H−1H NMR NOESY supported by molecular dynamic simulation, which confirmed the
presence of high-order complexes. PPA imprinted polymers bound PPA with an equilibrium constant Keq = 1.8 × 105 M−1 in
acetonitrile (0.1% 1,2,2,6,6-pentamethylpiperidine) and inorganic HPO4

2− and SO4
2− with Keq = 2.9 × 103 M−1 and 4.5 × 103 M−1,

respectively, in aqueous buffer. Moreover, the chromatographic retentivity of phosphonate versus sulfonate was shown to be
completely switched on this polymer when changing from a basic to an acidic modifier. Mechanistic insights into this system were
obtained from kinetic investigations and DSC-, MALDI-TOF-MS-, 1H NMR-studies of linear polymers prepared in the presence of
template. The results suggest the formation of template induced 1−1 diad repeats in the polymer main chain shedding unique light
on the relative contributions of configurational and conformational imprinting.

■ INTRODUCTION

The molecular constituents of a living cell are predominantly
water-soluble molecules carrying a net negative charge, e.g.,
cofactors, enzyme substrates, nucleic acids, the lipid double
layer, and the glycocalix.1−3 As a consequence, evolution has
resulted in highly refined receptors capable of recognizing
anions in water. Some of the most impressive examples are the
proteins designed to selectively bind and/or transport either
sulfate or phosphate ions. These two pyramidal anions are
nearly isosteric with similar molecular volumes and central
atom-oxygen bond lengths, whereas they differ with respect to
Lewis basicity and hydrophilicity (Table 1).
Discrimination between phosphate and sulfate and other

isosteric oxyanions (e.g., arsenate) occurs in the sulfate and
phosphate binding proteins predominantly through multiple
complementary hydrogen bonding (H-bond) interactions
involving main chain amides (nests) in a water-poor
microenvironment with minor involvement of charge comple-
mentary residues.1,4,5 Notably, no charged residue is involved
in the sulfate binding protein binding site which binds sulfate
specifically with an equilibrium binding constant Keq = 106 M−1

in water (5.0 ≤ pH ≤ 8.0),5 an impressive feat given the strong
hydration of this anion. As a consequence, this overturns the
Hofmeister series of the salting out tendency for anions which

otherwise increases in the order; CH3COO
− < HPO4

2− <
SO4

2−.
Inspired by this remarkable performance, much effort has

been devoted to the development of neutral sulfate/phosphate
binding hosts.4,5 In contrast to the more common approach
based on charged receptors, neutral hosts can achieve higher
selectivity but are challenging to construct since H-bonding is
considerably weaker in polar solvents. Nevertheless, both
macrocyclic e.g. pyrrole, saphyrine,6 peptide7 and acyclic
podand hosts e.g. ureas,8−11 squaramides12−14 have been
reported showing high sulfate affinity. However, these hosts
rarely overturn the Hofmeister solvation governed series of
anion affinity especially with respect to the relative preference
for phosphate/sulfate.6 Moreover, these anion receptors are
seldomly capable of switching the anion preference or of
binding and releasing the guest upon external stimuli.13
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This highlights a need of neutral hosts with tunable
microenvironment capable of alternating phosphate/sulfate
recognition. This can in principle be achieved by embedding
designed low molecular weight hosts in a polymer scaffold
imparting a lower dielectric microenvironment.1 Alternatively,
a macromolecular host can be designed from simpler building
blocks by molecular imprinting.15−20 Monomers are here
chosen or designed to complement functional groups of a
template molecule. Polymerizing the monomer−template
complexes into a cross-linked polymer matrix followed by
removal of the template, leaves behind sites capable of
recognizing the template. This approach benefits from
spontaneous self-assembly guiding the binding groups to
their positions in the receptor site. Thus, the structure of the
final binding site is a priori unknown.
Notable examples of MIPs for anion recognition in water

have been reported using both charged, e.g., imidazolium,21−23

amidinium,24−27 and neutral host monomers, e.g., urea,28−31

thiourea,32 squaramide,33 and others.34 Some time ago we
introduced urea based host monomers acting as potent H-
bond donors for stoichiometric imprinting of oxyanions or
other H-bond acceptors.35 Receptors for β-lactam antibiotics,36

phospho-peptides,28 peptide biomarkers,37 phospholipids,22

sugar acids,31 and sulfated peptides29 were demonstrated.
To gain insight into the nature of these imprinted receptors

at a molecular level we here report an in-depth investigation of
MIPs for simple oxyanions (Scheme 1).

With this we aimed to answer the following questions: (1)
What level of oxyanion selectivity and affinity can be achieved
with MIPs in organic and aqueous media? (2) Can MIPs
recognize inorganic anions in water? (3) Can the Hofmeister
preference be overturned? (4) Can we switch oxyanion
preference using the same MIP? (5) What are the mechanisms
underlying the imprinting process?
On the basis of combined physical characterization,

modeling, spectroscopic studies of prepolymerization com-
plexes, and studies of the polymerization kinetics we here offer
answers to the aforementioned questions.

■ RESULTS AND DISCUSSION

Monomer/Template Complex Formation. 1,3-Disub-
stituted ureas have long been exploited as neutral hosts (H) for
complexing oxyanion guests (G).38,39 They provide a 2-fold H-
bond donor which with the acceptor (e.g. carboxylate,
phosphate, sulfate) results in a cyclic H-bonded complex.
Also, several structural and compositional parameters can be
readily tuned to enhance HG association strengths (Scheme
2).

The affinity for the guest increases with the acidity of the
urea protons (donor capacity, R3, R4, R5 = electron
withdrawing groups (EWGs)) and the basicity of the oxyanion
(acceptor capacity), but this can be offset by the ability of the
host to self-associate and host deprotonation.40 The latter leads
to nondirectional electrostatic interactions and is promoted by
increased solvent polarity.41 This is an undesired effect since it
undermines the structural integrity of the hydrogen bond
connected HG complexhence a compromise between host
acidity and guest basicity has to be found that maximizes the
complex strength. In this context, no deprotonation has so far
been observed for the host monomer, 1, used in the current
study (Scheme 1). The nature of the countercation also
influences the HG complex stability. Complexation can be
easily induced by proton transfer to amine bases but this causes
undesirable competition between the urea host and the
protonated amine for binding the guest. Stronger complexation
is therefore induced by the use of bulky tertiary amines (e.g.,
pentamethylpiperidine, PMP) or quaternary ammonium ions
like tetrabutylammonium (TBA), which have been shown to
produce pronounced counterion memory effects.28,42 Another
factor is the level of host preorganization, which impacts on the
size of the entropic penalty upon guest complexation due to
the need to freeze internal rotors. For monourea host
monomers this can in principle be enhanced by introducing
two polymerizable groups (cross-linkers) in the host thereby

Table 1. Physical Properties of Sulfate and Phosphate Anions

anion pKa 1
a pKa 2

a pKa 3
a molecular volumeb (Å3) anion hydration energyb (kJ/mol)

PO4
3− 2.1 7.2 10.9 56 −498

SO4
2− −3 1.9 51 −1130

apKa of conjugate acid. bCalculated values assuming pH = 6 and an average charge of −2 for sulfate and −1.4 for phosphate.3

Scheme 1. Plausible Structural Formulas of H-Bonded
Complex between Oxyanions and 1,3-Diaryl Urea Monomer
1 (left) and Structures of Oxyacids Used in the Study
(Right)a

aPPA = phenylphosphonic acid; PSA = phenylsulfonic acid; BA =
benzoic acid; and PPrA = phenylphosphoric acid.

Scheme 2. Structural and Compositional Parameters for
Tuning Host-Guest Association Strengtha

aEWG = electron withdrawing group.
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increasing host stiffness (R4 = vinyl in Scheme 2).41 For
ternary HG complexes formed from phosphate dianions and
urea hosts (2:1 complex in Scheme 3), host preorganization
has been enhanced by introducing the cleft-like host monomer
2 (1:1 complex in Scheme 3).28

Considering oxyanion−oxourea complexation, the stability
has been shown to increase in the order of increasing acceptor
basicity, i.e., PhSO3

− < PhOP(OH)O2
− < PhP(OH)O2

− ≤
PhCOO− < PhPO3

2- ≤ PhOPO3
2−.43 To verify this trend we

decided to investigate 1 with respect to its complex stability
with model anions in the form of TBA-salts of PPA, PPrA, BA,
and PSA. Interaction strength and complex stoichiometries
were investigated through 1H NMR titration or isothermal
titration calorimetry (ITC) (see the Supporting Information
(SI)). Titrating 1 with PPA·TBA in DMSO-d6 and PPA·2PMP
in THF-d8 resulted in strong downfield shifts of urea protons
Ha and Hb and more moderate shifts of the aromatic protons
Hc-f (Figure S1). The moderate downfield shift of He and
upfield shift of Hf are in agreement with previous NMR
titration study of 1,3-bis(4-nitrophenyl)urea with acetate.44 1H
NMR studies using Jobs method of continuous variation
confirmed a preferred 1:1 stoichiometry. Complex stability
constants were calculated using the induced downfield shifts of
the urea protons of 1 (Figure S1). With respect to
monoanions, 1 formed more stable complexes with benzoate
anion BA (Keq = 8820 M−1) followed by PPA (Keq = 7005
M−1) and PPrA (Keq = 676 M−1), whereas the complex with
the sulfonate PSA was too weak to be detected (Table S1).
This agrees with the trend determined by Kelly et al.43

Comparing with monoanions, the dianions of PPA and PPrA
interact more strongly with 1.28 The relative affinity of the two
dianions is reflected in the downfield shifts of Ha and Hb
(Figures 1 and 2) where PPrA (Figure 1c) display larger shifts
than PPA (Figure 1b), again in line with the literature results.
To gain more insight we performed molecular dynamics

(MD) simulations of the prepolymerization mixtures. MD
simulations offer unique insights into the nature of the
interactions between polymerization mixture components
providing diagnostic/prognostic correlation to polymer per-
formance.46,47 Compositions of simulated and evaluated
systems and chemical structures are presented in Table 2
and Figure S15.
Full system all-atom simulations were performed using the

same stoichiometries employed for polymer synthesis. The
results overall confirmed the presence of stable interactions
between the neutral, mono-, and di-valent anions of PPA and 1
(Tables 3 and S8−S10 and Figure S15) with the dianion of
PPA (PP2) (PPrA not investigated using MD) displaying a

higher degree of H-bonding than the monoanion (PP1) or
neutral PPA template.
However, the monoanionic PSA template (PS1) performs as

well, even slightly better than PP2 considering complex
formation with 1 (Tables S8−S10). A rank order of affinity
for 1 was observed where anionic neutral PSA < neutral PPA <
anionic PP1 < dianionic PP2 < PS1 (Tables 3 and S8−S10).
This obviously disagrees with the NMR results where no
interactions between PS1 and 1 could be detected. The
systems differ though with respect to solvent polarity, the base,
presence of cross-linker, and the concentration of all species
which we believe can account for these contrasting results
(vide infra).45−48

To gain further insight into the nature of the urea complexes
between 1 and the two anions we performed 2D-NOESY
NMR experiments and molecular modeling as reported by
others.11 As shown in Figure 3a the free 1 shows strong cross-
peaks with the residual water signal at ca. 2.9 ppm indicating
water protons close in space to the urea protons. In addition,
weaker cross-peaks are observed between the two-urea protons
Ha and Hb resulting from the Z,Z-urea conformer with the two
protons juxtaposed (Figure 3e). The addition of half an
equivalent of PPA·2PMP (Figure 3b) and PPrA·2PMP (Figure

Scheme 3. Anticipated Ternary or Binary Monomer−
Template Complexes Formed Using Mono- (Left) Or Di-
(Right) Functional Urea Host Monomers

Figure 1. 1H NMR spectra of (a) 1 and (b) 2:1 ratio of 1:PPA·2PMP
and (c) 2:1 ratio of 1:PPrA·2PMP in THF-d8. [1] = 30 mM.

Figure 2. 1H NMR chemical shift changes of urea host monomer 1
complexation with PPA·2PMP or PPrA·2PMP. Δδ = δ (in the
presence of anion) − δ (in the absence of anions), induced by
addition of 1/2 equiv of different anions to receptor 1.
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3c) to 1 gave rise to a stronger NOE between these protons
and an interesting crosspeak between the more acidic Ha
proton and the exchangeable PMPH+ proton, visible as a broad
signal at 3.5 ppm (Figure S1e).
The former reflects stabilization of the Z,Z-conformer,

whereas the latter a close contact between 1 and PMP, this
providing an indirect support for the existence of the
anticipated ternary complex between 1, PMP and the dianions
(Scheme 4) This is in agreement with previous reports on
urea- and squaramide-based sulfate receptors.12,49 Results from
MD simulations also support the argument for higher order
complexes observed in cameo images from the production run
(Figures S16 and S17) and in the radial distribution function
(RDF) analyses (Table 4).
As expected, the degree of complexation increases with the

template charge, e.g., P2C (T = PPA dianion) display clusters
involving any part of 6 molecules of 1 within 5 Å from a
template molecule, whereas only half of this number is seen in
P1C. Generally, PMPH+ was found in the simulations to be in
close proximity to the templates and engaged in extensive H-
bonding with charged templates (Table 3). These results
support the observed solubilization of the template PPA·2PMP
in the presence of 1 in THF (Scheme 4). Whereas the
ammonium phosphonate salt was poorly soluble in this

solvent, the solution became completely clear after addition
of 2 equiv of 1. This provides unequivocal visual proof for the
presence of prepolymerization complexes between 1 and PPA·
2PMP.

Polymer preparation and characterization. Imprinted
and nonimprinted polymers were thereafter prepared and
characterized (see SI and Tables S2−S4) using the urea host
monomer 1 in a 2:1 and 1:1 stoichiometric ratio to the
templates: PPA, PSA, or BA in their monoanionic or dianionic
forms (Scheme 4). Nonimprinted polymers (PN) were
prepared identically to the imprinted polymers though in the
absence of template. Figure S2 shows the 25−36 μm particle
fraction obtained after crushing and sieving of the polymer
monoliths and template removal by solvent extraction. These
were subjected to physical characterization as follows: C, H,
and N elemental analysis of imprinted and nonimprinted
polymers after removal of template matched calculated values
after correction for water uptake. This is reflected in the
agreement between calculated and found N/C ratios (Table
S3). Thermogravimetric analysis (TGA) of the polymers
produced weight loss curves typical for highly cross-linked
networks with onset above 200 °C (Figure S3) and complete
weight loss obtained at 450 °C. Meanwhile, the transmission
FTIR spectra (Figure S4) showed all characteristic bands with

Table 2. Composition of Systems Simulated and Evaluateda

c P1N P1C P2N P2C P3N P3C P4N P4C

Tb PPA PP1 PPA PP2 PSA PS1 PSA PS1
PMPb 20 40 20 40 20
PMPH+b 20 40 20 20
1 20 20 40 40 20 20 40 40
EGDMAb 800 800 800 800 800 800 800 800
THF 2760 2760 2760 2760 2760 2760 2760 2760

aNumbers of virtual molecular models of each molecule included in performed simulations of systems. See Figure S15 for molecular
representations and defined abbreviations. bT = template (20 equiv), PP1 = PPA monoanion, PP2 = PPA dianion, PS1 = PSA monoanion, PMP =
1,2,2,6,6-pentamethylpiperidine, EGDMA = ethylenglycoldimethacrylate. cPXN/C, Polymer system X, neutral (N) or charged (C).

Table 3. H-Bond Analysis Resultsa

Tb PMP PMPH+ 1 EGDMA THF

P1C PP1 0.00 0.00 0.11 0.00 0.00
PMPH+ 64.54 0.00 0.00 0.00 0.01
1 24.26 0.00 0.11 18.27 9.50

P1N PPA 77.27 0.00 0.04 46.69 18.41
1 13.42 0.00 0.10 25.93 12.96

P2C PMPH+ 23.42 0.00 0.00 0.00 0.00
1 74.37 0.00 0.27 15.11 7.55

P2N PPA 38.96 0.00 0.09 77.59 14.66
1 33.57 0.00 0.50 48.62 24.68

P3C PMPH+ 75.69 0.00 0.00 0.00 0.13
1 47.39 0.00 0.05 11.84 6.02

P3N PSA 0.08 0.00 0.02 2.80 2.00
1 1.06 0.00 0.36 29.18 14.78

P4C PMPH+ 80.58 0.00 0.00 0.00 0.00 0.01
1 85.22 0.00 0.00 0.19 16.85 7.15

P4N PSA 0.08 0.00 0.05 2.76 2.00
1 1.50 0.00 0.39 30.18 15.69

aSummarized average interactions, as percent of total simulation time, between all atom pairs of indicated molecular species. See Figure S15 for
molecular representations and defined abbreviations. All analyses involving templates were averaged against the number of templates (20 in each
system). All interactions including the urea monomer 1 but not the template was averaged against the number of urea monomer molecules in each
system (see Table 2). Cross-linker interactions with solvent and bases were averaged against the number of cross-linkers (800 in all systems) and,
finally, base self-interaction and solvent interaction were averaged against the number of base molecules in each system (20 in P1, P3 N/C systems
and P4C, 40 in P2 N/C and P4N systems). bInteractions with the template in the analyzed system.
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no apparent difference between imprinted and nonimprinted
polymers all in all, indicating a stoichiometric monomer

incorporation and successful template removal from the
imprinted polymers.

Figure 3. 1H−1H NMR NOESY spectra of 1: (a) and (b) (close-up), (c) 2:1 ratio of 1:PPA·2PMP and (d) 2:1 ratio of 1:PPrA·2PMP in THF-d8
and (e) anion induced conformational stabilization detected by an increase 1H−1H NMR NOESY between Ha and Hb. [1] = 30 mM. The arrows
indicate the urea−water (a) and urea−Ha,Hb cross peaks (b−d).

Scheme 4. Solubilization of the Bis-PMP-Salt of PPA by the
Addition of 2 Equiv of Urea Host Monomer 1 in THF and
Procedure for Imprinting

Table 4. Numbers of Molecules within a 5.05 Å Cutoff from
Each Templatea

EGDMA PMPH+ PMP T THF 1

T-P1C 8 13 0 15 3
T-P1N 12 0 5 17 1
T-P2C 5 33 0 7 6
T-P2N 13 0 2 17 3
T-P3C 8 14 1 14 4
T-P3N 12 0 0 21 1
T-P4C 8 11 0 0 14 6
T-P4N 12 1 0 20 1

aValues presented are obtained through integration of RDFs,
assuming the template as the solute molecule with an average
number of molecules within the cutoff for an average template.
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This contrasted with the results from nitrogen sorption
analysis and swelling tests, both reflecting the porous and
structural properties of the polymers (Figure S5, Table S4). All
polymers exhibited mesoporous morphology with surface areas
exceeding 200 m2g−1 and average pore diameters of roughly 4
nm. However, in agreement with our previous report,28 the
imprinted polymers showed a lower surface area and a higher
swelling factor than the nonimprinted polymers. We tentatively
attributed this template-induced difference in morphology to
two effects of the divalent anion, (1) its action as a physical
cross-linking agent and (2) its action as a good solvent for the
growing chains leading to delayed phase separation and a more
gel-like morphology. Below we will invoke a third alternative
explanation to the observed differences based on the dianions
ability to coordinate two monomer units of 1 in a geometry
favoring cyclopolymerization (vide infra).
Template Binding Studies. To evaluate the anion

recognition properties of the materials we first assessed their
ability to rebind their corresponding templates under static
conditions. The polymers were incubated in acetonitrile in
presence or absence of base (PMP) with the anion templates
(Figure 4) followed by quantification of unbound template by
HPLC.

Figure 4 shows the degree of template binding to the
polymers in presence or absence of PMP. MIPs generally
bound more of the templates than nonimprinted polymers
(NIPs) with the largest uptake shown by the polymers
prepared from a 2:1 monomer/template ratio and with a
significant increase observed upon PMP initiated deprotona-
tion. These results are all in line with the anticipated binding
model and both observations correlate with the MD simulation
results, whereby increasing the amount of functional monomer
in the prepolymerization mixtures increases the extent of
template H-bonding (Table 3). Furthermore, template
complexation with PPA increases with the degree of
deprotonation (neutral < monoanion < dianion). Increasing
the amount of PMP will increase the degree of template
deprotonation, which increases the degree of interaction with
1. Ranking the polymers in order of decreasing uptake showed
that only PPA, and to a lesser extent BA, led to polymers
exhibiting these effects, whereas the PSA imprinted polymers
lacked significant affinity for the template. This agrees with the
weak basicity of the corresponding anions and weak
interactions observed for this anion in aprotic solvents. The
poor performance of the BA-MIPs P5 and P6 however,
disagrees with the basicity trend. To understand the reason for
this, the differencies in anion size and functionality should be

considered. PPA monoanion is larger and features an
additional H-bond donor in PhP(OH)O2

− which can interact
with the polymer. This is lacking in PhCO2

−. In view of the
observed trends, we chose to characterize the PPA imprinted
polymers in more detail.

Adsorption Isotherms and Binding Parameters. The
binding-energy distribution of the polymers was obtained from
single-component adsorption isotherms determined by a batch
equilibrium binding experiment.50 The binding curves of PPA
on P1/PN1 and P2/PN2 in acetonitrile buffered with PMP are
seen in Figure 5a and 5b. Comparing different binding

equations (Figure S6) showed that the data were best fitted to
the Langmuir binary site model. The associated binding
parameters are given in Table 5. The curves exhibited
saturation behavior with P2/PN2 taking up approximately
two times more PPA at a given free concentration. This is in
line with the nominal capacity of the materials, which is two
times higher for P2/PN2 than P1/PN1 and correlates with
results derived from MD simulations. The NIPs displayed
consistently less binding than the MIPs with the corresponding
binding curves rapidly diverging in the low concentration
interval of 0−0.5 mM. This appears clearly in the plots of the
differential uptake in Figure 5c reflecting MIP binding
corrected for binding to the NIP (assuming the latter to
reflect the nonspecific binding contribution). Both of these
curves fitted with a Langmuir monosite model resulted in
nearly identical Bmax values reflecting a similar imprinting
efficiency of ca. 30% (given identical template concentration in
the prepolymerization mixture) and with P2 showing a
markedly higher affinity than P1 (Figure 5d). The latter is
reflected in the higher equilibrium constant of P2 (Keq = 1.9 ×
105 M−1) versus P1 (Keq = 3.1 × 104 M−1).
This difference can be attributed to the state of template

complexation prior to polymerization and is supported by the
results obtained from MD simulations. Again, both H-bond

Figure 4. Absorbed amount in percent of PPA (a), PSA (b), and BA
(c) by anion imprinted and nonimprinted polymers in the absence
and presence of 0.1% PMP modifier.

Figure 5. Equilibrium binding isotherms of PPA adsorbed to P1 (blue
circles) and PN1 (red squares) (a) and P2 (blue circles) and PN2 (red
squares) (b) in acetonitrile (0.1% PMP). In (c) the binding to P1
(red squares) and P2 (blue circles) corrected for binding to the
corresponding nonimprinted polymers is shown. The isotherms were
fitted to a Langmuir binary-site (a, b) or monosite (c) models
resulting in the binding parameters listed in Table 5. In c, the data
points above X = 0.2 have been excluded from the fitting of the data
for P2. (d) shows the binding parameters obtained from Figure 5c.
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analysis results (Table 3) and the RDF-analysis (Table 4)
indicate a higher degree of complexation of 1 with the template
when increasing the amount of monomer.
On the basis of mass balance equations and assuming the

solution complexation constants in Table S1, we predict that
PPA is present in the form of a 1:1 complex, whereas for P2,
ternary complexes are dominating. Turning to the RDF-results
(Table 4), the calculated number of molecules within the given
cutoff varies with the cutoff and order of the selected solvent/
solute pairs. However, in the neutrally templated PPA system
(PN1) there is one molecule of 1 within 5 Å of any average
template. This number increases to three when either
increasing the amount of 1 or deprotonating the template
PPA to monoanionic PPA. This offers support for the
suggested complexation model that indicates the formation
of ternary complexes. Increasing the amount of base further
leads to dianionic PPA for which RDF results (Table 4) show
six molecules of 1 in close proximity to any template. The
results obtained moving from 1:1, through 3:1 to 6:1
stoichiometries of 1 and template complexes, in association
with the base driven increase in degree of deprotonation, add
support for the formation of ternary complexes.
Assuming that the structures of the prepolymerization

complexes are carried into the polymer scaffold, the 1:2
complex will result in a cleft-like receptor featuring four H-
bond donors, whereas the 1:1 complex will yield a site with a 2-
fold H-bond donor. Accounting for the entropic gain, the
resulting binding constant can exceed that of the 1:1 site by 2−
3 orders of magnitude, which is clearly not the case here.
Plausible explanations for this disagreement will be discussed
below.
Switchable Oxyanion Selectivity. The crushed polymer

monoliths of P1/PN1 and P2/PN2 were sieved and packed in
columns for chromatographic characterization of their
retentive properties for the model oxoacids (Scheme 1). The
acids were injected in an acetonitrile rich mobile phase as such
or buffered with either triethylamine (TEA) or trifluoroacetic
acid (TFA). Basic conditions will promote deprotonation
leaving the oxyanions to interact with the MIP via H-
bonding.28 The decisive role of this factor became obvious in
the context of the MD simulations of the imprinting process.

Hence, increasing the extent of deprotonation of PPA strongly
influences template complexation with both 1 and PMPH+.
The MIP exhibited strong affinity for its template (PPA) in

this mobile phase (Figures 6 and Figures S7) with ca. 75% of

injected analyte remaining stuck on the column. Meanwhile,
with the exception of PPrA, none of the other acids were
retained whereas PN2 exhibited no affinity for any of the
analytes. This contrasts with the retention results in the TFA-
buffered mobile phase. Here we note a complete switch of
anion preference with PSA being the only retained analyte. In
absence of modifier both PPA and PSA are retained by P1 and
P2 with no retention observed by nonimprinted PN1 and PN2.
A detailed look at the ionization states of the acids may offer

clues to the origin of the turn on/off effect. Table S5 lists the
pKa values and anticipated charges in the presence of the two
modifiers of the acids in the study. In presence of base, PPA
and PPrA carry a net charge of −2, whereas the monovalent
acids are negatively charged −1. In this state both PPA and
PPrA can bind to the P2 site while benefiting from 4
complementary H-bond donors. The PPA dianion is the most
strongly retained anion agreeing with the fact that this anion
was used as template and hence fits best into the binding sites.
The weak retention of the monovalent anion of PSA we ascribe
to its weak basicity and its hydrophilicity, whereas planar BA
lacks steric complementarity with the PPA templated site. In
presence of TFA, however, (pKa = 0.5), PPrA (pKa = 0.9), and
PPA (pKa = 1.8) with pKa values in vicinity are partially or fully
protonated weakening their interactions with the ureas of the
stationary phase. PSA (pKa= −2.8) should be fully ionized in
water but less so in 95% acetonitrile in the presence of TFA. As
a consequence, PSA is less hydrated under these conditions
and can more easily partition into the stationary phase. With
only one of the three oxygen acceptors blocked by protonation
PSA, as a crude mimic of the PPA dianion, is effectively
recognized by the urea binding site.
Some insight is provided by the MD simulations. Regarding

template rebinding in absence of modifier, it is clear from the
H-bond analysis results (Table 3) that with respect to neutral
templates, 1 will interact more strongly with PPA than with
PSA. This agrees with the observed retention order in pure
acetonitrile (Figure 6a). These experimental results are based
on investigations of polymer system P2, prepared using higher
levels of 1 and PMP (Table 2, Figure S15). Interestingly, the
H-bond analysis results (Table 3) revealed that increasing the
amount of 1 promotes template interaction while barely

Table 5. Equilibrium Constants (Keq) and Binding
Capacities (Bmax) of PPA Imprinted Polymersa

polymer site class Keq (× 103 M−1) Bmax (μmol/g) R2 IEb (%)

P1 HI 265 ± 107 23 ± 3 0.99 18
LO 4.4 ± 0.8 63 ± 2 0.99 50

PN1 HI 24 ± 22 14 ± 8 0.99
LO 1.1 ± 0.6 56 ± 5 0.99

P2 HI 110 ± 52 70 ± 14 0.97 56
LO 0.4 ± 1.2 326 ± 804 0.97 260

PN2 HI 53 ± 30 24 ± 8 0.99
LO 2 ± 0.5 115 ± 5 0.99

P1corr
c 31 ± 2 36 ± 0.4 0.96 29

P2corr
c 194 ± 16 38 ± 0.3 0.96 31

aThe binding parameters were obtained by fitting of the binding data
in Figure 5 to a Langmuir monosite (P1corr, P2corr) or binary site
binding model. bImprinting efficiency IE = 100 × Bmax/Bmax*, where
Bmax* = 125 μmol/g = nominal capacity assuming quantitative
template removal and reoccupancy. cFitting parameters for isotherms
corrected for nonspecific binding to nonimprinted polymer (e.g., ΔB
= BP1-BPN1).

Figure 6. Percent bound (TEA, none) and retention factor (k × 10)
(TFA) for PPA, PSA, BA, and PPrA on columns packed with P2 (a)
and PN2 (b) using acetonitrile with different modifiers as mobile
phases as follows: TEA: Acetonitrile/Water 90:10 (0.1% TEA); TFA:
Acetonitrile/Water 95:5 (0.1% TFA); and none: 100% Acetonitrile.
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affecting involvement of PMPH+. Further, increasing the
degree of deprotonation of template reduces template−
template interactions, which is reasonable given the increased
charge repulsion. Strong support for the formation of higher
order complexes is offered by the RDF analysis. The degree of
aggregation is noticeable when inspecting the simulated
systems visually (Figures 7, S16, and S17). There is a markedly

higher presence of PMPH+ (2-fold) in the vicinity of PPA in
the P2C system (Table 4) than in all the other systems. This
supports the presence of ternary complexes and their possible
influence on polymer structure and morphology (vide infra).50

Binding of Inorganic Phosphate and Sulfate in
Water. Given the strong and switchable ion binding shown
by the MIP in water poor media, our next goal was to
investigate whether the polymers would cross-react with
inorganic anions in buffer. Several synthetic receptors have
been developed for this purpose to address various water
processing or sensing applications,6 but so far only few
receptors have shown effective anion recognition in water and
even more rare are those functioning in high ionic strength
media.1,51 A key problem is that both phosphate and sulfate are
strongly hydrated in water (Table 1) which has a destabilizing
effect on the interactions with the imprinted site.
To increase particle wettability, we prepared a new set of

polymers as P2/PN2 but using pentaerythritoltriacrylate
(PETA) as a hydrophilic crosslinker. Ion binding was
measured by conductometry in buffer pH = 9.0 where both
anions carry a net 2-fold negative charge (Figure 8). To our
surprise, clear imprinting effects were observed with P7
exhibiting a consistently higher uptake of both phosphate
and sulfate compared to nonimprinted PN7. In agreement with
the Hofmeister series, describing the salt effect on protein
solubility, phosphate is the most strongly bound ion followed
by PPA, sulfate and PSA, the trend being weaker on PN7
compared to P7 (Table 6). The effect of imprinting appears
clearly in the plots of the differential uptake in Figure 8c
reflecting MIP binding corrected for binding to the NIP
(assuming the latter to reflect the nonspecific binding
contribution). Fitting these data with the Langmuir monosite

model resulted in the data shown in Figure 8d. Interestingly, in
spite of the higher uptake of phosphate, sulfate binds with a
slightly higher equilibrium constant (Keq = 4.6 × 103 M−1)
than phosphate (Keq = 3.9 × 103 M−1). These values exceed
the anion affinity of most reported neutral receptors with
respect to anion binding in buffered media.4,5 To investigate a
possible pH dependent anion preference, we also measured ion
binding at lower pH-values (Figure S8). Binding of both PPA
and PSA decrease with decreasing pH. Although an overturned
binding preference could not be observed, the increase in the
BPSA/BPPA ratio shows that the preference for PPA decreases.

Investigation of Imprinting Mechanism. Having proven
the binding performance of the anion imprinted receptors,
further refinements require a fundamental understanding of the
imprinting mechanism and the structural nature of the
imprinted sites. An overlooked issue in molecular imprinting
concerns the effect of template on the early stages of
polymerization.52−55 Is the template capable of inducing a

Figure 7. Example of an observed ternary complex in the P2C system,
here involving three molecules of 1 (gray) engaged in H-bonding
interactions with the template (PP2) (purple/magenta) and two non-
H-bonding base molecules (PMPH+) (yellow). H-bonds are indicated
with dashed lines.

Figure 8. Equilibrium binding isotherms of Na2HPO4 (black curve,
triangles), PPA (brown curve, circles), PSA (red curve, diamonds),
and Na2SO4 (blue curve, squares) on polymer P7 (a) and PN7 (b) in
0.1 M sodium bicarbonate buffer pH = 9.0 (c) Binding isotherms of
P7 corrected for binding to the nonimprinted polymer PN7. (d)
Equilibrium constants (Keq, black bars) and binding capacities (Bmax,
gray bars) for the indicated anions interacting with P7 in buffer pH
9.0 The binding parameters were obtained by fitting of the corrected
binding data in (c) to a Langmuir monosite binding model.

Table 6. Equilibrium Constants (Keq) and Binding
Capacities (Bmax) of PPA Imprinted Polymersa

polymer anion Keq (× 103 M−1) Bmax (μmol/g) R2

P7 NaHPO4 1.5 ± 0.3 53 ± 5 0.973
Na2SO4 1.1 ± 0.2 25 ± 3 0.976
PPA 2.2 ± 0.6 34 ± 3 0.966
PSA 1.0 ± 0.3 24 ± 3 0.959

PN7 NaHPO4 0.5 ± 0.2 51 ± 18 0.940
Na2SO4 0.4 ± 0.2 30 ± 8 0.970
PPA 1.5 ± 0.5 18 ± 2 0.950
PSA 0.3 ± 0.2 27 ± 11 0.940

P7corr NaHPO4 3.9 ± 0.5 19 ± 0.6 0.990
Na2SO4 4.6 ± 1.0 5.8 ± 0.3 0.973
PPA 3.1 ± 0.1 18 ± 0.1 0.999
PSA 3.4 ± 0.5 6.1 ± 0.3 0.990

aThe binding parameters were obtained by fitting of the binding data
in Figure 8 to a Langmuir monosite binding model.
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preferred sequence or stereoregularity in the polymer main
chain that may in turn influence its molecular recognition
properties?
We raised this question in view of the ternary monomer−

template complexes anticipated to be present during polymer-
ization, the presence of which finds strong support in results
from the MD simulations (Tables 3 and 4 and Figures 7, S16,
and S17). Such an arrangement may place the reactive double
bonds of two monomers in close vicinity (see the left two
molecules of 1 in Figure 7). One consequence of this
arrangement may be a template induced incorporation of
two urea groups juxtaposed in the same chain (Figure 9, route
A) akin to the established template polymerization mecha-
nism.55−58 The role of the template is here to bring two or
more polymerizable groups close in space to achieve rate
enhancement combined with stereo- and sequence- controlled
monomer incorporation. The template can be covalently or
noncovalently attached to the monomers and is cleaved off
after polymerization to free up pendent functional groups.56

This results in high molecular weight copolymers with
controlled tacticity and regularity.
To investigate whether monomer reactivity in our system is

template controlled or the monomers are randomly incorpo-
rated, we used differential scanning calorimetry (DSC), NMR,
and MALDI-TOF mass spectrometry to study the initial stages
of polymerization. Cross-linked polymers P1 and P2 were
compared with linear copolymers of 1 and methyl methacrylate
(MMA). All polymers were prepared in absence or presence of
template, the latter in the form of mono- or bis-TBA salts of
PPA. First, we studied the curing process by DSC monitoring
the heat generation upon double bond conversion. The onset
and peak maxima temperatures of the curing exotherm were
registered (Figures 10, S9, and S10), and the double bond
conversion was estimated from the total heat generated per
unsaturation divided by the literature value for the MMA
double bond enthalpy (ΔH0 = 13.1 kcal/mol) (Table S6). All
copolymer curing systems experienced a lowering of the peak
maxima temperatures upon added template, the effect being
more pronounced for PPA·2TBA than for PPA·TBA (Figure
10a). This contrasted with the effect of template addition on
the curing of MMA alone (Figure S10), where a slight increase
in the onset temperature as well as a significantly lower

conversion was observed. This indicates that PPA acts as an
inhibitor in absence of the host monomer. Overall, the
template had no significant effect on the monomer conversion,
which was 40−50% in all cases. We cautiously interpret these
results as being due to a template assisted monomer
incorporation with PPA·2TBA prearranging two molecules of
1 leading to a catalyzed propagation. The molecular weight
distribution of p-(1-co-MMA) determined by MALDI-TOF-
MS supports this explanation (Figures 10b and S11). This
technique provides detailed information on the molar mass
distribution, end groups, and repeat units of linear polymers
and in the tandem mode, confirmation of their structural
identity.59

The polymers were isolated from the crude reaction
mixtures by precipitation in methanol and deposited together

Figure 9. Alternative routes to the buildup of recognitive sites in network polymers. (A) Strong monomer−template interactions lead to template
induced host monomer diads in the main chain that are subsequently stabilized by cross-linking. (B) Weak monomer−template interactions lead to
sites formed by multidentade interactions involving preformed polymer chains. Counterions have been omitted for clarity.

Figure 10. (a) Exotherm peak maxima temperatures upon curing of a
mixture of 1 and MMA (1/MMA: 1/5 mol/mol) in the presence of
PPA·2TBA (red circles) and PPA·TBA (blue squares). (b) MALDI-
TOF-MS spectra of p-1-co-MMA prepared in the presence of PPA·
TBA (black spectrum) and PPA·2TBA (red spectrum). (c)
Equilibrium constants of PPA·2TBA binding to imprinted and
nonimprinted p-(1-co-MMA). Data obtained from the binding curves
in Figure S13 with fitting parameters listed in Table S7.
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with the MALDI matrix on the target plate followed by
recording of the spectra. As seen in Figures 10b and S11 the
oligomer distributions were found in the ranges m/z 100−
1500 p-MMA; 500−4000 p-(1-co-MMA); 700−5000 p-(1-co-
MMA) (template: PPA-TBA); 800−7000 p-(1-co-MMA)
(template: PPA-2TBA), with the signal mass separations
corresponding to the expected repeat units i.e. 100.1 g/mol.
The corresponding number (Mn) and weight (Mw) average
molecular weights and polydispersity index (PDI) are listed in
Table 7.
From these results we conclude that polymerization in the

presence of the doubly charged template leads to a
pronounced increase in the average molecular weight of the
oligomers, and a significant reduction in polydispersity, all in
agreement with the anticipated mechanism.
Finally, we analyzed all polymers by 1H NMR spectroscopy.

This technique has a broad information value in polymer
chemistry.60 From integral ratios of incorporated monomers,
the copolymer composition can be estimated, and the
technique can be used to estimate the number-average
molecular weight,56,61 and polymer stereo- and sequence-
regularity.55 Of particular relevance in our case is whether the
signals from pendent urea groups are visible and if yes, whether
their affinity vis-a-̀vis the template can be determined.
Figure S12a shows a representative solution spectrum

(DMSO-d6) of p-(1-co-MMA) prepared in absence of
template. We gratefully noted that protons characteristic for
both monomers were clearly visible, i.e., the urea protons Ha
and Hb and the aromatic protons Hc of 1 and the −OCH3
protons of MMA. The integrals of the Hc and −OCH3 signals
were used to estimate the stoichiometry of incorporated
monomers. This is expressed as the ratio MMA/1 and the
values are listed in Table 7. For all polymers the ratios are
lower than 5/1 indicating an enhanced incorporation of
monomer 1 in the chains. More interesting, however, is the low
ratio observed for the template induced polymers, most
notably for the polymer prepared in the presence of the doubly
charged template. This agrees with the anticipated catalytic
action of PPA·2TBA enhancing the reactivity of 1. We
thereafter monitored the complexation induced shifts of the
urea protons upon addition of PPA·2TBA. As seen in Figure
S12, titration was accompanied by pronounced downfield
shifts and signal broadening which confirm the expected
template-polymer interactions. The CIS plots for all polymers
are seen in Figure S13 with the binding parameters listed in
Table S7. The increase of the average equilibrium constants
from Keq = 139 M−1 for the nontemplated polymer to Keq =
198 M−1 for the templated polymer we ascribe to an enhanced
number of main chain 1−1 diads, configured to bind the
template via multiple H-bonds.
We therefore conclude that a template memory can be

induced by control of the monomer sequence in the polymer

main chain alone. So, what is the role of the cross-linking
agent? Judging from the equilibrium constants for adsorption,
the affinity of the cross-linked P2 for PPA (Keq = 1.9 × 105

M−1) exceeds by far that of the linear polymer. The
contribution of cross-linking to the polymer affinity for the
template is hence obvious. The importance of the cross-linking
monomer is further highlighted in the results obtained from
MD simulations. Looking at the neutral templated systems
(PXN), cross-linker and 1 form H-bonds between 30 and 50%
of the total simulation time (Table 3). Even in the PPA
templated systems, extensive H-bonding between the template
and the cross-linking monomer is observed, 60−80%. There is
a high presence of cross-linker around templates and
competition for access to functional groups on templates.
The interactions are also stable, often more so than
interactions between template and 1 or PMP/PMPH+. H-
bond interactions with template are lower in PSA systems than
in PPA systems, even if the presence of cross-linker is similar.
As observed in several other systems,445−48 the presence of
cross-linker in close vicinity to the template is observed in
prepolymerization mixtures and is observed to influence
template-polymer rebinding.

■ FINAL DISCUSSION

Charge neutral receptors interacting with ligands via H-
bonding have for long been associated with poor compatibility
with aqueous media. The presence of water and other protic
solvents effectively disrupts the HG interactions in these
systems.1 Some exceptions to this rule have recently been
reported, although neutral receptors displaying affinity for
phosphate and sulfate in pure water or buffer are still rare.
Inspiration from naturally occurring receptors can be used to
move forward. These display high affinity and selectivity in
physiological conditions by shielding the anion from the
surrounding solvent molecules and thereby freeing it to
interact by H-bonding in a nest like site.1,5 To mimic this
principle, we have designed oxyanion imprinted polymers
incorporating charge neutral urea groups in a hydrophobic
scaffold. The polymers exhibit an unprecedented switchable
anion binding behavior as well as strong ion affinity in buffered
media comprising both phosphate and the strongly hydrated
sulfate anion. This performance has a practical relevance in
view of the broad need for robust anion binders. As we
previously showed, this behavior may be exploited in
bioseparations for fractionation of phosphorylated and sulfated
peptides or saccharides.29 Another classical problem concerns
sulfate separation from nitrate-rich radioactive mixtures which
has been a long-term goal in nuclear waste remediation.6

Several synthetic receptors have been developed for this
purpose but so far only few receptors offer effective anion
recognition in water and even more rare are those functioning
in high ionic strength media. Through further improvements of

Table 7. Properties of Linear Copolymers Prepared in the Presence of the Templates Indicated

polymer template ΔTmax
a (°C) Mw

b (g/mol) Mn
b (g/mol) PDIb MMA/1c

p-MMA PPA·2TBA 0 1114 1025 1.09 n/a
p-(1-co-MMA) none n/a 1493 1174 1.27 1.74
p-(1-co-MMA) PPA·TBA −1.0 1642 1319 1.24 2.36
p-(1-co-MMA) PPA·2TBA −2.8 2700 1926 1.40 1.57

aChange in exotherm peak maxima calculated from the data in Figures S9, S10, and 10a. bNumber (Mn) and weight (Mw) average molecular
weights and polydispersity index (PDI) calculated as described in the SI. cCalculated from the integrals of the signals corresponding to the −OCH3
protons of MMA (δ = 3.6 ppm) and the aromatic protons Hc of 1 (δ = 8.2 ppm).
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the imprinted receptors, such as incorporation of dual
receptors62,63 or other scaffolds, we hope to sufficiently boost
affinity and selectivity for the MIPs to offer a viable alternative
host for these purposes.
We also provide detailed molecular level insight into the

anion recognitive sites. Comparing stoichiometric imprinting
based on 1:1 or 1:2 phosphate anion−urea monomer ratios
shows the superiority of the ternary complex imprinting to
generate high fidelity binding sites. In spite of the
stoichiometric complexation as proven by 1H NMR 2D-
NOESY and CIS plots, the imprinting efficiency did not exceed
30% when counting the high affinity sites. This is likely related
to the amorphous nature of this class of MIPs,64 supported by
the heterogeneity of observed complexes in these mixtures
(Figures S16 and S17). MIPs prepared by free radical
polymerization belong to the thermoset class of materials
characterized by extensive and irreversible cross-linking and
insoluble end products. The heterogeneity of these materials
ranges from the molecular level to the micro scale which
precludes molecular level insights into the structural and
dynamic features of the binding sites. This stands in contrast to
the range of available tools for characterizing biomacromole-
cules. Nevertheless, reports focusing on well characterized
monomer template systems employing advanced techniques
such as solid state NMR with isotopically enriched
templates,65−68 infrared69,70 or fluorescence spectrosco-
py42,71,72 have increased our knowledge in this regard. As
discussed above, the propagation rate versus the on/off rate of
the template-monomer interaction is an indicator for the
templates ability to induce repeat units in the main chain.73

Very few studies on how the template influences the initial
stages of the polymerization have been reported.54,55 This
warrants further studies in this regard. As we have shown in
this report, a solution binding constant for the host monomer
template interaction exceeding 7000 M−1 is sufficient for
achieving this. This contrasts with situations where the rate of
propagation is slow with respect to the on/off rate. Here the
template will have time to dissociate before the next monomer
addition. In this case, imprinting follows the mechanism
outlined in Figure 9b where preformed polymer chains are
conformationally stabilized by the template via multidentate
interactions. Although this is likely the dominating mechanism
in most noncovalent imprinting systems,16−20 studies of
corresponding linear polymers can provide further important
insights into the imprinting process.
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ABSTRACT: Protein histidine phosphorylation (pHis) is in-
volved in molecular signaling networks in bacteria, fungi, plants,
and higher eukaryotes including mammals and is implicated in
human diseases such as cancer. Detailed investigations of the pHis
modification are hampered due to its acid-labile nature and
consequent lack of tools to study this post-translational
modification (PTM). We here demonstrate three molecularly
imprinted polymer (MIP)-based reagents, MIP1−MIP3, for
enrichment of pHis peptides and subsequent characterization by
chromatography and mass spectrometry (LC−MS). The combi-
nation of MIP1 and β-elimination provided some selectivity for
improved detection of pHis peptides. MIP2 was amenable to larger
pHis peptides, although with poor selectivity. Microsphere-based MIP3 exhibited improved selectivity and was amenable to
enrichment and detection by LC−MS of pHis peptides in tryptic digests of protein mixtures. These MIP protocols do not involve
any acidic solvents during sample preparation and enrichment, thus preserving the pHis modification. The presented proof-of-
concept results will lead to new protocols for highly selective enrichment of labile protein phosphorylations using molecularly
imprinted materials.

■ INTRODUCTION

Protein phosphorylation is one of the most widely studied and
best-understood post-translational modifications (PTMs). It is
involved in the regulation of vital biological processes,
including cellular signal transduction.1 Although phosphor-
ylation can occur on at least nine different amino acid residues,
i.e., serine, threonine, tyrosine, histidine, lysine, arginine,
aspartate, glutamate, and cysteine, the vast majority of
phosphoproteomics research is focused on the phosphorylation
of the former three residues. In recent years, however, the role
of histidine phosphorylation (pHis) has gained attention. This
modification is well known to be involved in two-component
protein-signaling networks in prokaryotes and lower eukar-
yotes2−4 and is also found in mammals and implicated in
certain human disease states.5−7

Phosphohistidine can exist in two isomeric forms, i.e., π-
pHis and τ-pHis, and the doubly phosphorylated τ, π-pHis
(Figure 1), of which the former two exist in vivo.8 It has been
estimated that histidine phosphorylation in eukaryotes
accounts for 6% of the total protein phosphorylation9 and is
more abundant than the phosphotyrosine (pTyr) modification.
Nonetheless, little is known about the biological roles of pHis
as compared to phosphoester modifications, i.e., phosphoserine
(pSer), phosphothreonine (pThr), and phosphotyrosine. This
is due to significant technical challenges in the enrichment and
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Figure 1. Structures of pHis isomers, neutral-urea-based functional
monomer 1, and template Fmoc-pTza-OEt.
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detection of pHis in complex biological samples. Unlike the
phosphoester amino acids, the phosphoryl group of pHis is
attached to a nitrogen atom, making it a phosphoramidate.
The high-energy phosphoramidate bond is susceptible to

hydrolysis in acidic environments and pHis exhibits a unique
stability profile.10 While O-phosphohydroxy amino acids
(pSer, pThr, pTyr) are stable in acidic media and labile in
alkali environment (pSer, pThr), the phosphoramidates display
an inverse stability profile, i.e., they are base-stable and acid-
labile.11 Most of the proteomics methods used for
phosphopeptide (p-peptide) enrichment and detection involve
acidic conditions during sample preparation and thus fail to
preserve the pHis modification. Therefore, dedicated bio-
analytical methods and protocols are needed to study pHis in
proteins. Several techniques for the enrichment, detection, and
analysis of pHis modification have been reported to date and
reviewed elsewhere.8,12−14 Mild enrichment methods, ideally
avoiding acidic treatment of the sample, are of critical
importance for the development of pHis detection methods.
Metal oxide affinity chromatography (MOAC, including TiO2)
and immobilized metal ion affinity chromatography (IMAC),
which are commonly used for enrichment of phosphorylated
peptides, are in principle not suitable for enrichment of pHis
since they employ acidic conditions.15 Nevertheless, an
attempt to enrich pHis peptides using Cu2+-IMAC with mild
acidic conditions and Fe3+-IMAC has been reported
before.16−20 Recent efforts to produce phosphohistidine
antibodies proved successful owing to the development of
stable phosphohistidine analogues.21−24 Notwithstanding these
advances, the drawbacks of antibodies include high production
cost, poor reproducibility, and limited stability.
We report on a method for enrichment of pHis peptides

using custom-made molecularly imprinted polymers (MIPs).
In this proof-of-concept study, we demonstrate two approaches
for selective enrichment of pHis peptides. In the first chemo-
affinity approach, a pHis-MIP (MIP1) is used to enrich pHis
peptides with moderate pHis discrimination. Subsequently,
base-labile phosphoserine (pSer) and phosphothreonine
(pThr) peptides are depleted from the sample by treatment
with Ba(OH)2, resulting in a method obviating any acid-based
sample treatment. The second method is based on new-
generation pHis-MIPs (MIP2 and MIP3), which was fine-
tuned in two steps with respect to binding site design and pore
size distribution. The optimized pHis-MIP (MIP3) enabled
enrichment of pHis peptides from tryptic digests of protein
mixtures prior to analysis and sequencing by liquid
chromatography−mass spectrometry (LC−MS).

■ EXPERIMENTAL SECTION
Preparation of pHis-Imprinted Polymer Particles by

Crushing and Sieving. Fmoc-pTza-OEt (see Figures S1 and
1) (0.04 mmol) was dispersed in dry MeCN (0.43 mL) in a 2
mL screw-capped reaction vial equipped with a rubber septum.
This was followed by addition of 1,2,2,6,6-pentamethylpiper-
idine (PMP, 0.08 mmol) (MIP1/NIP1) or tetrabutylammo-
nium hydroxide (TBA·OH) (MIP2/NIP2), functional mono-
mer 1 (Figure 1) (0.08 mmol), acrylamide (0.08 mmol),
pentaerythritol triacrylate (PETA, 1.09 mmol), and finally the
thermal initiator ABDV (1% w/w of total monomer mass).
The solution was cooled to 0 °C and purged with a flow of
nitrogen gas for 15 min, and the polymerization was initiated
by placing the reaction vessel in a water bath heated to 50 °C.
After 24 h, the polymer was removed from the vessel, lightly

crushed, and washed with MeOH/0.1 M HCI (60:40 v/v) for
template removal. The non-imprinted polymer (NIP) was
prepared in the same way but in the absence of template
molecule. The resulting polymers were further crushed and
sieved to isolate a grain size fraction of 25−50 μm. This
fraction was used for all further tests.

Preparation of pHis-Imprinted Polymer Micro-
spheres. Polymer microspheres (MIP3/NIP3) were prepared
as reported previously32 by templated synthesis using AcNH@
Si (1.0 g) as sacrificial template. In brief, the particles were
firstly deaerated in a 50 mL Schlenk tube by three freeze−thaw
cycles with intermittent N2-purging and then allowed to soak
in prepolymerization mixtures, identical to those used to
prepare MIP2 and NIP2, under continuous nitrogen flow. The
volume prepolymerization mixture was adjusted to barely fill
the internal pore system while avoiding particle aggregation.
The mixtures were placed in a water bath and heated to 50 °C
overnight. The resulting composite beads were treated in 3 M
NH4HF2 solution to remove the silica template, followed by
pHis-template removal as described in the previous section.

Template Binding Tests. Each polymer (10 mg) was
suspended in 1.0 mL of an equimolar mixture of Fmoc-pTza-
OEt, Fmoc-pTyr-OEt, and Fmoc-pSer-OEt (each 100 μM)
prepared in MeCN/H2O at different ratios buffered with 0.1%
triethylamine (TEA). Each suspension was shaken vigorously
for 2 h and then each sample was centrifuged. The supernatant
(500 μL) was dried by using a Genevac EZ-2 evaporator, then
reconstituted in 40% MeCN + 0.1% trifluoroacetic acid (TFA)
(200 μL), and analyzed by reversed-phase high-performance
liquid chromatography (HPLC). The column used was
Prodigy 5 μm ODS-3 100 Å (Phenomenex, 150 × 4.6
mm2). Mobile phases were (A) 99.9% H2O + 0.1% TFA and
(B) 99.9% MeCN + 0.1% TFA. A linear gradient method
involving 40% B to 60% B in 12 min at a flow rate of 0.6 mL/
min was used. The injection volume was 50.0 μL and the
detection was performed by UV absorbance measurement at
265.0 nm. All experiments were performed in three parallel
replicates.

Synthesis of pHis Reference Peptides. MIP selectivity
was probed using two different pHis peptides, VpHI and
DRVYIpHPF, obtained by chemical phosphorylation of VHI
and DRVYIHPF, respectively, using potassium phosphorami-
date (see Supporting Information).25 This method is highly
selective towards histidine and no other amino acid residues
are phosphorylated. Furthermore, the major product of the
reaction is the τ-pHis isomer. The identity of the two pHis
peptides was confirmed by electrospray ionization mass
spectrometry (ESI MS). The chemical shifts of the imidazole
ring protons in the 1H nuclear magnetic resonance (NMR)
spectra of VpHI peptide (Figure S2) were in agreement with
previously reported data for τ-pHis isomers.25,26 Amino acid
sequencing by matrix-assisted laser desorption ionization
tandem mass spectrometry (MALDI MS/MS) of the
octapeptide (Figure S3) confirmed phosphorylation of the
histidine residue.

Investigation of pHis Peptide Stability. A solution of
each peptide (50 μM) prepared in 0.1% TFA, 0.1% FA, and 10
mM NH4HCO3 (pH = 8) was sampled at time points 0, 1, 2,
4, 6, 12, and 24 h followed by injection (100 μL) and analysis
by HPLC. The concentration of phosphorylated peptide was
determined by using external standards.

Binding Test Using Tri-Peptide Standards. Each
polymer (10 mg) was suspended in 1.0 mL of an equimolar
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mixture of VpSI, VpHI, VEI, and VHI (each 20 μM) prepared
in MeCN/H2O at different ratios buffered with 0.1% TEA.
After the binding test, the supernatant was dried and each
sample was reconstituted using 10 mM NH4HCO3 solution
(200 μL) and analyzed by reversed-phase HPLC. The column
used was XBridge C18 5 μm (50 × 4.6 mm2). Mobile phases
were (A) 10 mM NH4HCO3 and (B) MeCN/10 mM
NH4HCO3 (9:1). A linear gradient method involving 0% B
to 35% B in 18 min at a flow rate of 0.6 mL/min was used. The
injection volume was 50.0 μL and the detection was performed
by UV absorbance measurement at 265.0 nm. All experiments
were performed in three replicates.
β-Elimination Protocol. VpSI and VpTI were dissolved

separately in 0.1 M Ba(OH)2 (500 μL) in the presence of
VpHI and VHI (concentration of each peptide = 5 mM). Each
solution was kept at 50 °C overnight and the percentage
dephosphorylation of VpSI and VpTI was analyzed at the time
points 0, 6, 12, 24, and 48 h by HPLC. At each time point, the
sample was firstly neutralized with 1.0 M HCI and acidified
with 0.1% FA to pH = 5. The sample was passed through a
C18 silica gel column (activated with MeCN + 0.1% FA and
equilibrated with 0.1% FA prior to use), the column was
washed with 0.1% FA, and the peptides were eluted with 95%
MeCN + 0.1% TEA. Complete dephosphorylation of all
phosphoesters was confirmed after 24 h of treatment with the
base media.
Tryptic Digest of Bovine Serum Albumin (BSA).

Bovine serum albumin (BSA, 10 mg) dissolved in 100 mM
NH4HCO3 (1 mL) was reduced with 50 mM dithiothreitol
(DTT) for 30 min at 50 °C and alkylated with 100 mM IAA
for 30 min at room temperature in the dark. Then, the protein
was digested with trypsin (200 μg) for 24 h at 37 °C. The
peptide sample was then acidified with TFA and desalted on a
C18 silica gel column (Bond Elut C18, Analytichem
International, CA). The column was first activated with
MeCN + 0.1% TFA (2 mL) and conditioned with 0.1% TFA
(2 × 2 mL). Finally, the peptides were eluted with 80% MeCN
+ 0.1% TFA (2 mL); the digest was lyophilized and stored at
−20 °C prior to use.
pHis Peptide Enrichment by Combined MIP and β-

Elimination. The mixture of VpHI (40 μM), VpSI (40 μM),
and tryptic digest of BSA (200 μM) (spiking level is 1:5) was
prepared in 0.2 M Ba(OH)2 (25 μL) and equilibrated at 37 °C
for 2 h. Then, 0.4 M of (NH4)2SO4 (12.5 μL) was added and
BaSO4 was formed as a white precipitate. The sample was
filtered to remove the insoluble BaSO4 salt and the residue was
washed with water (12.5 μL). The filtrate was diluted with
MeCN + 0.1% TEA (950 μL). This sample (200 μL) was
mixed with MIP and NIP (5 mg) separately in a 1.5 mL
microcentrifuge plastic tube and shaken for 2 h. After
incubation, the samples were transferred to a 200 μL pipette
tip microcolumn protected with a C8 plug and passed through
the microcolumn. The flow-through fraction was collected as a
first step of the enrichment process. The washing step was
performed with 95% MeCN + 0.1% TEA (2 × 200 μL) and
the elution step was performed with 50% MeCN + 0.1% TEA
(2 × 200 μL). Each fraction was dried (Genevac EZ-2
evaporator), redissolved in water (200 μL), and then analyzed
by HPLC with ESI-MS detection.
HPLC ESI-MS Analysis. The HPLC ESI-MS analyses were

performed in the reversed-phase mode using an analytical C18
column (XBridgeTM C18 5 μm 50 × 4.6 mm2, Waters,
Milford, MA). The mobile phases were (A) 10 mM

NH4HCO3 and (B) MeCN/NH4HCO3 (9:1). The chroma-
tography was performed using a linear gradient from 0% B to
100% B in 30 min at a flow rate of 0.5 mL/min. The injection
volume was 100 μL and the detection was performed by UV
absorbance measurement at 210 nm and ESI-MS (Waters,
micromassZQ, MM1, LAA1108, Milford, MA) selective ion
monitoring (SIM) with the mass window of 1.0 Da. The mass
spectra were recorded in positive ion mode. The analysis
parameters were set as follows: capillary voltage 5 kV, cone
voltage 30 V, source temperature 120 °C, and desolvation
temperature 250 °C.

LC−MS/MS Analysis of Phosphopeptides. Dried
peptide samples were redissolved and analyzed on a Dionex
Ultimate 3000 RSLCnano system coupled online to an
Orbitrap Fusion Tribrid mass spectrometer (Thermo
Scientific). To avoid loss of pHis, dried fractions were re-
dissolved in cold water, vortexed for 1 min, and sonicated for 1
min immediately before LC−MS/MS analysis. The volume
was adjusted so as to inject 60 fmol of peptides in a single
injection of 50 μL. The injected peptide samples were desalted
on-line using a C18 trap column (300 μm i.d. × 5 mm, 5 μm,
100 Å/PepMap TM 100, Thermo Scientific) for 3 min using
2% MeCN in 0.1% FA. Peptides were eluted and separated on
an in-house packed 75 μm i.d. × 30 cm column with ReproSil-
Pur 120 C18 1.9 μm particles (Dr. Maisch) at a flow rate of
300 nL/min with a linear gradient of 2−34% solvent B (95%
MeCN + 0.1% FA) against solvent A (99.9% H2O + 0.1%
FA).27 Precursor ion (MS) spectra were acquired in the m/z
range 350−1800 (2+ to 4+ ion charge state) at a mass
resolution setting of 120k at m/z 400 in profile mode, with an
AGC target of 2e5 ions and 3 s cycle time. Precursor ions were
fragmented with higher-energy collisional dissociation (HCD,
NCE = 33%) and dynamically excluded for 15 s. Fragments
were detected in the Orbitrap at a mass resolution setting of
15 000 at m/z 400 in centroid mode. For the analysis of the
microspheres MIP3 and NIP3, MS1 mass resolution was set to
60k and precursors were fragmented with internally calibrated
electron transfer dissociation (ETD) with HCD supplemental
activation (EThcD). Fragment ions were analyzed in the
Orbitrap at 30k mass resolution.

Enrichment of VpHI from Tripeptides Spiked in BSA/
β-Casein Digest. The three short p-peptides (VpHI, VpSI,
VpTI) were combined in an equimolar mixture prior to mixing
them with BSA/β-Casein digest at 1:10 and 1:20 ratio,
respectively. Fifty picomoles of BSA/β-Casein were used per
enrichment and were spiked with 5 pmol of each peptide for
the 1:10 ratio and 2.5 pmol for the 1:20 ratio. Prior to solid-
phase extraction (SPE), the peptide mixture was mixed with
MeCN and 0.1% TEA to a final solvent composition of 95%
MeCN + 0.1% TEA in 300 μL. Peptides were then incubated
with 3 mg of MIP or NIP for 2 h with vigorous shaking in a
low-binding 1.5 mL Eppendorf tube. Three replicates for each
spiking level were performed on each polymer, with three pre-
enrichment control samples (R, reference) for each spiking
level. After the first incubation, tubes were centrifuged for 5
min at 14k rpm before the liquid was collected. Next, the MIP/
NIP was washed with 400 μL of load/wash solvent for 15 min
and the liquid was pooled with the previous collection and
labeled “loading + washing (L+W)” fraction. Phoshopeptides
were recovered from the polymers by two sequential elutions
with 500 μL of elution (E) solvent (99.9% MeOH + 0.1%
TEA) for 15 min and then for 30 min. The liquid fractions
were pooled and labeled “E”. Both L+W and E fractions were
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dried by vacuum centrifugation and redissolved prior to LC−
MS/MS analysis. Every fraction was injected with the same
theoretical amount of tripeptide (60 fmol) by adjusting the
volume. The peak areas of the tripeptides were calculated using
the Genesis algorithm implemented in the LC−MS/MS data
analysis software FreeStyle (v. 1.3, Thermo Scientific). Tryptic
peptides from BSA/β-Casein were identified and annotated by
processing the LC−MS/MS data using the MASCOT search
engine (Matrix Science) through Proteome Discoverer 2.4
(Thermo Scientific).
Chemical N-Phosphorylation of Myoglobin. Horse

heart myoglobin (Mb) was chosen for chemical N-phosphor-
ylation of histidines using potassium phosphoramidate (PPA).
Mb contains 11 histidine residues and no reactive cysteine
residues. Approximately 1 mg of myoglobin was dissolved in 1
mL of water by thorough vortexing. PPA was added to the
protein solution in a 1:600 protein/PPA molar ratio and
incubated at room temperature for 24 h. Phosphorylation was
confirmed by intact protein mass determination using static
nanoESI-MS (Orbitrap Fusion Tribrid, Thermo Scientific).
Nanoelectrospray needles were obtained from Fisher Scientific
(NC0355451). The protein (50 pmol) was desalted/
concentrated using a C8 membrane plug in a 200 uL pipette
tip and eluted in a small volume of 50% MeCN + 1% FA. Mass
spectra were acquired in the Orbitrap mass analyzer at 120k
resolution with a 70% RF lens, 5e5 AGC target, and 100 ms
maximum injection time for a total acquisition time of 2 min.
Enrichment of pHis Peptides from the Mixture of the

Mb/BSA/β-Casein Digest. Protein digests of equimolar
mixtures of BSA, β-Casein, and histidine phosphorylated
myoglobin were initially de-salted using porous R3 resin. A 200
μL pipette tip was plugged with C18 membrane and filled with
750 μg of R3 resin. The beads were conditioned with 100%
MeCN and equilibrated with 100 μL of water. For either MIP
or NIP, a total of 7.36 μg of protein digest (200 pmol) was
loaded on the tip and the liquid passed through with manual
centrifugation. The flow-through was collected and passed
once more through the tip. The beads were washed twice with
100 μL of water before being eluted with 50 μL of 50% MeCN.
The eluted peptides were dried and redissolved in water prior
to SPE. The de-salted digest was re-dissolved in 60 μL of 0.1%
TEA and divided into three aliquots of 15 μL (50 pmol).
Then, the aliquots were diluted with 99.9% MeCN + 0.1%
TEA to a final volume of 300 μL. LC−MS/MS analysis and
peptide identification were performed as described in the
previous section.

■ RESULTS AND DISCUSSION
Design and Synthesis of a First-Generation pHis MIP

(MIP1). We previously showed that imprinted polymers
(MIPs) p r epa r ed u s i ng u r e a -b a s ed N - 3 , 5 - b i s -
(trifluoromethyl)-phenyl-N′-4-vinylphenylurea, functional
monomer 1 (Figure 1), display a high affinity for
phosphorylated peptides28,29 and that the selectivity for either
phosphoserine (pSer) or phosphotyrosine (pTyr) peptides can
be programmed using the appropriate template.30−32 Mecha-
nistically, the hydrogen bond-driven recognition and the
charge-neutral resin character distinguish these phases from
currently used phosphoenrichment tools, e.g., IMAC, TiO2,
and antibodies, and could explain the reduced charge-
dependent sequence bias of the enriched phosphopeptide
pool. Here we adopted the same urea-based approach for the
recognition of histidine-phosphorylated peptides.

Figure 2. Absorbed amounts of Fmoc-pTza-OEt, Fmoc-pSer-OEt,
and Fmoc-pTyr-OEt by imprinted and non-imprinted polymers in
different solvent systems: (a) 95%, (b) 90%, (c) 75%, (d) 50%, (e)
25%, and (f) 5% MeCN and each buffered with 0.1% TEA.

Figure 3. Amounts of VpSI, VpHI, VEI, and VHI bound to imprinted
and non-imprinted polymers in different solvent systems: (a) 95%,
(b) 90%, (c) 75%, (d) 50%, (e) 25%, and (f) 5% MeCN and each
buffered with 0.1% TEA.
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One of the key elements in the design of the imprinted
polymer is the choice of the template. The labile nature of
phosphohistidine posed many problems when used as an
antigen to raise antibodies since it undergoes rapid
dephosphorylation after injection into animals.10 Inspired by
previous reports on stable phosphohistidine analogues,12,21,33

we prepared Fmoc-pTza-OEt (Figure 1), which mimics the τ-
pHis isomer, and used it as a template for imprinting. The
template was synthesized according to Figure S1 using the
copper-catalyzed click reaction. Imprinted polymers were then
prepared by free radical polymerization using a 1:2 ratio of
template (as its PMPH or TBA salt) to 1, pentaerythritol-
triacrylate (PETA) as cross-linker, and acetonitrile (MeCN) as
porogen in bulk or microsphere format as described in the
Supporting Information (Table S1).
Probing Affinity and Selectivity of Polymers in

Simple Amino Acid and Peptide Mixtures. Previously
reported protocols for MIP-based enrichment of pTyr and
pSer peptides employed acidic (0.1% TFA) loading, washing,
and elution steps.28−30,34 Under these conditions the

phosphate group is not fully protonated and with one oxygen
negatively charged, it is a potent hydrogen bond acceptor that
can interact with the urea N−H hydrogen bond donor. Such
conditions are however not appropriate for enrichment of pHis
due to its acid-labile nature. Instead, phosphoramidates such as
pHis are stable under basic conditions, and since the
phosphate group is deprotonated, it engages in strong
interactions with the urea functional groups of the MIP. We
therefore used triethylamine (TEA) as mobile phase modifier
to ensure the stability of pHis modification and to provide
strong interactions with the imprinted polymer.
We first tested the affinity of MIP1 and NIP1 towards N,C-

protected amino acids pTza, pSer, and pTyr in MeCN/H2O
mixtures buffered with 0.1% TEA as basic modifier (Figure 2).
As seen in Figure 2a, the contrasting retention behavior of
MIP1 and NIP1 in 95% MeCN reflects a strong impact of
imprinting. Although the MIP captured each of the
phosphorylated amino acids, the highest imprinting factor
(IF = BMIP/BNIP) was registered for Fmoc-pTza-OEt (see
Table S2). This reflects a slight memory for the template
accompanied by a rather strong nonspecific contribution. The
latter increased dramatically with further increase in the water
content. Thus, retention differences between MIP1 and NIP1
could no longer be observed at 10% water and beyond.
However, under these conditions both polymers showed a
pronounced selectivity for the pTza template. Given that both
MIP1 and NIP1 displayed this effect, we attribute this to an
involvement of the triazole ring in the polymer template
interactions. A plausible hydrogen-bonding motif places the
triazole nitrogen juxtaposed to the phosphate group at
hydrogen bond distance from the urea group (Figure S4),
thereby stabilizing additionally the monomer−template
complexes.
We next probed the ability of the imprinted polymer to

recognize the histidine phosphorylated peptide VpHI in the
presence of structurally related VHI, VpSI, and VEI in MeCN/
H2O mixtures + 0.1%TEA as modifier (Figure 3). Also, in this
case we observed the strongest imprinting effect in 95%
MeCN, reflected in a high binding on the MIP1 and low
binding on the NIP1 (see IF values, Table S3). Moreover,
despite a clear preference for the phosphopeptides VpSI and
VpHI over the negatively charged VEI, no significant pHis
selectivity was noted in this test. Instead, we noted an overall
decrease in both binding and imprinting effect with increasing
water content. The absence of pHis selectivity further supports
the above-invoked role of the triazole nitrogen in the urea
template interactions (vide supra).
Considering the lack of strong pHis discrimination, we

turned to an alternative enrichment approach where pSer and
pThr peptides were selectively dephosphorylated in the
presence of pHis peptides followed by the MIP-based
enrichment step (Figure 4).

pHis Discrimination by β-Elimination of pSer and
pThr. Phosphohistidine modification is known to undergo
facile dephosphorylation in acidic environment. The synthe-
sized VpHI and DRVYIpHPF were therefore subjected to a
stability test (Figure S5). Indeed, the studied peptides were
dephosphorylated in the presence of acids in contrast to basic
buffer, where no significant decomposition was observed even
after 24 h. However, a short treatment (<30 min) of the
peptides with acids did not lead to extensive dephosphor-
ylation. Using short acidic LC gradients is another approach
for detection of pHis by LC−MS/MS.14,19 In another study,

Figure 4. Concept of the MIP-based method for enrichment of pHis
peptides. pSer (or pThr) undergoes facile dephosphorylation via β-
elimination in the presence of a strong base (e.g., sodium or barium
hydroxide) and it is converted to dehydroalanine (dhA). pHis stability
is not affected under such conditions and it can be enriched by the
MIP in the next step.

Figure 5. HPLC-UV chromatograms (a−c) and corresponding ESI-
MS selective ion monitoring (SIM, m/z = 447.5) spectra (d−f) of the
sample before enrichment (a, d) and elution fractions from MIP1 (b,
e) and NIP1 (c, f). The VpHI peptide (0.2 μmol) was spiked in BSA
(1 μmol) digest. The signal from VpHI is marked with an asterisk.
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copper-immobilized metal ion affinity chromatography (Cu2+-
IMAC) was adopted for extraction of pHis peptide from a

digest of phosphorylated HPr protein from Escherichia coli.16

The sample was in this case loaded on a column conditioned
with 0.1% acetic acid and the washing step was performed with

Figure 6. HPLC-UV chromatogram and corresponding ESI-MS selective ion monitoring of VpHI (m/z = 447.5) and VpSI (m/z = 397.4) (a),
spiked in BSA tryptic digest and treated with Ba(OH)2 (b), and in the elution fractions from MIP1 (c) and NIP1 (d).

Figure 7. Peak areas of the three phosphorylated tripeptides obtained
from each SPE fractions obtained in MIP2 (a) and NIP2 (b) at 1:5,
1:10, 1:20, and 1:40 spiking levels (R = reference, L+W = loading +
washing, E = pooled elution).

Figure 8. Extracted chromatogram of tripeptides (VpHI (green),
VpSI (black), and VpTI (red)) for 1:10 (a−c) and 1:20 (d−f) spiking
level from pre-enrichment (a, d), elution fractions obtained from
MIP2 (b, e), and those obtained from NIP2 (c, f).
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0.1% acetic acid in 50% MeCN. However, the stability of
individual pHis peptides can vary depending on the sequence
and thus ideally any acidic treatment should be avoided.
We therefore took advantage of the contrasting stability

profile of pHis and pSer/pThr in alkaline environment (Figure
4). This approach was used to distinguish these modifications
in a histidine kinase assay.35,36 Both pSer and pThr undergo
facile dephosphorylation via β-elimination in a strongly alkaline
environment. This reaction combined with subsequent
Michael addition was used as a chemical derivatization method
in protocols for enrichment of pSer and pThr peptides.37,38

Treatment of the mixture of VpSI and VpHI with 1 M NaOH
at 60 °C for 30 min led to complete dephosphorylation of
VpSI to give VdhAI (dhA = dehydroalanine). VpHI was not
affected under these conditions. The sample was used in a
binding equilibrium test (see Supporting Information for
experimental). It was clear that VdhAI did not bind to the
MIP1 and thus only VpHI was captured by the imprinted
polymer (Figure S6). This result verifies the advantage of β-
elimination for specific capture of phosphoamidates.
Probing Affinity and Selectivity with Spiked BSA

Digest. After we confirmed the affinity of the MIP1 for the

histidine phosphorylated peptide in a simple model system, we
turned to more complex samples. As an initial test, we spiked
200 pmol of VpHI peptide in 1 nmol of BSA tryptic digest and
incubated this mixture with MIP1 followed by transfer of the
suspension to a micro-column. Next, washing and elution steps
were performed as described in the Experimental Section.
The original sample, the combined flow-through and

washing fractions, and elution fractions from MIP1 and
NIP1 were analyzed by LC ESI MS with selective ion
monitoring (SIM) set at m/z 447.5 corresponding to the mass
of VpHI peptide (Figures 5 and S7). Treatment of the sample
with both MIP1 and NIP1 led to a significant sample cleanup
as can be seen from the UV chromatograms of the elution
fractions (Figure 5b,c).
However, the pHis peptide was found only in the elution

fraction from the MIP1 (Figure 5e). The NIP1 on the other
hand did not retain this peptide, as it was present only in the
combined flow-through and washing fraction (Figure S7d).
Repeating the test using DRVYIpHPF as pHis model

peptide gave a similar result and thus a significant sample
cleanup (Figure S8). These results confirmed the ability of the
MIP1 to recognize pHis peptides in a protein digest.

Figure 9. Extracted chromatograms highlighting histidine-phosphorylated peptides (indicated in color) corresponding to the elution fractions after
enrichment using (a) MIP3 and (b) NIP3, and (c) no enrichment of a 1:1:1 BSA/β-Casein/myoglobin digest (the range for relative abundance is
from 0 to 40 on the left and from 0 to 2 in the right).
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Probing Affinity and Selectivity with Base Treated
Tryptic Peptides. The dominating phosphorylated residues
in proteins are pSer and pThr. The high abundance of these
motifs can mask less abundant motifs such as pTyr and
especially labile motifs such as pHis. Focusing on the latter,
base-stable phosphorylation concept, we developed a protocol
where the affinity for pHis was enhanced by elimination of the
interference of the most abundant base-labile phosphorylations
(pSer and pThr).
Although sodium hydroxide has been frequently used in the

past for β-elimination of p-peptides, the inherent disadvantage
of this approach is the sample desalting step, which requires
chromatographic purification and thus generates a risk of
sample loss.39−41 To minimize sample handling, we chose
barium hydroxide as the alkaline agent. Ba(OH)2 can be
removed from the sample by precipitation in a form of water-
insoluble barium sulfate and simple filtration.42 Furthermore, it
is more efficient in β-elimination and can be used at lower
concentration (0.1−0.2 M compared to 1 M for NaOH), thus
minimizing the degradation of peptides (Figure S9). Both
VpSI and VpTI peptides dephosphorylated after treatment
with 0.1 M Ba(OH)2 in 24 h. The samples were further tested
with MIP1 and NIP1. It was shown that the dephosphorylated
forms of pSer and pThr tri-peptides, VdhAI and VmdhAI
(mdhA, β-methyldehydroalanine), respectively, did not bind to
the MIP and only VpHI was captured with enhanced binding
percentage (Figure S9c). This result confirms that combining
the β-elimination of phosphoesters (pSer and pThr) with MIP-
based enrichment enhances the specific capture of phosphoa-
midates (pHis).
As a proof of concept we used a sample of tryptically

digested BSA spiked with both VpSI and VpHI at 1:5 spiking
level. The sample was treated with barium hydroxide in order
to deplete the pSer peptide.
The samples both before and after treatment with MIP1 and

NIP1 were analyzed by LC−MS (Figures 6 and S10) using
SIM of ions with m/z = 447.5 (VpHI) and m/z = 397.4
(VpSI). Compared to the reference sample with only VpSI and
VpHI (Figure 6a), it was clear that treatment of the spiked
sample with Ba(OH)2 resulted in dephosphorylation of VpSI
(Figure 6b). This sample was then treated with MIP1 or NIP1;
only the MIP1 extraction resulted in significant enrichment of
the pHis peptide (Figure 6c,d). The HPLC-UV chromato-
grams confirmed that a significant cleanup had been achieved.
Unfortunately, testing this method at lower spiking levels

and with more complex digests led to low recoveries and
reduced selectivity (Figure S11). We therefore turned to a
different strategy for further optimization of the pHis-MIP
affinity and selectivity.
Design and Synthesis of a Second Generation of

pHis-MIP (MIP2). Comprehensive optimization of imprinted
polymer performance involves both structural and composi-
tional parameters. In case of the hydrogen bond-mediated
imprinting of phosphoanions using urea monomers, the
binding affinity and selectivity are influenced by both
monomer and template structural parameters. This was
covered in depth in our previous report.43 The nature of the
counter-cation has been shown to strongly influence the
template-monomer complexation and in turn the target affinity
exerted by the MIP. Enhanced complex stability is obtained by
the use of quaternary ammonium ions like tetrabutylammo-
nium (TBA), also accompanied by pronounced counterion
memory effects.44

Focusing on this parameter, we prepared MIP2/NIP2
(Table S1) in a similar manner to MIP1/NIP1 but by
replacing the tertiary amine PMP with the quaternary
ammonium base TBA·OH. The polymers were freed from
template and processed in an otherwise identical manner. The
polymers were compared by testing their ability to enrich the
model pHis peptide target (VpHI) from structurally similar
VpSI and VpTI tripeptides at four spiking levels of BSA/β-
Casein digests (Figure S12a).
We reasoned that pHis selectivity in this case would provide

unequivocal evidence for the presence of side-chain-discrim-
inative binding sites. With most of the spiked peptides
recovered in the load/wash fractions, both NIPs failed to
enrich any of the targets regardless of spiking level (Figures
S13, S14, and 7b). MIP1 prepared using tertiary amine
counterion (PMPH+) revealed a similar behavior (Figure
S13a). On the other hand, MIP2 increased VpHI abundance
relative to the other two tripeptides (Figure 7a) especially at
spiking ratios 1:10 and 1:20, whereas the effect was lost at
1:40. The possible reasons for this behavior are discussed
below. To further confirm this observation, the experiment was
repeated in triplicate at spiking levels 1:10 and 1:20 (Figure
S14).
Here, MIP2 displayed pronounced target selectivity as seen

by the relative peak area ratio (ApHis/(ApSer + ApThr))
exceeding 10 of the spiked peptides in the eluted fractions
(Figure 8). The results showed that the choice of counterion,
in addition to the template and urea host monomer, plays a
crucial role in the generation of high-affinity sites compatible
with complex matrices.

LC−MS Test of pHis Peptide Enrichment Using MIP2.
To test whether MIP2 and NIP2 were suitable for enrichment
of tryptic pHis peptides from a more complex protein sample,
we generated a tryptic digest of histidine phosphorylated
myoglobin, BSA, and β-Casein. The enrichment protocol is
shown in Figure S12b and detailed in the Experimental
Section. Despite the promising results observed for the model
tripeptides, the results for the endogenous tryptic peptides
were not as expected, as judged by the number of
phosphopeptides identified (Figure S15) and pHis peptide
abundance (Figure S16). These results may have several
causes. We previously ascribed the relatively low phosphoen-
richment observed for complex digests to the hydrophobic
character of the MIP scaffold resulting in rapid fouling and
blockage of access to the discriminative sites.
Moreover, the polymers in this study were amorphous resins

with a wide distribution of pores ranging from micro-pores
with limited peptide access to accessible meso- or macro-pores.
This may result in a size-dependent binding preference and
poor accessibility for larger-sized peptides.

Enrichment of Tryptic pHis Peptides Using Con-
trolled-Pore-Size-Imprinted Polymers (MIP3). We pre-
viously introduced hierarchically phosphopeptide epitope-
imprinted polymers in a microsphere format to improve the
overall binding efficiency and minimize the biomolecule size
bias.32 The resulting mesoporous microspheres (MIP3)
featured a controlled and narrow pore size distribution and
were capable of enriching larger p-peptide fragments.
To test the approach, we prepared pHis microspheres MIP3

and NIP3 (Table S1) and tested them on the His
phosphorylated myoglobin, BSA, and β-Casein digest accord-
ing to the protocol in Figure S12b. Figures 9 and S17 show the
extracted chromatograms of the pre-enrichment control
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sample and post-enrichment (elution) sample using the two
mesoporous capture materials with pHis peptides indicated in
color. The latter comprise 10 mono- and multiple-His-
phosphorylated peptides ranging from 11 to 18 amino acids
in length (Table S4).
First, we noted a striking reduction of the matrix-related

peaks (shown in gray) after MIP enrichment, most notably for
retention times exceeding 15 min (Figure S17). All modified
peptides were identified in the MIP3 eluate (Figure 9a and
Table S4), whereas the NIP3 revealed only modified peptides
of low abundance (Figure 9b). Equally striking was the ability
of the MIP3 to capture multiply phosphorylated peptides (light
blue, orange, purple, and turquoise chromatograms). Con-
fident phosphorylation site localization was achieved by
tandem mass spectrometry using EThcD fragmentation,
producing high amino acid sequence coverage and conserving
the PTM on fragment ions (Figure S18).
The number of peptide spectrum matches (PSMs) of pHis

peptides (Table S4 and Figure S19) confirmed the high
selectivity of MIP3 for pHis-containing peptides. We observed
a strong increase in the number of pHis peptide PSMs relative
to other phosphopeptides (pSer, pThr), also when compared
to the pre-enrichment control sample and the eluate of NIP3.
We therefore conclude that a dual MIP templating strategy and
microsphere format can be used to achieve enrichment of
phosphohistidine-containing peptides obtained by tryptic
digestion of phosphoproteins.

■ CONCLUSIONS
Protein histidine phosphorylation was reported more than 50
years ago but its biological role is still poorly understood. For
many years, the acid-labile nature of pHis hampered
development of methods for detection and analysis of this
important PTM. This is now changing as new bioanalytical
approaches and efficient tools are emerging. The molecularly
imprinted polymer is such a tool that enables enrichment of
pHis peptides under mild pH conditions. Using a refined pHis
selective capture phase with tailored porosity and binding
chemistry we have demonstrated a method, MIP3, offering the
possibility to extract pHis peptides from complex mixtures
under such mild conditions. This now opens new possibilities
for highly robust modification-specific peptide enrichment
strategies that we will continue to explore. We foresee that
MIP-based methods for enrichment of pHis will play an
important role in unraveling the biological roles of
phosphohistidine in proteins using large-scale proteomics
approaches.
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Abstract. Immunoaffinity enrichment based on antipeptide antibodies coupled to mass spectrometry 

based identification and quantification is considered a promising approach to translate proteomics to 

clinical assays with a diagnostic value. Unfortunately, there is currently a lack of adequate tools for 

studying phospho-signaling networks, which hampers the development of effective diagnostics and 

treatment. This includes phosphopeptide specific antibodies which are either scarce or lack adequate 

performance. We here show that “plastic antibodies” prepared by molecular imprinting offers a 

potential solution to this problem.  This technique fuses the advantages of synthetic molecular-

recognition-elements and biological receptors, to result in molecularly imprinted polymers (MIPs) with 

receptor like binding affinity. Recently we reported on MIPs recognizing tyrosine or serine 

phosphorylations for biased enrichment of peptides from cancer cells or cerebrospinal fluid (CSF) 

respectively.  We here present a proof of concept demonstration showing that MIPs can capture 

phosphopeptides in a sequence specific manner in highly complex biomedia. This can in principle be 

translated into robust, low cost multiplex assays with a potential impact on clinical 

phosphoproteomics. 
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Proteomic relies on the quantitative analysis of 

proteins, protein-protein interactions, world-

wide mapping of protein complexes.1,2 One of 

the most substantial research of proteomics is 

based on the identification and analysis of 

post-translational modifications (PTMs). The 

general steps involved in MS-based proteomics 

was shown in Scheme 1a including extracting 

proteins from bio samples, followed by digest 

and identify by MS analysis to obtain proteome 

database. Protein phosphorylation (covalent 

attachment of phosphate group to 

aminoacid(s)) is known as one of the 

ubiquitous PTM among identified chemical 

alterations.3–5 Phosphorylation is a natural and 

dynamic process, which is controlled by the 

reversible mechanism of phosphatases/kinases 

enzymes.6  

It has been estimated that there are around 

30% of proteins that are phosphorylated in 

eukaryotic organism7 and 518 kinases8 and 

about 150 protein phosphatases9 were 

identified in the human genome. 

Phosphorylation mostly occurs on three main 

aminoacid residues, which are serine (Ser), 

threonine (Thr), and tyrosine (Tyr) in the level 

of 86.4%, 11.8%, and 1.8% for pSer, pThr, and 

pTyr, respectively10. The attachment of 

phosphate groups to amino acids causes 

changes such as increasing hydrophilic 

property resulting in conformational change of 

the whole protein. These changes play a vital 

role in signal transduction and the regulation of 

many biochemical processes such as cell 

proliferation and differentiation11 as a 

consequence of diversity in cellular signaling 

pathway such as activity and interaction of 

proteins, mostly related with human disease 

status.12–15 Several diseases, notably cancer, 

are associated with in the protein 

phosphorylation signaling networks and 

consequently, drugs predominantly target 

protein kinases.16  

ZAP-70 (-associated protein of 70 kDa) is 

cytoplasmic tyrosine kinase identified as 

tyrosine phosphoprotein in T-cell antigen 

receptor (TCR) signaling.17,18 The TCR 

simulation in the localization and activation of 

ZAP-70 is based on the downstream of protein 

tyrosine kinases (PTKs) which is shown in 

Scheme 1b. 17–21 

The transferring of extracellular signals to 

intracellular structure due to the engagement 

of TCR with major histocompatibility complex 

(MHC) introduces T-cell activation 

pathway.19,22,23 This pathway is controlled by 

the invariable polypeptide chains of one of the 

co-receptor in TCR signaling, CD3 (cluster of 

differentiation 3) complex which represents 

, and (non-covalently associated) 

chains.24–26 This CD3 complex and chain as 

cell signaling molecules comprise 

immunoglobulin receptor family tyrosine-

based activation motif (ITAM) in the 

cytoplasmic tails.27–29 This conserved motif 

consists of two tyrosine sides which are 

subunits of SFK (Src family kinase) and Lck 

(lymphocyte-specific PTK), as a member of SFK, 

positioned on CD4 surface protein (T helper 

cell) activates the phosphorylation of tyrosines 

on ITAM which utilizes the recruitment of other 

proteins such as ZAP-70 onto phosphorylated 

tyrosine motif.19,21,30 The phosphorylation on 

ZAP-70 mediated by Lck leads to the kinase 

activity of ZAP-70 and its 

autophosphorylation.31–35 These effects are 

most likely associated with the structural 

changes in the proteins induced by the 

phosphorylation. Activated ZAP-70 further 

engage with immunoreceptors of T 

lymphocytes and phosphorylate other crucial 

proteins such as SLP-76 (Src homology 2 (SH2) 

domain containing leukocyte protein of 76 kDa) 

which mediates diversity in downstream 

signaling pathway of TCR leading to cellular 

responses.19,36–39 ZAP-70 as cytoplasmic 

tyrosine kinase and its kinase activity in T cell is 

associated with disease states.21,40 The overall 

structural organization of ZAP-70 is presented 

in Scheme 1c. 
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Scheme 1: a. The general steps for identification of PTMs by MS analysis b. The model for early steps of TCR signaling 

and the mechanism for activated phosphorylation on zeta-associated protein of 70 kDa (ZAP-70) before downstream 

signaling pathway. The schematic had been adopted from the literature19 c.   The domain organization of ZAP-70 and 

phosphorylated tyrosine residues, which are Y492 and Y493 in kinase domain and d. Sequence of the peptide 

(ALGADDSYYTAR) amino acids 485-496 of ZAP-70 in the kinase domain. 
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The structure of ZAP-70 consists of amino- and 

carboxyl- terminal SH2 domains (N-SH2 and C-

SH2) composed with interdomain (Y315, Y319) 

and kinase domain (Y492, Y493) in the 

activation loop.19 The tyrosine sites in 

interdomain are known as positive regulators 

which are initially phosphorylated by Lck and 

they act as hampering the reverse kinase 

mechanism in the auto-phosphorylation of 

kinase domain.41 Moreover, two tyrosine sites 

which are Y492 and Y493 are expressed in 

kinase domain considering the full peptide 

sequence represented in Scheme 1d.  

Phosphorylation on these two tyrosine 

residues in the activation loop is found as the 

regulation of quantitative TCR signaling related 

to the prognostic values of chronic lymphocytic 

leukemia (CLL) disease identified as B-cell 

malignancy.42–44 In the identification of 

diseases and their stages, the membrane-

bound immunoglobulin (Ig) receptor plays a 

vital role to understand the B-cell 

development.45 In the analysis of normal and 

malignant B-cell, heavy chain variable genes 

(IgVh) express the profile of patient disease 

states in the field of B-CLL.43,46–48 However, 

some studies have shown that CLL cells in 

aggressive/indolent disease not only related 

with the mutated/unmutated IgVh gene but 

also correlated by presence/lack of ZAP-70 

expression.47,49 The identification of ZAP-70 

signaling in B-cells is based on the regulation 

for CLL and/or regulation of mutational 

structure of IgVh gene which makes the 

phosphorylation of ZAP-70 expressed in B-cell 

as strong candidate for early treatment of CLL 

disease.  

Since kinases are present in low abundance and 

phosphorylation is often non-stoichiometric, 

the elucidation of regulation mechanism is vital 

and requires analytical methods that can 

identify specifically the phosphorylation site(s) 

in small amounts of proteins. The current 

analytical strategies for the identification and 

enrichment of phosphorylated peptides and 

proteins, which are on immunoprecipitation, 

metal-oxide based affinity chromatography 

and chemical derivatization. 

These techniques have their particular benefits 

for the extraction and analysis of 

phosphorylation with some drawbacks. 

Immunoprecipitation-based enrichment 

requires high quantity of sample50 with low-

stability and non-reusability. Antibodies 

against pSer and pThr cause lack of side 

discrimination because of low-immunogenicity 

of these phospho-sites. Affinity 

chromatography based identification might 

show cross-reactivity with non-phosphorylated 

peptides dealing with acidic residues with low 

capacity and less selectivity from complex 

samples. In terms of chemical derivatization, 

elimination (based on facile 

dephosphorylation under alkali conditions) 

exploits unique property for the identification 

of phosphoamidate residues such as 

phosphorylation on histidine (pHis) over 

phosphoesters such as pSer and pThr; 

however, pTyr is not dephosphorylated in 

alkaline environment and this situation causes 

limitation on enrichment efficiency. 

In this manner, smart capture phases based on 

molecularly imprinted polymer (MIP) 

technology51,52 is an emerging field of research 

which fuses the advantages of synthetic 

molecular-recognition-elements with 

biological receptors, recently targeting higher 

molecular-weight analytes53–59 such as 

peptides and proteins as well. Many studies 

have been reported to develop 

phosphopeptide selective MIPs. In terms of the 

level of phosphopeptide discrimination, the 

validation of phospho-residues over non-

phosphorylated ones and the identification of 

different phospho-sites using controlled bias 

materials increase the attention on imprinting 

technology to design robust, low-cost, and 

non-immuno-based capture materials.   
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In this paper, a study was reported targeting on 

phosphorylation of epitope tripeptides of ZAP-

70, which has the peptide sequence of 

(ALGADDSYYTAR) amino acids 485–496 in the 

kinase domain.  This approach is based on a 

method relying on the use of molecularly 

imprinted polymers to design smart capture 

phases for ZAP-70 phosphopeptides 

enrichment using sequence specific pY-MIPs 

due to epitope imprinting idea of four N- and C- 

protected templates (Scheme 2a, see SI for 

synthesis of templates and characterization 

Figure S1a) together with neutral urea based 

receptor (Scheme 2b).  

In the study, regarding to the target pY-ZAP-70, 

four imprinted polymers were prepared us-ing 

the synthesized N- and C- protected templates: 

YpY MIP (targeting pY493), pYY MIP (targeting 

pY492), pYpY MIP (targeting pY492pY493), and 

YY MIP as control for the following sequence, 

ALGADDSY492Y493TAR. The proposed method 

allows to clearly extracting of phosphopeptides 

(p-peptides) with specifically targeting site 

selective or stoichiometric enrichment from a 

complex tryptic digest with lower spiking level. 

Considering pTyr modification and the other 

level of selectivity such as region- or 

stoichiometric selectivity for the development 

of effective diagnostics in early stage and 

treatment of diseases, this study is a proof-of-

concept using imprinting approach for 

synthesis of artificial binders and the results 

presented in the enrichment of target p-

peptide from complex mixture showed the 

potential use of imprinting approach to design 

sequence specific receptors, which are capable 

of enrichment of phosphorylated residues in 

other levels of selectivity. 

 

 

Scheme 2: a. Synthesized N- and C- protected non-phosphorylated and phosphorylated templates. b. Synthesis protocol 

of imprinted polymers and rebinding mechanism target–pYY-imprinted polymer was given as example–   
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Results 

Probing affinity and selectivity of polymers in 

peptide mixture. To evaluate the recognitions 

of imprinted polymers, we firstly assessed their 

abilities to bind their corresponding templates 

(Fig. S1b) which confirm biased selectivity of 

binders towards corresponding pTyr targets 

and followed testing of deca-peptides (Fig. 1). 

For this aim, the polymers were incubated with 

the mixture of four peptides prepared in 

various MeCN/H2O mixtures buffered with 

0.1% three different modifiers: TFA, FA, or TEA. 

In general, traditional enrichment protocols for 

phosphopeptide enrichment is based on acidic 

treatment to eliminate binding of acidic amino 

acids such as carboxylic acid containing 

peptides. In here, three different modifiers 

were used to see the effect of pH in the binding 

of peptides towards affinity materials.  

The bound percent of target phosphopeptide 

was further divided by the bound percent of 

non-target phosphorylated / non-

phosphorylated peptides to calculate the 

selectivity ratio of target peptide to the 

corresponding polymer (Fig. 1, Fig. S2) - for 

instance YpY MIP targets GADDSYpYTAR 

peptide, the ratio of binding percent of 

GADDSYpYTAR(YpY) over GADDSYYTAR (YY) 

gives how much YpY MIP has preference on YpY 

peptide over YY peptide.  

The target peptide showed significant 

selectivity towards non-target peptides when 

the binding was carried out in MeCN-rich 

content modified with 0.1% TFA (Fig. 1a, b, c). 

In contrast, the selectivity ratio of target 

peptide found lower and inconsistent when 

water-rich media or other modifiers, FA and 

TEA, used in binding. Since here, we are dealing 

with H-bond complex, which occurs via the 

interaction between urea groups in 

macromolecular scaffold and prosthetic 

phosphate residue in peptides, the protonation 

state of phosphate plays critical role in affinity 

towards binding cavities. Given that the 

basicity of employed binding solution increases 

from TFA to TEA, the protonation degree of 

phosphate group changes from monoanion to 

dianion. Complete deprotonation of phosphate 

Figure 1: The selectivity ratio of phosphopeptide-targeting imprinted polymers. Testing completed in 10%, 50%, and 

95% H2O + 0.1% TFA, FA, or TEA modifiers for a YpY b pYY c pYpY MIP. Testing completed in aqueous buffers at different 

pH=1.0, 3.0, 5.0, 7.4, and 9.2 for d YpY e pYY f pYpY MIP. Labels represent target/non-target. pYpY = GADDSpYpYTAR, 

pYY = GADDSpYYTAR, YpY = GADDSYpYTAR, and YY = GADDSYYTAR. Error bars for triplicate.  
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group might be enhanced the formation of 

more H-bonds but the pronounced bias 

towards target peptide could no longer be 

observed (Fig. S2g). Addition to this, we noted 

that the adsorbed amount of peptides 

decreases with increasing amount of water 

presented in the binding solution (Fig. S2). The 

lack of efficient recognition in water-rich media 

is due to highly hydrated form of phosphate 

anion that weakens the interaction with urea 

groups in receptor. Moreover, due to less 

hydrophilicity of non-phosphorylated peptide 

compared to phosphorylated ones promotes 

the non-specific contribution of YY peptide at 

95% water present in binding solution (Fig. S2c, 

f, i).  

In order to achieve, specific recognition of 

target phosphopeptides in water media, the 

polymers were later on incubated with the 

peptide mixture prepared at aqueous buffers 

at different pH=1.0, 3.0, 5.0, 7.4, and 9.2. In 

here, the purpose is to address destabilizing 

effect on the interactions -due to hydrated 

state of phosphopeptides in water- by 

presenting ionic strength media.  

The selectivity ratio of target peptide over non-

target peptides was calculated as described 

before. The presence of salts in aqueous media 

had positive effect on selective binding of 

target peptide at pH=7.4 and 9.2 compared to 

acidic pH (Fig. 1d, e, f). This is most likely 

related to the different protonation states of 

phosphate anion and the contribution of salt 

concentration on hydrated shells. The 

phosphate group is fully deprotonated at 

neutral or basic pH. The presence of salts in 

aqueous media stabilize hydrated peptides due 

to reducing surface tension by decreasing 

electrostatic energy among peptide molecules. 

This leads increase on hydrophobic solubility 

and will help carrying peptides towards binding 

cavities when the mixture treated with pH 7.4 

or 9.2. In acidic pH, phosphate is fully or singly 

protonated. The more hydrophobicity created 

the higher interaction with urea moiety 

established but diminished the target 

selectivity (Fig. S3).  

To highlight the contribution of sequence 

specific binding, the results obtained from YY 

MIP (prepared using non-phosphorylated 

template in the synthesis) was taken into 

account. Similar binding profile obtained using 

YY MIP for each peptide proves that how the 

lack of phosphate group in the synthesis of 

imprinted polymers effects polymer structure, 

binding cavities, and in turn target affinity 

exerted by receptor.  

Adsorption isotherms and binding parameters 

of polymers. The binding-energy distributions 

of phospho-peptide targeting polymers are 

given by single-component adsorption in 90% 

MeCN + 0.1% TFA and aqueous buffer at 

pH=7.4 (Fig. 2). The corresponding polymers 

targeting YpY, pYY, pYpY peptides displayed a 

higher uptake of their target peptide compared 

to their non-target phosphorylated peptides 

(Fig. 2a, c). Expectedly, the uptake percent is 

much lower in buffer (Fig. 2b, d) than MeCN-

rich media –due to hydration of anions- still, 

the differential uptake clearly confirms the 

effect of imprinting. Fitting these data with the 

Langmuir mono-site binding model resulted 

curves and fitting parameters Ka (association 

constant) and Bmax (maximum binding in 

µmol/g) given in Table S1. The presence of 

much steeper slope before saturation point for 

target peptide by corresponding polymer 

confirms the affinity for sequence specific 

phospho-site recognition with tight binding. 

The preference for target peptide is reflected 

in higher association constants recorded for 

target peptide with higher binding maxima. 

The association constants for target peptide 

was found in µM range in both binding solution 

that exceed the anion affinity for most 

reported neutral receptors such as antibodies 

with respect to anion binding especially in 

aqueous buffers60,61. In contrast, binding 

isotherms of non-target peptides displayed 

shallower curves and reach to binding maxima 

immediately and association constant was 
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found around hundred times less compared to 

Ka values of polymers with respect to target 

peptide. These all contrast with the results for 

YY MIP – where non-phosphorylated template 

used in the synthesis. The isotherms obtained 

from YY MIP displayed no preference on any 

peptide with immediate saturation. 

Enrichment of spiked phosphorylated ZAP-70 

deca-peptides from complex protein digest 

mixture. Having proven the binding and affinity 

performance of imprinted polymers on 

distinguishing stoichiometric and/or site 

selective phosphate groups in the same 

sequenced peptide, further investigation is 

required to understand their ability to enrich 

target p-peptide from complex mixture. For 

this aim, we tested the performance of 

imprinted polymers for p-peptide enrichment 

using the mixture of ZAP-70 deca-peptides 

spiked with twelve protein digests according to 

the workflow. Fig. 3 (spiking level is 1:10) and 

Fig. S5 (spiking level is 1:100) show the 

extracted chromatograms of the pre-

enrichment control (reference, R) sample and 

the post-enrichment (flow through + wash, 

FT+W and elution, E) fractions using p-peptide 

targeting imprinted polymers.  

First we noted that matrix-related peaks 

(shown in light pink) showed reduction in the 

post-enrichment fractions compared to 

reference. This means that non-specific 

contributions of peptides from complex 

protein digest were eliminated during loading 

and washing steps. The abundance of target 

peptide over non-target peptides in the elution 

fractions (Fig 3a, d) compared to pre-

enrichment samples (Fig 3c, f) provide 

unequivocal evidence for the presence of site 

selective discriminative binding sites. In terms 

of targeting double phosphorylated peptide, 

the abundance of pYpY peptide compare to YpY 

and pYY peptides did not look clearly 

pronounced from elution fraction (Fig 3h). 

However, when the relative peak area ratio 

(ApYpY / AYpY and ApYpY / ApYY) in E fractions 

compared to FT+W fractions obtained using 

pYpY MIP, it was found that while single 

phosphorylated peptides were 10 times higher 

in FT + W than target, pYpY peptide showed 10 

times higher intensity in the elution fraction 

than non-targets. This switching behavior 

Figure 2: The binding-energy distributions of phospho-peptide targeting polymers. Equilibrium binding isotherms of 

YpY and pYY MIPs in a 90% MeCN + 0.1% TFA, b Aqueous buffer at pH=7.4. Equilibrium binding isotherms of pYpY MIP in 

c 90% MeCN + 0.1% TFA, d Aqueous buffer at pH=7.4. pYY = GADDSpYYTAR, YpY = GADDSYpYTAR and pYpY = 

GADDSpYpYTAR. 
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confirms the possibility to extract target p-

peptides from complex mixture especially at 

1:10 spiking level. Even though the 

contribution of non-phosphorylated peptide 

increased at 1:100 spiking level (Fig S4), the 

selective enrichment of single phosphorylated 

YpY and pYY peptides were clear. On the other 

hand, the elution fraction obtained by pYpY 

MIP (Fig S4h) showed reduced selectivity on 

target peptide. The calculated preference ratio 

of pYpY peptide over non-target peptides 

((Atarget / Anon-target)E divided to  (Atarget / 

Anon-target)FT+W or R) exhibited higher uptake of 

pYpY peptide, which proves the high-affinity 

sites generated for particular imprinted 

polymer compatibility with complex matrices. 

Enrichment of ZAP-70 phosphopeptides 

obtained by stimulated Jurkat T-cells. ZAP-70 

non-receptor protein tyrosine kinase is 

implicated as controlling drive for signaling via 

T cell antigen receptors. The genetic 

abnormalities in ZAP-70 expression are 

extremely correlated with immunodeficiency. 

The overexpression of ZAP-70 in B cell chronic 

lymphocytic leukemia (B-CLL) is related with 

the progress of the disease. Subsequent gene 

expression profiling showed that ZAP-70 

expression was the most discriminating feature 

between the two subtypes.62 In fact, ZAP-70 

protein expression in B-CLL patients appear to 

have more predictive value than IgVh 

mutations, and its expression level appears to 

be constant during the course of disease.47 The 

phosphorylation of ZAP-70, instead, is 

associated with B-cell receptor signaling as 

negative prognostic factor on the disease. 

Having determined that the sequence specific 

imprinted polymers exhibited promising 

characteristic for enrichment on custom-made 

ZAP-70 peptides, we set out to further study on 

the enrichment of ZAP-70 p-peptides extracted 

from stimulated Jurkat T-cells, a human 

leukaemic T cell lymphoblast cell line.  

Figure 3: Extracted LC-MS chromatogram of highlighting spiked ZAP-70 peptides (indicated in colors) corresponding to 

fractions after enrichment. a YpY-MIP E, b YpY-MIP FT+W, c YpY-MIP R, d pYY-MIP E, e pYY-MIP FT+W, f pYY-MIP R, h 

pYpY-MIP E, i pYpY-MIP FT+W, j pYpY-MIP R. E = Elution, FT + W = flow-through + loading, R = reference pYpY = 

GADDSpYpYTAR (green), YpY = GADDSYpYTAR (blue), pYY = GADDSpYYTAR (red), and YY = GADDSYYTAR (gray).  The light 

pink chromatogram in the background stands for full chromatogram. The left y-axis shows intensity of spiked peptides, 

the right y-axis refers for the intensity of full chromatogram. 
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First, a number of experiments on stimulation 

of cells were performed. CD3, H2O2, Na2VO4, 

CD3+H2O2, and CD3+Na2VO4 combinations 

were used for cell treatment. Next, the 

overexpression of phosphorylation on either 

Y492 or Y493 due to different stimulations was 

confirmed using anti ZAP-70 phospho-

antibodies. After profiling and identification of 

the overexpressed ZAP-70 phosphoproteins, 

finally, in-gel proteolytic digest was performed 

to cleave p-proteins and extract peptides from 

digested protein for further enrichment 

experiments (Scheme. S2). 

For the stimulation, different regulators and 

their combinations were employed. CD3 was 

used as a protein complex involved in 

activating T-cell receptor signaling where 

phosphorylated and activated tyrosine kinase 

ZAP-70 is recruited.63 Signaling function of CD3 

stimulates TCR as well as tyrosine kinase 

activity. H2O2 as reactive oxygen species, which 

activates the response of extracellular receptor 

kinase via oxidative stress in T cells, initiates 

TCR and activate protein-tyrosine kinase ZAP-

70.64 Na2VO4 was used as an inhibitor of 

phosphotyrosyl protein phosphatases (PAP) 

activity, which helps and possibly increase the 

cellular levels of protein phosphorylation.65  

The expression of phosphorylation on Y492 and 

Y493 –placed in ALGADDSSYYTAR sequence in 

kinase domain– using different stimulation was 

shown in Fig. 4a. Moreover, the raw band 

intensity values of target p-proteins in different 

stimulated samples plotted against the non-

stimulated control sample and the comparison 

shows varying expression levels of the target 

protein in Fig. 4b.  

First, we observed the non-stimulated control 

sample has constitutive hyperphosphorylation 

of Y493. Since Jurkat leukemic T-cell line was 

utilized in this study, the potential 

phosphorylation in the kinase activity of ZAP-

70 may function. The overexpressed 

phosphorylation of Y493 and mechanism on 

ZAP-70 catalytic activity were previously 

studied elsewhere.66 It was found that the 

phosphorylation of Y493 as positive regulatory 

mechanism67 which is required for activation of 

ZAP-70 and lymphocyte antigen receptor 

function.68  

CD3 stimulation on cells slightly increased the 

expression of Y493 phosphorylation compared 

to basal level in non-stimulated one while Y492 

remained unchanged. On the other hand, H2O2 

stimulation alone had no effect on both 

tyrosine; indeed, it caused slight decrease on 

Y493 phosphorylation.  

However, the presence of either H2O2 or 

Na2VO4 and their combinations together with 

CD3 caused an increase in the accumulation of 

phosphorylation on Y492 induced by kinase 

activity while the phosphorylation on Y493 

remained indistinguishable from non-

stimulated or CD3-stimulated one.  

Several previous studies showed that the 

catalytic activity of ZAP-70 kinase domain is 

related with the phosphorylation of tyrosine 

residues Y493 in the activation loop66,69,70  

because Y493 phosphorylation allows the 

rearrangement of the activation loop which 

helps access the catalytic center for further 

activation of downstream signaling. On the 

other hand, Y492 phosphorylation is defined as 

negative regulator for ZAP-70 function and its 

biological role is still unclear.70 It was revealed 

that the phosphorylation on Y493 might follow 

by auto-phosphorylation at Y492.71 This 

suggest that increase phosphorylation on Y492 

stimulated by presence of either H2O2 or 

Na2VO4 might not be related with the kinase 

activity of this particular phosphorylation itself, 

but might be related with the structural 

changes in ZAP-70 protein after kinase activity 

provided by phosphorylation on Y493. Since 

the phosphorylated Y493 promotes 

rearrangements in the conformation of active 

ZAP-70 and this can increase more accessibility 

of phosphate substrate towards phenolic 

hydroxyl groups with consequent enhance the 

activity of phosphate groups on Y492.  

 

After conformation of phosphorylation on 

either Y492 or Y493, only cell lysates stimulated 

with CD3 + H2O2 and CD3 were conducted for 

in-gel digest to obtain peptide mixture (see 

experimental). 
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Figure 4: ZAP-70 phosphopeptides obtained by stimulated Jurkat T-cells. a Schematic workflow of stimulation of cells 

and extraction of proteins. b Western blot analysis of various stimulated cells with anti-phosphotyrosine antibodies 

(pY493 and pY492). MALDI/MS spectrum of digested ZAP-70 phosphoproteins stimulated by c only CD3, d combination 

of CD3 + H2O2, e and f close-up of non-phosphorylated and phosphorylated peptides related with the target represented 

in the kinase domain sequence. LC-MS/MS fragmentation of g ALGADDSYpYTAR from CD3 sample, h ALGADDSpYYTAR 

from CD3+H2O2 sample. 
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The full length of ZAP-70 YY (non-

phosphorylated) protein (residues 1 – 619, 

Uniprot-P43403) was given in (see SI) and the 

peptide sequence in kinase domain was 

highlighted (residues 476 – 500). The MS-digest 

(cleavage by trypsin) list of possible short 

peptides of ZAP-70 YY (Table S2) and various 

phosphorylation states in the kinase domain 

namely: non-phosphorylated (Y0Y0), Y492 

phosphorylated (YPY0), Y493 phosphorylated 

(Y0YP), and both phosphorylated (YPYP) with 

their mass-to-charge ratio was shown in Table 

S3. The sample complexity and peptide profiles 

of digested ZAP-70 p-proteins were screened 

using MALDI-MS (Fig. 4c, d). Y0Y0 (1302.5), YPY0 

or Y0YP (1382.5) and YPYP (1462.5) peptide 

sequences were identified. Particularly, the 

superimposed spectra shown in Fig. 4e and f 

stands for the peptides corresponding to 

residues 485–496 of human ZAP-70 in their 

different phosphorylation states.  

Confident phosphorylation site localization was 

achieved by LC-MS/MS fragmentation 

producing high sequence coverage and 

conserving the phosphorylation on fragment 

ions (Fig. 4g, 4h, Fig. S5). Comparison of 

fragmentation patterns of single p-peptides, 

the corresponding fragments peaks (indicated 

y-ions in Fig. 4g, 4h) for ALGADDSYpYTAR (m/z 

= 590.2) and ALGADDSpYYTAR (m/z = 510.2) 

were confirmed the overexpressed phospho-

sites. 

Enrichment of p-peptides from natural extract 

For the enrichment of p-peptides obtained 

from stimulated digest, we tested the 

performance of YpY MIP and pYY MIP with 

peptide mixtures obtained from CD3 and CD3 + 

H2O2 stimulated digest, respectively. MALDI-

MS profiles of FT+W (Flow through+washing) 

and E (elution) fractions obtained from 

enrichment using YpY and pYY MIPs shown in 

Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Enrichment profile of YpY and pYY MIPs. MALDI-MS spectrum of Flow Through + Wash (FT+W) and Elution (E) 

fractions obtained from enrichment using a YpY MIP and b pYY MIP, c and d close up for assigned peptides (YY, YpY or 

pYY, and pYpY) and e and f close up for target p-peptide either YpY or pYY. 
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As can be seen in Fig. 5 and Fig. S6, the 

abundance of peptides is lower in E fractions 

compared to FT+W fractions. In the 

comparison of target short peptide region 

between 1290 – 1490 m/z range where none 

(1302.5), single (1382.5) and double (1463.5) 

phosphorylated peptides can be detected (Fig. 

5c and 5d), non-phosphorylated peptides was 

found in FT+W fraction while the abundance of 

phosphorylated peptides were found more 

pronounced in the E fraction (Fig. 5e and 5f). 

Discussion and Outlook 

Overall, in this study, sequence specific pTyr-

targeting imprinted polymer were synthesized 

regarding to the target ZAP-70 which is 

prognosticator for CLL disease. The presented 

proof-of-concept results showed that synthetic 

receptors synthesized by imprinting approach 

are capable of enrichment target p-peptide in 

sequence specific manner from complex 

mixture at very low spiking level. This level of 

selectivity discrimination via artificial receptors 

would lead in diagnostic applications in the 

case of biomarker discovery after completing 

more experiment on enrichment of target p-

peptides from natural extract, optimization of 

enrichment conditions, testing all polymers 

and conclude the particular selectivity 

achieved using these binders.  

Experimental Section and Methods 
Preparation of Imprinted Polymers. The bis-

tetrabutylammonium (bis-TBA) salt of Fmoc-Tyr-pTyr-Gly-

OMe, Fmoc-pTyr-Tyr-Gly-OMe (0.25 mmol) and Fmoc-

pTyr-pTyr-Gly-OMe (0.125 mmol) as a template, urea 

functional monomer (1) (0.5 mmol), pentaerythritol 

triacrylate (PETA) (13.3 mmol) as crosslinker (CL), 

acetonitrile (MeCN) (6.1 mmol) as a solvent and 

azobis(2,4-dimethyl)valeronitrile (ABDV) (1% w/w of total 

monomer amount) as initiator, respectively. For 

preparation of YY MIP, Fmoc-Tyr-Tyr-Gly-OMe as a 

template was used otherwise followed exactly same 

procedure as above. The each prepared solution for the 

polymerization was purged with a flow of nitrogen gas for 

5 min. and the polymerization was initiated by placing the 

solution containers in a water bath heated to 50 oC for 

overnight. Each container was removed after 

polymerization and the polymers were crushed, and 

washed by MeOH:1N HCl (1:1/v:v) x 3 times and MeOH x 

2 times for the removal of template. This process was 

followed by sieving to obtain the particles between 25 µm 

and 50 µm to use the polymers for further analysis. 

Binding Test Using Short Peptides. Each polymer (10 mg) 

was suspended in 1.0 mL of a mixture of equimolar 

GADDSYYTAR, GADDSYpYTAR, GADDSpYYTAR, and 

GADDSpYpYTAR (each 20 µM) prepared in various ratios 

of MeCN:H2O buffered with 0.1% TFA, FA, or TEA. The 

same test was also completed using aqueous buffers at 

different pH = 1.0, 3.0, 5.0, 7.4, 9.2. Each suspension was 

shaken vigorously for 2 h to provide binding equilibrium 

and then each sample was centrifuged. The supernatant 

(500 µL) was dried by using Genevac EZ-2 evaporator, 

then reconstituted in 95% H2O + 0.1% TFA (200 µL), and 

analyzed by reversed phase HPLC. The column was 

Prodigy 5 m ODS-3 100 Å (Phenomenex, 150 x 4.6 mm). 

Mobile phases were (A) 100% H2O + 0.1% TFA and (B) 

100% MeCN + 0.1 % TFA. A linear gradient method of 5% 

B to 20% B in 10 min at a flow rate of 1.5 mL/min. was 

used. The injection volume was 100.0L and the 

detection was performed by UV absorbance 

measurement at 275.0 nm. All experiments were 

performed in three parallel replicas. 

Binding Isotherms. The imprinted polymers (10.0 mg) 

were separately suspended in 1.0 mL solution of different 

concentrations (0 – 100 M) of the peptides 

(GADDSYYTAR, GADDSYpYTAR, GADDSpYYTAR, 

GADDSpYpYTAR) in 90% MeCN + 0.1% TFA and aqueous 

buffer at pH = 7.4. The vials were shaken for 2 h followed 

by centrifugation and quantification of unbound analyte 

by HPLC using the method described above. The amount 

of bound analyte per unit mass of polymer (B) was 

calculated. The binding curves were constructed by 

plotting the graph B (µmol/g) corresponding to free 

concentration, Cfree, and were subsequently fitted in the 

GraphPad Prism 7 software (GraphPad Software, La Jolla, 

CA, USA) by Langmuir mono-site binding model in the 

following formula, which is Y = Bmax*X/(Kd + X), to 

calculate Bmax and Ka. 

LC MS/MS Analysis. ZAP70 peptides were spiked in 12 

protein digest (Carbonic anhydrase, BSA, Ovalbumin, 

Alpha casein, Beta casein, Beta lacto globulin, RNaseB, 

Alcohol dehydrogenase, Myoglobin, Transferrin, 

Lysozyme, Alpha amylase) with two different spiking 

level: 1:10 (1 pmol of peptide mix:10 pmol digest) and 

1:100 (100 fmol of peptide mix:10 pmol digest). Each 

solution was prepared in 90% MeCN + 0.1% TFA. The 

polymer particle (10 mg) was packed in single fritted SPE 

cartridges (ISOLUTE, Biotage) and was protected with a 

frit on top. In the enrichment protocol, the polymers were 

conditioned by using 90% MeCN + 0.1% TFA (3 x 1 mL) 

followed by loading the spiked solution (1 mL prepared by 

90% MeCN + 0.1% TFA). The washing step was performed 

by using loading solution (2 x 0.5 mL) and 100% H2O + 
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0.1% TFA (2 x 0.5 mL), lastly the elution step was done by 

using two solutions, which were 80% MeOH + 0.1% TFA 

(0.5 mL) and 100% MeOH + 0.1% TFA (0.5 mL). In the 

regeneration, each SPE column was washed with 

following solutions: 80% MeOH + 20% HCI (0.1 M) (3 x 1 

mL), 100% H2O (3 x 1 mL), and 90% MeCN + 0.1% TFA (3 

x 1 mL). Three fractions as loading (L), washing (W), and 

elution (E) were dried and elution fractions were used to 

test in LC-MS analysis. Each dried elution fraction for 

different spiking level with three replicas were tested in 

LC-MS analysis. Each fraction was firstly dissolved, 

vortexed and sonicated. The preparation of fraction for 

testing in LC-MS followed as: 1:100 elution fractions were 

dissolved in 18.8 µL in 0.1% FA (5.5 fmol/µL) and then 2 

µL of the solution was diluted in 9 µL of loading solvent, 

1:10 elution fractions were dissolved in 181.1 µL of 0.1% 

FA (5.5 fmol/µL) and then 2 µL of the solution was diluted 

in 9 µL of loading solvent (each dilution process was 

estimated as 1 fmol/µL peptides exist). . Redissolved 

peptide samples were then analyzed on a Dione Ultimate 

3000 RSLCnano system coupled online to an Orbitrap 

Fusion Tribrid mass spectrometer (Thermo Scientific). In 

the analysis of sample, 10 fmol of each elution fraction 

(approximately) was injected in 10 µL for 1 fmol/µL of 

peptides as expecting an elution of 100% recovery. This is 

the way to compare each elution fraction among each 

other. Additionally, two positive controls, which are 10.0 

fmol injection of equimolar of ZAP70 peptides and 1:10 

spiking solution in 10 fmol of ZAP70 peptides spiked in 

100 fmol of protein digest, were analyzed. The LTQ-

Orbitrap Velos was operated in positive ion mode with 

data-dependent acquisition. The full scan was acquired in 

the Orbitrap with an automatic gain control (AGC) target 

value of 1 × 106 ions and a maximum fill time of 500 ms. 

Full-MS scans were acquired with resolution of 60 000 

fwhm followed by 10 MS/MS scans of the most intense 

ions, also acquired with a mass resolution at 15000 (HCD 

normalized collision energy = 35; activation time 10 ms). 

Raw data were viewed in Xcalibur v2.0.7 (Thermo Fisher 

Scientific, U.S.A.). 

Stimulation of cells and protein analysis. Jurkat (ATCC 

TIB-152), were cultured under conventional conditions 

(37°C,  humidified atmosphere, containing 5% CO2) in 

RPMI-1640 supplemented with 10% FCS (Gibco), sodium 

pyruvate (1 mM) and glucose (4.5 g l_1), penicillin and 

streptomycin. Before stimulation, cells were serum 

starved for 3 hours before stimulation. Thereafter cells 

were sedimented at 300 x g for 5 min and resuspended at 

3 x 106 cells/ml in RPMI-1640 without serum and 

stimulated with either anti-CD3 (mouse monoclonal, 

clone OKT3, Sigma aldrich, USA) at the indicated 

concentrations, anti-CD3 with 3% H2O2 (VWR, USA) and 

3% H2O2 for 2 min at 37°C. To find out the optimal 

stimulation, cells were also stimulated with sodium 

orthovanadate (Sigma-Aldrich, Sweden) and sodium 

orthovanadate with 3% H2O2 for 15 min at 37°C. After 

stimulation, cells were immediately placed on ice, 1 ml ice 

cold DPBS were added quickly before centrifugation at 

300 x g for 5 min. The pellets were lysed for 30 min at 4°C 

with 150 µl lysis buffer (RIPA, Thermo Scientific, USA) 

including phosphatase inhibitor PhosSTOP (Sigma aldrich, 

USA) as well as protease inhibitor (Sigma aldrich, USA). 

Cellular debris were sedimented at 12 000 x g for 20 min 

at 4°C and supernatant harvested and stored at -80°C for 

subsequent studies. Quantitation of proteins were 

performed with PierceTM BCA protein assay kit (Thermo 

Scientific, USA). SDS-PAGE and Western blotting were 

performed according to the manufacturer. Briefly, 

reduced SDS-PAGE was performed with Bio-Rad 

CriterionTM 12% respectively 7,5% TGX Stain-FreeTM 

Precast gels (Bio-Rad Laboratories, Hercules,CA) and 

proteins were transferred to 0,2 μm PVDF (Bio Rad, USA) 

using Trans-blot Turbo transfer pack, mini format Trans 

blot Turbo Transfer system (Bio Rad, USA), Mini-PROTEAN 

TGX (Bio Rad, USA). Thereafter membranes were blocked 

with 0,1% TBS-T with 5 % BSA for 60 min with agitation 

before  incubation with Rabbit polyclonal antibodies to 

ZAP70 phospho Y493 (Abcam, Storbritannien), Rabbit 

monoclonal antibodies [EP2291Y] to ZAP70 phospho Y492 

(Abcam, Storbritannien), and Anti-beta Actin antibodies 

(Abcam, Storbritannien. Antibody binding was detected 

with secondary antibodies Goat Anti-Rabbit IgG H&L 

(HRP) (Abcam, Storbritannien) and HRP Anti-beta Actin 

antibody (Abcam, Storbritannien) and  enhanced via  

Clarity MaxTM Western ECL  chemiluminescence (ECL) 

detection kit (Amersham, Buckinghamshire, United 

Kingdom). The ChemiDoc Imaging systems (Bio Rad, USA) 

were used for imaging.   

In-gel Proteolytic Digest. 25 mM NH4HCO3 (100 mg/50 

ml), 25 mM NH4HCO3 in 50% MeCN, 50% MeCN/5% 

formic acid, 12.5 ng/μL trypsin in 25mM NH4HCO3 were 

firstly prepared. Acrylamide gel was cut between 50 kDa 

to 75 kDA – where ZAP-70 phosphoprotein were 

detected- and gel was sliced into small pieces and placed 

into siliconized tubes. Gels were covered with 500 μL of 

25 mM NH4HCO3 in 50% MeCN, vortexed for 15 min. and 

the supernatant discarded. This protocol repeated twice. 

The gels were dried using Speed Vac. to complete 

dryness. The dried gels were then incubated with 200 μL 

of 10 mM DTT in 25 mM NH4HCO3 (1.5 mg/mL) for 1 h at 

56°C. After reaction, the supernatant was removed and 

200 μL of 55 mM iodoacetamide in 25 mM NH4HCO3 (10 

mg/mL) was added. The reaction allowed proceeding in 

the dark for 45 minutes at room temperature. Then, the 

supernatant was removed and the fels were washed with 

200 μL of 25 mM NH4HCO3 and vortexed for 15 min. This 

protocol was repeated three times and then the gels were 

dehydrated with 25 mM NH4HCO3 in 50% MeCN. The 

protocol was repeated twice and the gels were dried 

completely using Speed Vac. For digest, 100 uL of 12.5 
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ng/μL trypsin in 25mM NH4HCO3 was added and the 

containers were placed on ice for 15 minutes for 

dehydration. Before incubation, 200 µL of 25 mM 

NH4HCO3 in 50% MeCN was added and the samples were 

incubated at 37°C for 16 h. After, the solution was 

transferred to clean tube and 100 uL of 50% MeCN/5% 

formic acid was added into gel pieces and vortexed for 30 

minutes and the extracted digested pooled together. This 

protocol was repeated for three times and the extracted 

protein digest samples was concentrated. 

MALDI-TOF MS/MS Analysis. The residue was dissolved 

in H2O + 0.1% TFA (10 µL). The 1 µL of matrix solution 

(DHB matrix was prepared by dissolving 25 mg DHB in 1 

mL of 50% MeCN and 1% phosphoric acid + 0.1% TFA) and 

1 µL of sample was deposited together on the target 

plate. Mass-spectrometric analysis of the fractions was 

performed using a MALDI reflector time-of-flight mass 

spectrometer (Ultraflex mass spectrometer, Bruker-

Daltonics GmbH, Bremen, Germany) equipped with a 

Scout-384 source in positive reflector mode unless 

otherwise stated. The spectra was collected by 

accumulating 5000 laser shots under linear mode (relative 

laser focus: 80%) and further analyzed with the 

Flexanalysis 3.0 software (Bruker Daltonics). The scanning 

was performed by using the RP Pepmix Par method, and 

the mass spectra were analyzed with flex Control 

software (Brucker Daltonic FLEXControl). 
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1. Materials 

Pentaerythritol triacrylate (PETA) was from Polysciences (Warrington, PA, USA). N,N0 -azo-bis(2,4-

dimethyl)valeronitrile (ABDV) was from Wako Chemicals GmbH (Neuss, Germany); 1-hydroxybenzotriazole 

(HOBt), 1,2,2,6,6-pentamethylpiperidine (PMP), triethylammonium bicarbonate (TEAB) buffer (1 M), acetic 

anhydride (Ac2O) and formic acid (FA) were from Fluka (Deisenhofen, Germany). Trifuoroacetic acid (TFA), 

acetonitrile (ACN), methanol (MeOH) were from VWR chemicals. Dry dichloromethane (dry DCM), triethylamine 

(TEA), ammonium hydrogen difuoride (NH4HF2), 2,5-dihydroxybenzoic acid (DHB), piperidine, ninhydrin, 

acrylamide, iodoacetamide (IAA) and 1,4-dithiothreitol (DTT) were from Sigma-Aldrich (Milwaukee, USA). 

Dimethylformamide (DMF), dry acetonitrile (dry ACN) were from Acros Organics. Fmoc-pTyrOH, Fmoc-pSer-OH, 

Fmoc-Tyr-OH and Fmoc-Gly-OH were from Bachem GmbH (Weil am Rhein, Germany). FmocTyr(PO(NMe2)2)-OH, 

N-ethyldiisopropylamine (DIPEA), (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafuorophosphate 

(PyBOP) and dichloromethane (DCM) were from Merck KGaA (Dramstadt, Germany). Empore C8 extraction disk 

was from 3M Bioanalytical Technologies (St. Paul, MN, USA). Trypsin was from Promega (Madison, WI, USA). 

Proteins and peptides. The twelve proteins used for protein digestion were: carbonic anhydrase (bovine), 

ribonuclease B (bovine pancreas), serum albumin (bovine), lactoglobulin (bovine), -casein (bovine), -casein 

(bovine), ovalbumin (chicken), lysozyme (chicken), alcohol dehydrogenase (Baker's yeast), myoglobin (whale 

skeletal muscle), -amylase (Bacillus species) and transferrin (human). Phosphopeptides GADDSpYpYTAR, 

GADDSpYYTAR, GADDSYpYTAR, GADDSYYTAR were custom synthesized by LifeTein LLC. 
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2. Synthesis of Templates 

Esterification of amino acids on 2-chloro trithyl chloride followed by deprotection 

 

The esterification of aminoacids on solid support was conducted in followed protocol, 5 g of 2-chloro trityl 

chloride (1.55 mmol of CI per g of resin) was added in a 50 mL capacity solid cartridge. Then followingly, Fmoc-

Gly-OH (4.62 g) and 40 mL DCM were added. DIPEA (6.8 mL) was added in the mixture. The resultant solution 

was shaked for 1 h. After shaking, the solvent was removed, the resin was washed with DCM (3 x 20 mL), then 

DCM:MeOH:DIPEA (80:15:5) once, and it is filtered after shaking for 10 min. The resin was consecutively washed 

by DCM (3 x 20 mL), MeOH (3 x 20 mL), and Et2O (3 x 20 mL). After excess washing, the resin was dried in the 

vacuum oven for 1 h and then Fmoc quantification was completed as explained follow: Fmoc-Gly-2CI trityl resin 

(5 mg) was taken in 20 mL volumetric flask and piperidine (2 mL of 20% v/v in DMF) was added. The solution was 

shaken for 1 hour and then diluted by using MeOH. The solution absorbance was measured at 313.0 nm for the 

determination of Fmoc quantitatively. The loading vale (f) as mmol/g was calculated by using equation 1 and 2. 

   Equation 1:       𝑓` =
1000∗𝑓

1000−(𝑓∗𝑀𝑤 𝑎𝑑𝑑𝑒𝑑)
                                Equation 2:       𝑓 =

1.28∗ 𝐴∗2

#𝑚𝑔 𝑜𝑓 𝑟𝑒𝑠𝑖𝑛
 

 

The quantification of Fmoc- group was completed by using two masses and their corresponding absorbance 

value. Fmoc- amounts were calculated as 0.727 and 0.789 mmol/g for 6.14 mg of resin (=1.744) and for 6.79 

mg of resin (= 2.094), respectively. The average of Fmoc amount/g of resin was found as 0.75 mmol/g. The 

esterification of aminoacids and coupling reaction between Fmoc-Gly-OH and resin was confirmed after the 

quantification of Fmoc-protecting group by spectroscopic method. Therefore, the Fmoc de-protection was 

carried out washing the resin using piperidine (40 mL of 20% v/v in DMF) for shaking 8 min. This step was 

repeated twice and the consecutive washing step was done by using DCM (3 x 20 mL), MeOH (3 x 20 mL), and 

Et2O (3 x 20 mL). After washing, the resin was vacuum dried overnight. 

 

 

 

             Esterification of resin by Fmoc-Gly-OH (A) and then deprotection of Fmoc- group (B) 
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Coupling of Fmoc-Tyr(t-Bu)-OH on NH2-Gly-2CI-Trt-resin 

 

 

In the coupling of Fmoc-Tyr(t-Bu)-OH on NH2-Gly-2CI-Trt-resin protocol, 1 g of NH2-Tyr(t-Bu)-Gly-OH loaded resin 

was taken in a 10 mL capacity solid phase cartridge and Fmoc-Tyr(t-Bu)-OH (1.38 g) was added. Then, BOP (1.32 

g), HOBT (0.43 g) and DMF (6 mL) were following added. DIPEA (1.1 mL) was finally added in the resultant mixture. 

The reaction was completed after 4 h, then the solvent was removed, and the resin was washed using DCM (3 x 

15 mL), MeOH (3 x 15 mL), and Et2O (3 x 15 mL), consecutively. After washing, the resin was dried and kept at 

4oC. The deprotection of Fmoc was conducted the same manner as it was explained in the previous section. 

 

 

 

 

 

 

               Coupling of Fmoc-Tyr(t-Bu)-OH on NH2-Gly-2CI-Trt-resin (A) and deprotection of Fmoc- group (B) 
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Coupling of Fmoc-Tyr(PO3(NMe2)2)-OH on NH2-Gly-2CI-Trt-resin 

 

In the coupling of Fmoc-Tyr(PO3(NMe2)2)-OH on NH2-Gly-2CI-Trt-resin protocol, 2 g of NH2-Tyr(t-Bu)-Gly-OH 

loaded resin was taken in a 25 mL capacity solid phase cartridge and Fmoc-Tyr(PO3(NMe2)2)-OH (1.24 g) was 

added. Then, BOP (1.21 g), HOBT (0.365 g) and DMF (15 mL) were following added. DIPEA (1 mL) was finally 

added in the resultant mixture. The reaction was completed after 4 h, then the solvent was removed, and the 

resin was washed using DCM (3 x 15 mL), MeOH (3 x 15 mL), and Et2O (3 x 15 mL), consecutively. After washing, 

the resin was dried and kept at 4oC. The deprotection of Fmoc was conducted the same manner as it was 

explained in the previous section. 

 

 

 

 

 

 

 

         Coupling of Fmoc-Tyr(PO3(NMe2)2)-OH on NH2-Gly-2CI-Trt-resin (A) and then deprotection of Fmoc- group (B) 
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Coupling of building blocks on resins for the formation of tripeptide structures 

The coupling of non-phosphorylated and phosphorylated building blocks, which are Fmoc-Tyr(t-Bu)-OH and 

Fmoc-Tyr(PO3N2Me4)-OH on NH2-Tyr(t-Bu)-Gly-trityl-resin and NH2-Tyr(PO3NMe2)2-Gly-trityl-resin was shown in 

Table S1. 

Epitope Fmoc-

Tyr(t-Bu)-

OH (g) 

Fmoc-

Tyr(PO3N2Me4)- 

OH (g) 

NH2- 

Gly(t-Bu)- 

OH  

resin (g) 

NH2-

Tyr(PO3N2Me4)- 

OH  

Resin (g) 

BOP 

(g) 

HOBT 

(g) 

DMF 

(mL) 

DIPEA 

(mL) 

YY 1.38 - 1.0 - 1.32 0.43 6 1.1 

YpY 1.38 - - 1.0 1.36 0.43 6 1.04 

pYY - 0.73 1.0 - 0.60 0.19 6 0.49 

pYpY - 0.73 - 1.0 0.60 0.19 6 0.49 

The synthesis was followed by the same manner as it was explained in the first coupling step by omitting 

deprotection of Fmoc group. Each synthesis was completed by using 10 mL capacity solid phase cartridges and 

each resin was washed using DCM (3 x 20 mL), MeOH (3 x 15 mL), and Et2O (3 x 15 mL) before dried and kept at 

4oC. The coupling for the preparation of each tripeptide sequences were shown below for the preparation of YY, 

YpY, pYY, and pYpY templates. 

 

Coupling of Fmoc-Tyr(t-Bu)-OH on NH2-Tyr(t-Bu)-Gly-trityl-resin for stable template (YY template) preparation. 

Coupling of Fmoc-Tyr(t-Bu)-OH on NH2-Tyr(PO3NMe2)2-Gly-trityl-resin for stable template (YpY template) preparation 
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Coupling of Fmoc-Tyr(PO3N2Me4)-OH on NH2-Tyr(t-Bu)-Gly-trityl-resin for stable template (pYY template) preparation 

Coupling of Fmoc-Tyr(PO3N2Me4)-OH on NH2-Tyr(PO3NMe2)2-Gly-trityl-resin for stable template (pYpY template) 

preparation 
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Clevage of peptides from solid support, methylation on C-terminus, and deprotection of O-[bis-

dimethylamino] group of phosphonoltyrosine-containing peptides 

 

 

 

Each peptide-resin complex was incubated using 10 mL of 30% HFIP prepared in DCM for 1 h and each resin was 

washed with DCM (2 x 10 mL) after filtration and evaporation of solvent. Then, each cleaved peptide was 

dissolved in MeOH:DCM (1:10) and (trimethylsilyl)diazomethane (2.0 M prepared in Et2O) was added dropwise 

in the peptide solution under flowing of N2 gas for methylation. Moreover, each peptide was added in 1 mL of 

TFA:H2O (9:1) for deprotection of O-[bis-dimethylamino] group. The cleavage of peptide, methylation and 

deprotection were monitored by bromophenol blue (BPB) test and confirmed by mass analysis (Table S2). 

  Tripeptide Structure After Cleavage After Methylation on C terminus After deprotection 

YY: Fmoc-Y-Y-G-OCH3 736.4 750.3 638.3 

YpY: Fmoc-Y-Y(OPO3H2)-G-OCH3 814.4 828.4 718.5 

pYY: Fmoc-Y(OPO3H2)-Y-G-OCH3 814.3 828.2 718.4 

pYpY: Fmoc-Y(OPO3H2)-Y(OPO3H2)-G-OCH3 892.3 906.4 798.0 

 

 

 

 

Cleavage of solid support resin from synthesized peptides (A) and methylation on C-terminus (B) 
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The synthesized templates were characterized by mass analysis and the spectrum were shown in Figure S1. 

 

Finally, each template was dissolved in H2O:t-BuOH (1:1) and MeCN:H2O (1:1) and the white powder from each 

was obtained after lyophilization. They are kept in the freezer to be used further experiment. YY, YpY, pYY, and 

pYpY MIPs were tested with the mixture of N- and C- protected templates prepared in 90% MeCN + 0.1% TFA. 

The binding results in Figure 1b confirms the selectivity of sequence specific binders for the corresponding target 

peptides.  

 

 

 

 

Figure S1: The mass analysis of synthesized templates after deprotection of O-[bis-dimethylamino] group and template 

binding. a Fmoc-Tyr-Tyr-Gly-OMe (1), Fmoc-Tyr-pTyr-Gly-OMe (2), Fmoc-pTyr-Tyr-Gly-OMe (3) and Fmoc-pTyr-pTyr-Gly-

OMe (4). The masses of peptide are M+H+ and M+Na+. b Template binding test.  
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Preparation of Protein Digestion 

12 protein digest was prepared by using following twelve proteins, which are carbonic anhydrase, bovine serum 

albumin (BSA), ovalbumin, -casein, -casein, -lactoglobulin, RNaseB, alcohol dehydrogenase, myglobulin, 

transferrin, lysozyme, and alpha amylase.  Each protein was prepared in 50 mM of triethylammonium 

bicarbonate (TEAB) buffer to achieve the final concentration of 50 pmol/µL (50 µM). The protein solution (100 

µL) of each was mixed with each other and the total volume and mass of mixture was identified as 1200 µL and 

2286.3 µg, respectively. The mixture was reduced by adding 12.1 µL of 1 M DTT and incubated at 56oC for 1 h. In 

next step, the mixture was alkylated by adding 24.7 µL of 1 M of IAA and incubated at room temperature in dark 

for 45 min. The alkylation process was stopped by adding 12.5 µL of 1 M DTT. In the last three steps that it was 

carried out, the total volume of mixture was increased to 1249.3 µL and the total protein concentration was 

decreased to 48.0 pmol/µL. From the total mixture solution. 82 µL (150 µg) was taken and it was digested 

overnight by using 2% (w/w) Promega trypsin. The digested solution was diluted with 0.1% TFA to achieve the 

final concentration until decreased to 1 pmol/µL and each aliquot was prepared as 10 µL and they were stored 

in the trypsin drawer at -20oC freezer.  

 

 

Batch binding of decapeptides using imprinted polymer 

 

 

 

 

Figure S2: The binding equilibrium test with an equimolar mixture of peptides, GADDSpYpYTAR, GADDSpYYTAR, 

GADDSYpYTAR, and GADDSYYTAR using sequence specific MIPs in nine different conditions: a. 90% MeCN + 0.1% TFA, 

b. 50% MeCN + 0.1% TFA, c. 5% MeCN + 0.1% TFA, d. 90% MeCN + 0.1% FA, e. 50% MeCN + 0.1% FA, f. 5% MeCN + 0.1% 

FA, g. 90% MeCN + 0.1% TEA, h. 50% MeCN + 0.1% TEA, i. 5% MeCN + 0.1% TEA. All experiments were recorded as three 

replicas. 
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Figure S3: The binding equilibrium test with an equimolar mixture of peptides, GADDSpYpYTAR, GADDSpYYTAR, 

GADDSYpYTAR, and GADDSYYTAR using sequence specific MIPs in aqueous buffers: a. pH = 1.0, b. pH = 3.0, c. pH = 5.0, 

d. pH = 7.4, e. pH = 9.2. All experiments were recorded as three replicas. 
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Table S1a: Binding properties of YpY and pYY MIPs in the presence of YpY and pYY peptides 

 

 

 

 

 

 

 

 

 

90% MeCN + 0.1% TFA YpY MIP : YpY peptide YpY MIP : pYY peptide pYY MIP : pYY peptide pYY MIP : YpY peptide

One site -- Specific binding

Best-fit values

Bmax 2.624 1.033 3.016 0.8903

Kd 2.661 0.3383 3.037 2.276

Std. Error

Bmax 0.2528 0.1594 0.1488 0.1109

Kd 1.407 0.2745 0.658 1.571

95% CI (profile likelihood)

Bmax 2,023 to 3,419 0,6583 to 1,423 2,67 to 3,394 0,6553 to 1,172

Kd 0,5051 to 10,39 0,04241 to 3,012 1,822 to 5,142 0,3931 to 8,178

Goodness of Fit

Degrees of Freedom 6 6 6 6

R square 0.9326 0.7242 0.9816 0.8877

Absolute Sum of Squares 0.602 0.5315 0.2115 0.1405

Sy.x 0.3167 0.2976 0.1877 0.153

Number of points

# of X values 8 16 24 32

# Y values analyzed 8 8 8 8

Aqueous buffer at pH=7.4 YpY MIP : YpY peptide YpY MIP : pYY peptide pYY MIP : pYY peptide pYY MIP : YpY peptide

One site -- Specific binding

Best-fit values

Bmax 0.9514 0.052 1.371 0.0579

Kd 13.04 0.05411 18.14 2.022

Std. Error

Bmax 0.06982 0.002192 0.08516 0.003999

Kd 3.024 0.02558 3.246 0.7206

95% CI (profile likelihood)

Bmax 0,8148 to 1,119 0,04694 to 0,0571 1,202 to 1,579 0,04827 to 0,0687

Kd 8,079 to 21,18 0,00899 to 0,1521 12,42 to 26,73 0,5979 to 4,837

Goodness of Fit

Degrees of Freedom 8 8 8 8

R square 0.9756 0.9609 0.9867 0.9357

Absolute Sum of Squares 0.02408 0.0002168 0.02314 0.0002999

Sy.x 0.05487 0.005205 0.05378 0.006123

Number of points

# of X values 10 20 31 40

# Y values analyzed 10 10 10 10
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Table S1b: Binding properties of pYpY MIP in the presence of YpY, pYY and pYpY peptides 

 

 

 

 

 

 

 

 

 

90% MeCN + 0.1% TFA pYpY MIP : pYpY peptide pYpY MIP : pYY peptide pYpY MIP : YpY peptide

One site -- Specific binding

Best-fit values

Bmax 2.724 0.4982 0.2264

Kd 6.587 4.833 5.3

Std. Error

Bmax 0.1501 0.07183 0.05489

Kd 1.344 2.76 4.939

95% CI (profile likelihood)

Bmax 2,399 to 3,097 0,3513 to 0,6899 0,116 to 1,58

Kd 4,146 to 10,45 1,371 to 16,43 0,2878 to 408,3

Goodness of Fit

Degrees of Freedom 7 6 6

R square 0.9817 0.8503 0.6613

Absolute Sum of Squares 0.1558 0.04777 0.026

Sy.x 0.1492 0.08923 0.06582

Number of points

# of X values 9 17 25

# Y values analyzed 9 8 8

Aqueous buffer at pH=7.4 pYpY MIP : pYpY peptide pYpY MIP : pYY peptide pYpY MIP : YpY peptide

One site -- Specific binding

Best-fit values

Bmax 0.7622 0.08547 0.04683

Kd 13.21 0.9831 0.2343

Std. Error

Bmax 0.0582 0.009967 0.01025

Kd 3.174 0.9209 1.233

95% CI (profile likelihood)

Bmax 0,6483 to 0,9037 0,06396 to 0,1105 0,02506 to 0,07889

Kd 8,027 to 21,92 -0,4463 to 4,59 -1,358 to 13,59

Goodness of Fit

Degrees of Freedom 8 8 8

R square 0.9732 0.7776 0.1664

Absolute Sum of Squares 0.01683 0.002104 0.002615

Sy.x 0.04586 0.01622 0.01808

Number of points

# of X values 10 20 30

# Y values analyzed 10 10 10
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Enrichment of ZAP-70 decapeptides from complex mixture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Extracted LC-MS chromatogram of highlighting spiked ZAP-70 peptides (indicated in colors) at 1:100 spiking 

level corresponding to fractions after enrichment. a YpY-MIP E, b YpY-MIP FT+W, c YpY-MIP R, d pYY-MIP E, e pYY-MIP 

FT+W, f pYY-MIP R, h pYpY-MIP E, i pYpY-MIP FT+W, j pYpY-MIP R. E = Elution, FT + W = flow-through + loading, R = 

reference pYpY = GADDSpYpYTAR (green), YpY = GADDSYpYTAR (blue), pYY = GADDSpYYTAR (red), and YY = GADDSYYTAR 

(gray).  The light pink chromatogram in the background stands for full chromatogram. The left y-axis shows intensity of 

spiked peptides, the right y-axis refers for the intensity of full chromatogram. 
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Enrichment of ZAP-70 phosphopeptides obtained by stimulated Jurkat T-cells. 

  

 

The full length of ZAP-70 protein (residues 1 – 619, Uniprot-P43403) 

 

 

 

 

 

 

 

 

Scheme S2:  The schematic explanation of workflow of extraction ZAP-70 phosphopeptides obtained by stimulated Jurkat 

T-cells: WesternBlot, Immunoprecipitation, In-gel Proteolytic Digestion and Screening   
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Table S2: Tryptic MS-digest list of ZAP-70 protein (obtained by https://prospector.ucsf.edu/prospector/cgi-

bin/msform.cgi?form=msdigest) 

m/z m/z Start End Missed Sequence 
 

(mi) (av) 
  

Cleavages 
 

801.5094 802.0163 187 192 0 (K)FLLRPR(K) 

827.5098 828.0081 466 472 0 (R)NVLLVNR(H) 

866.4618 866.9954 477 484 0 (K)ISDFGLSK(A) 

886.5145 887.076 497 504 1 (R)SAGKWPLK(W) 

892.4458 893.0616 354 360 1 (R)QGVYRMR(K) 

902.5306 903.0727 370 377 1 (K)VLKQGTEK(A) 

908.4407 909.0609 354 360 1 (R)QGVYRMR(K) 

909.4723 910.0922 354 360 1 (R)QGVYRMR(K) 

910.4339 911.0709 221 228 0 (K)YCIPEGTK(F) 

914.5669 915.1275 362 369 1 (K)KQIDVAIK(V) 

925.4672 926.0916 354 360 1 (R)QGVYRMR(K) 

926.4578 927.0076 18 25 0 (R)AEAEEHLK(L) 

929.6043 930.1914 187 193 1 (K)FLLRPRK(E) 

982.3968 983.1136 378 385 0 (K)ADTEEMMR(E) 

995.523 996.2209 243 251 0 (K)ADGLIYCLK(E) 

998.3918 999.1129 378 385 0 (K)ADTEEMMR(E) 

999.5106 1000.1029 604 613 0 (K)VEGPPGSTQK(A) 

1005.471 1006.1725 595 603 0 (R)ACYYSLASK(V) 

1011.5582 1012.1606 152 160 0 (K)LIATTAHER(M) 

1014.3867 1015.1123 378 385 0 (K)ADTEEMMR(E) 

1039.5055 1040.1245 177 186 0 (K)LYSGAQTDGK(F) 

1082.553 1083.2453 56 63 0 (R)FHHFPIER(Q) 

1095.5582 1096.2384 125 132 1 (R)DYVRQTWK(L) 

1099.5201 1100.246 90 99 0 (R)DPDGLPCNLR(K) 

1109.6929 1110.3907 363 372 1 (K)QIDVAIKVLK(Q) 

1124.5517 1125.2995 120 128 1 (R)DAMVRDYVR(Q) 

1126.7194 1127.4213 363 372 1 (K)QIDVAIKVLK(Q) 

1140.5466 1141.2988 120 128 1 (R)DAMVRDYVR(Q) 

1166.5874 1167.3777 218 228 1 (K)AGKYCIPEGTK(F) 

1167.6004 1168.2997 176 186 1 (R)KLYSGAQTDGK(F) 

1175.6055 1176.3225 64 75 0 (R)QLNGTYAIAGGK(A) 

1192.6321 1193.3532 64 75 0 (R)QLNGTYAIAGGK(A) 

1198.644 1199.366 456 465 1 (K)NFVHRDLAAR(N) 

1236.7021 1237.5566 241 251 1 (K)LKADGLIYCLK(E) 

1276.7082 1277.5812 26 37 0 (K)LAGMADGLFLLR(Q) 

1277.6096 1278.4842 161 170 0 (R)MPWYHSSLTR(E) 

1292.6126 1293.5589 593 603 1 (R)MRACYYSLASK(V) 

1292.7031 1293.5805 26 37 0 (K)LAGMADGLFLLR(Q) 

1293.6045 1294.4836 161 170 0 (R)MPWYHSSLTR(E) 

1298.5987 1299.5028 505 514 0 (K)WYAPECINFR(K) 

1302.5961 1303.3791 485 496 0 (K)ALGADDSYYTAR(S) 
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1305.6507 1306.5327 545 556 0 (K)GPEVMAFIEQGK(R) 

1308.6075 1309.5583 593 603 1 (R)MRACYYSLASK(V) 

1321.6457 1322.532 545 556 0 (K)GPEVMAFIEQGK(R) 

1326.7641 1327.5818 466 476 1 (R)NVLLVNRHYAK(I) 

1334.6852 1335.5144 451 460 1 (K)YLEEKNFVHR(D) 

1353.7961 1354.605 461 472 1 (R)DLAARNVLLVNR(H) 

1365.7161 1366.5692 473 484 1 (R)HYAKISDFGLSK(A) 

1366.7001 1367.5538 207 217 0 (K)TVYHYLISQDK(A) 

1426.6936 1427.678 505 515 1 (K)WYAPECINFRK(F) 

1442.7526 1443.6497 194 206 0 (K)EQGTYALSLIYGK(T) 

1461.7519 1462.7213 545 557 1 (K)GPEVMAFIEQGKR(M) 

1477.7468 1478.7207 545 557 1 (K)GPEVMAFIEQGKR(M) 

1508.6356 1509.6638 373 385 1 (K)QGTEKADTEEMMR(E) 

1514.8326 1515.7633 42 55 0 (R)SLGGYVLSLVHDVR(F) 

1515.7108 1516.68 604 619 1 (K)VEGPPGSTQKAEAACA(-) 

1524.6305 1525.6632 373 385 1 (K)QGTEKADTEEMMR(E) 

1525.6621 1526.6945 373 385 1 (K)QGTEKADTEEMMR(E) 

1540.6254 1541.6626 373 385 1 (K)QGTEKADTEEMMR(E) 

1541.657 1542.6938 373 385 1 (K)QGTEKADTEEMMR(E) 

1554.8203 1555.8252 229 240 0 (K)FDTLWQLVEYLK(L) 

1557.6519 1558.6932 373 385 1 (K)QGTEKADTEEMMR(E) 

1564.7862 1565.9056 543 556 1 (K)MKGPEVMAFIEQGK(R) 

1570.8475 1571.8249 193 206 1 (R)KEQGTYALSLIYGK(T) 

1580.7811 1581.905 543 556 1 (K)MKGPEVMAFIEQGK(R) 

1582.6777 1583.7957 76 89 0 (K)AHCGPAELCEFYSR(D) 

1596.776 1597.9044 543 556 1 (K)MKGPEVMAFIEQGK(R) 

1622.8537 1623.8605 207 220 1 (K)TVYHYLISQDKAGK(Y) 

1645.7816 1646.7645 485 500 1 (K)ALGADDSYYTARSAGK(W) 

1648.7813 1649.7651 284 298 0 (R)IDTLNSDGYTPEPAR(I) 

1690.8184 1691.8519 580 592 0 (K)WEDRPDFLTVEQR(M) 

1774.8911 1776.017 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 

1776.9611 1778.2055 26 41 1 (K)LAGMADGLFLLRQCLR(S) 

1792.9561 1794.2049 26 41 1 (K)LAGMADGLFLLRQCLR(S) 

1795.9993 1797.1609 229 242 1 (K)FDTLWQLVEYLKLK(A) 

1804.8824 1805.9537 283 298 1 (R)RIDTLNSDGYTPEPAR(I) 

1816.9017 1818.0545 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 

1821.997 1823.118 177 192 1 (K)LYSGAQTDGKFLLRPR(K) 

1822.9098 1824.1707 501 514 1 (K)WPLKWYAPECINFR(K) 

1826.9218 1828.1129 386 400 0 (R)EAQIMHQLDNPYIVR(L) 

1842.9167 1844.1123 386 400 0 (R)EAQIMHQLDNPYIVR(L) 

1891.8756 1893.1007 161 175 1 (R)MPWYHSSLTREEAER(K) 

1905.9316 1907.2148 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 

1907.8705 1909.1001 161 175 1 (R)MPWYHSSLTREEAER(K) 

1921.9265 1923.2142 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 

1947.9422 1949.2523 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 

1963.9371 1965.2517 1 17 0 (-)MPDPAAHLPFFYGSISR(A) 
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1977.96 1979.2384 580 594 1 (K)WEDRPDFLTVEQRMR(A) 

1985.9637 1987.2526 595 613 1 (R)ACYYSLASKVEGPPGSTQK(A) 

1993.9549 1995.2378 580 594 1 (K)WEDRPDFLTVEQRMR(A) 

1998.0589 1999.3569 38 55 1 (R)QCLRSLGGYVLSLVHDVR(F) 

2006.0012 2007.2868 335 353 0 (R)DNLLIADIELGCGNFGSVR(Q) 

2015.0855 2016.3876 38 55 1 (R)QCLRSLGGYVLSLVHDVR(F) 

2053.0812 2054.319 133 151 0 (K)LEGEALEQAIISQAPQVEK(L) 

2150.04 2151.3518 477 496 1 (K)ISDFGLSKALGADDSYYTAR(S) 

2162.1023 2163.4755 334 353 1 (K)RDNLLIADIELGCGNFGSVR(Q) 

2184.1482 2185.566 18 37 1 (R)AEAEEHLKLAGMADGLFLLR(Q) 

2200.1431 2201.5654 18 37 1 (R)AEAEEHLKLAGMADGLFLLR(Q) 

2211.1148 2212.6082 431 450 0 (R)EEIPVSNVAELLHQVSMGMK(Y) 

2213.0954 2214.5891 100 119 0 (R)KPCNRPSGLEPQPGVFDCLR(D) 

2227.1097 2228.6076 431 450 0 (R)EEIPVSNVAELLHQVSMGMK(Y) 

2243.1046 2244.607 431 450 0 (R)EEIPVSNVAELLHQVSMGMK(Y) 

2256.1672 2257.5757 56 75 1 (R)FHHFPIERQLNGTYAIAGGK(A) 

2270.1499 2271.6221 152 170 1 (K)LIATTAHERMPWYHSSLTR(E) 

2286.1448 2287.6214 152 170 1 (K)LIATTAHERMPWYHSSLTR(E) 

2367.2159 2368.7968 430 450 1 (K)REEIPVSNVAELLHQVSMGMK(Y) 

2383.2108 2384.7962 430 450 1 (K)REEIPVSNVAELLHQVSMGMK(Y) 

2399.2057 2400.7956 430 450 1 (K)REEIPVSNVAELLHQVSMGMK(Y) 

2446.2363 2447.8734 221 240 1 (K)YCIPEGTKFDTLWQLVEYLK(L) 

2468.2532 2470.0745 401 424 0 (R)LIGVCQAEALMLVMEMAGGGPLHK(F) 

2484.2481 2486.0739 401 424 0 (R)LIGVCQAEALMLVMEMAGGGPLHK(F) 

2500.2431 2502.0733 401 424 0 (R)LIGVCQAEALMLVMEMAGGGPLHK(F) 

2516.238 2518.0726 401 424 0 (R)LIGVCQAEALMLVMEMAGGGPLHK(F) 

2578.3677 2579.9858 42 63 1 (R)SLGGYVLSLVHDVRFHHFPIER(Q) 

2579.3352 2580.9155 129 151 1 (R)QTWKLEGEALEQAIISQAPQVEK(L) 

2595.2224 2596.9393 520 541 0 (R)SDVWSYGVTMWEALSYGQKPYK(K) 

2596.3617 2597.9462 129 151 1 (R)QTWKLEGEALEQAIISQAPQVEK(L) 

2609.314 2610.9699 335 358 1 (R)DNLLIADIELGCGNFGSVRQGVYR(M) 

2611.2174 2612.9386 520 541 0 (R)SDVWSYGVTMWEALSYGQKPYK(K) 

2618.1144 2620.1408 558 579 0 (R)MECPPECPPELYALMSDCWIYK(W) 

2634.1093 2636.1402 558 579 0 (R)MECPPECPPELYALMSDCWIYK(W) 

2650.1042 2652.1395 558 579 0 (R)MECPPECPPELYALMSDCWIYK(W) 

2663.1799 2665.0189 76 99 1 (K)AHCGPAELCEFYSRDPDGLPCNLR(K) 

2682.3311 2684.0019 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2723.3174 2725.1144 520 542 1 (R)SDVWSYGVTMWEALSYGQKPYKK(M) 

2724.3416 2726.0394 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2739.2654 2741.0954 64 89 1 (R)QLNGTYAIAGGKAHCGPAELCEFYSR(D) 

2739.3123 2741.1138 520 542 1 (R)SDVWSYGVTMWEALSYGQKPYKK(M) 

2756.2919 2758.1261 64 89 1 (R)QLNGTYAIAGGKAHCGPAELCEFYSR(D) 

2774.2155 2776.3294 557 579 1 (K)RMECPPECPPELYALMSDCWIYK(W) 

2785.3695 2787.2774 100 124 1 (R)KPCNRPSGLEPQPGVFDCLRDAMVR(D) 

2790.2104 2792.3288 557 579 1 (K)RMECPPECPPELYALMSDCWIYK(W) 

2790.3008 2792.2038 378 400 1 (K)ADTEEMMREAQIMHQLDNPYIVR(L) 
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2790.4349 2792.1808 194 217 1 (K)EQGTYALSLIYGKTVYHYLISQDK(A) 

2801.3644 2803.2768 100 124 1 (R)KPCNRPSGLEPQPGVFDCLRDAMVR(D) 

2806.2053 2808.3282 557 579 1 (K)RMECPPECPPELYALMSDCWIYK(W) 

2806.2957 2808.2031 378 400 1 (K)ADTEEMMREAQIMHQLDNPYIVR(L) 

2813.3716 2815.1997 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2822.2906 2824.2025 378 400 1 (K)ADTEEMMREAQIMHQLDNPYIVR(L) 

2829.3665 2831.199 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2838.2855 2840.2019 378 400 1 (K)ADTEEMMREAQIMHQLDNPYIVR(L) 

2855.3821 2857.2372 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2871.377 2873.2366 1 25 1 (-)MPDPAAHLPFFYGSISRAEAEEHLK(L) 

2873.4423 2875.3535 431 455 1 (R)EEIPVSNVAELLHQVSMGMKYLEEK(N) 

2889.4373 2891.3529 431 455 1 (R)EEIPVSNVAELLHQVSMGMKYLEEK(N) 

2905.4322 2907.3522 431 455 1 (R)EEIPVSNVAELLHQVSMGMKYLEEK(N) 

3012.5905 3014.7737 401 429 1 (R)LIGVCQAEALMLVMEMAGGGPLHKFLVGK(R) 

3028.5855 3030.7731 401 429 1 (R)LIGVCQAEALMLVMEMAGGGPLHKFLVGK(R) 

3041.4494 3043.3219 252 282 0 (K)EACPNSSASNASGAAAPTLPAHPSTLTHPQR(R) 

3044.5804 3046.7724 401 429 1 (R)LIGVCQAEALMLVMEMAGGGPLHKFLVGK(R) 

3045.6215 3047.4568 133 160 1 (K)LEGEALEQAIISQAPQVEKLIATTAHER(M) 

3060.5753 3062.7718 401 429 1 (R)LIGVCQAEALMLVMEMAGGGPLHKFLVGK(R) 

3072.456 3074.4631 516 541 1 (K)FSSRSDVWSYGVTMWEALSYGQKPYK(K) 

3088.4509 3090.4624 516 541 1 (K)FSSRSDVWSYGVTMWEALSYGQKPYK(K) 

3197.5505 3199.5106 252 283 1 (K)EACPNSSASNASGAAAPTLPAHPSTLTHPQRR(I) 

3209.5017 3211.6131 299 326 0 (R)ITSPDKPRPMPMDTSVYESPYSDPEELK(D) 

3225.4966 3227.6125 299 326 0 (R)ITSPDKPRPMPMDTSVYESPYSDPEELK(D) 

3241.4915 3243.6119 299 326 0 (R)ITSPDKPRPMPMDTSVYESPYSDPEELK(D) 

3293.5976 3295.8124 90 119 1 (R)DPDGLPCNLRKPCNRPSGLEPQPGVFDCLR(D) 

3452.6236 3454.8774 299 328 1 (R)ITSPDKPRPMPMDTSVYESPYSDPEELKDK(K) 

3468.6185 3470.8768 299 328 1 (R)ITSPDKPRPMPMDTSVYESPYSDPEELKDK(K) 

3484.6134 3486.8762 299 328 1 (R)ITSPDKPRPMPMDTSVYESPYSDPEELKDK(K) 

 

Table S3: Phosphorylation states in the kinase domain 

Phosphorylation Site on Y492, Y493  

in kinase domain 

Peptide Sequence mass-to-

charge ratio 

Y0Y0 ALGADDSYYTAR 1302.59 

YPY0 ALGADDSpYYTAR 1382.35 

Y0YP ALGADDSYpYTAR 1382.35 

YPYP ALGADDSpYpYTAR 1462.12 
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Figure S5: Fragmentation patterns of ZAP-70 phosphopeptides obtained by stimulated Jurkat T-cells. Peptides obtained 

CD3 stimulation a. ALGADDSYYTAR, b. ALGADDSpYpYTAR, Peptides obtained CD3 + H2O2 stimulation c. ALGADDSYYTAR, d. 

ALGADDSpYpYTAR. 
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Figure S6: MALDI-MS profiles. a YpY MIP / FT+W fraction b YpY MIP / E fraction c pYY MIP / FT+W fraction d pYY MIP / E 

fraction. FT + W is flow through + washing and E is for elution. 







High salt compatible oxyanion receptors by dual
ion imprinting†

Sudhirkumar Shinde, ‡ Mona Mansour, § Anil Incel, Liliia Mavliutova,
Celina Wierzbicka and Börje Sellergren *

The design of hosts for either cations or anions is complicated due to the competition for binding by the

host or guest counterions. Imprinting relying on self-assembly offers the possibility to stabilize the guest

and its counterion in a favorable geometry. We here report on a comprehensive supramolecular

approach to anion receptor design relying on concurrent recognition of both anion and cation. This was

achieved by high order complex imprinting of the disodium salt of phenyl-phosphonic acid in

combination with neutral urea and sodium ion selective 18-crown-6 monomers. The polymers displayed

enhanced affinity for the template or inorganic phosphate or sulfate in competitive aqueous buffers, with

affinity and selectivity increasing with increasing ionic strength. The presence of engineered sites for

both ionic species dramatically increases the salt uptake in strongly competitive media such as brine.

Introduction

Anion recognition drives a multitude of processes which are
crucial for the living cell.1,2 The work horses in these processes
are anion receptors rened by evolution to discriminatively
bind anions in water. The performance of these receptors
becomes particularly impressive when considering that they
can exert their action in extreme environments in highly
competitive media of high ionic strength. An oen cited
example in this regard refers to the proteins designed to
specically bind the pyramidal oxoanions phosphate, sulfate
and arsenate.2–4 Discrimination between them occurs predom-
inantly through multiple complementary hydrogen bonding
involving main chain amides (nests) in a water poor microen-
vironment with less contribution by charged residues.5 The
ability of phosphate binding protein to select phosphate over
the isosteric arsenate with a selectivity factor of 4500 and sulfate
binding protein to bind sulfate specically with a binding
constant Ka ¼ 106 M�1 in water (pH 5–8) reect the perfection of
these receptors. Hence, this overturns the Hofmeister series of
the salting out tendency for anions which otherwise falls in the
order: SO4

2� > HPO4
2� > acetate.

From the above perspective, efforts to design biomimetic
anion hosts fall short. Anion recognition by neutral synthetic

receptors can be highly selective but the receptors are chal-
lenging to construct since hydrogen bonding is considerably
weaker in polar solvents.2,6 Moreover, ion recognition is
complicated by the necessary presence of their counterions. For
example, anion binding is electrostatically screened in high salt
media, a situation commonly exploited in ion exchange chro-
matography for modulating ion retention.7 To avoid this
screening effect, recognition at the air water interface8 or dual
ion receptors9,10 comprising preorganized receptors for both
anion and cation have been reported. The latter employ
combinations of known cation or anion recognition motifs held
together by appropriately designed spacers. In spite of the
promising progress this approach suffers from signicant
synthetic challenges in correctly placing the anion and cation
hosts to match the ion separation distance, hence requiring
a priori knowledge about ion pair solvation i.e. contact or
solvent separated.

This dilemma we believe can be addressed by turning from
bottom up design to top down strategies relying on self-
assembly. Hence potent anion receptors can be prepared by
polymerizing host monomers and a crosslinker in presence of
the anion guest followed by guest removal.11–21 The anion pre-
organizes the host which is covalently xed in a macromolec-
ular scaffold with tunable local polarity. Permanent imprinted
sites are achieved post template removal featuring enhanced
affinity for the templated ion. This concept can be further
exploited to incorporate sites for the counterion. Hence,
combining anion and cation host monomers we anticipate will
spontaneously lead to dual ion receptors{ with optimally
adjusted interhost distance for recognition in competitive
aqueous media.22 To demonstrate this concept, we have here
compared urea-based imprinted monoion phosphate receptors
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20506 Malmö, Sweden. E-mail: borje.sellergren@mau.se

† Electronic supplementary information (ESI) available: Experimental section and
supporting data. See DOI: 10.1039/c9sc06508c

‡ Current address: School of Chemistry and Chemical Engineering, Queens
University Belfast, Northern Ireland, UK.

§ Current address: Analysis and evaluation department, Egyptian petroleum
research institute, 1 Ahmed el zomor street, Nasr city, Cairo, Egypt.

Cite this: Chem. Sci., 2020, 11, 4246

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd December 2019
Accepted 1st April 2020

DOI: 10.1039/c9sc06508c

rsc.li/chemical-science

4246 | Chem. Sci., 2020, 11, 4246–4250 This journal is © The Royal Society of Chemistry 2020

Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 5

/1
8/

20
21

 3
:2

7:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue



with corresponding dual ion receptors targeting sodium or
potassium salts (Fig. 1).

Results and discussion
Solution complex formation and polymer preparation

The dual ion imprinting receptor was constructed using 1,3-
diarylurea monomer 1 as anion host and vinyl-benzo-18-crown-
6 (monomer 2)23 as polymerizable macrocyclic cation host
(Fig. 1). The former acts as twofold hydrogen bond donor to
complex oxyanion guests and can be used to prepare high
affinity anion receptors for highly diverse set of guests e.g.
phosphopeptides, sulfopeptides, phospholipids, sugar acids,
carboxylates.14–17,19 Complexation can be easily induced by
proton transfer from the acid to bulky amine bases such as
pentamethylpiperidine (PMP) or by the use of quaternary
ammonium counterions (e.g. tetrabutylammonium, TBA) which
moreover have been shown to produce pronounced counterion
memory effects.14,24

Crownethers on the other hand are macrocyclic hosts com-
plexing size matched metal ions with a 1 : 1 host guest stoi-
chiometry.25–27 The 18-membered ring macrocycle 18-crown-6
(18C6) features a cavity size matching the abundant alkali
cations sodium and potassium but with a strongly solvent
dependent affinity (entries 3–5 in Table 1). Exposed to water its
amphiphilic nature leads to cavity collapse and loss of binding
but this may be counteracted by embedding it in scaffolds
providing lower polarity microenvironments.

To investigate whether monomer 2 could promote the
association of host monomer 1 with the mono-sodium salt of
phenylphosphonic acid (PPA$Na) we carried out 1H-NMR titra-
tions in DMSO-d6 (Fig. S1 and S2†) and compared it with our
previous records for the corresponding titration with PPA$TBA
(Table 1). The titration of 1 with PPA$TBA in DMSO-d6 could
previously be modelled using a one site host–guest model
resulting in a binding constant Ka ¼ 7005 M�1.

A different result was obtained using the crown-ether stabi-
lized guest (Fig. S1 and S2†). Steep downeld shis were
observed for the urea protons Ha and Hb which inected
abruptly at a 1 : 1 host guest ratio with only minor changes
observed beyond this guest level. This isotherm was best tted
with the Hill equation resulting in a signicantly higher asso-
ciation constant of Ka ¼ 11 181 M�1. A Hill coefficient of 1.7
indicates a strongly positive cooperativity, possibly caused by
the multiple equilibria involved in forming the higher order
complexes.

Imprinted and nonimprinted polymers were prepared and
characterised using the urea host monomers 1 and 2 as listed in
Table S1† (Fig. 1). Nonimprinted polymers (PN) were prepared
identically to the imprinted polymers but omitting the
template. Characterisation of the polymers by scanning electron
microscopy (SEM) (Fig. S3†), elemental analysis and trans-
mission FTIR (Fig. S4†) gave data supporting the formation of
polymers with a macroporous morphology, a stoichiometric
monomer incorporation reecting the feed ratio and a success-
ful template removal.

pH Dependence of ion recognition in buffer

To evaluate the anion recognition properties of the materials we
assessed their ability to bind both organic (PPA and

Fig. 1 Template (PPA ¼ PhPO3
2�) and host monomers (left) and principle of monoanion (top) and dual ion (bottom) imprinting with anticipated

phosphate recognition of corresponding imprinted polymers in high salt media.

Table 1 Association constants for complexes of template and func-
tional monomers in different solvents

Entry Guest Host Ka (M
�1) Solvent

1 PPA$TBA 1 7005 � 985a,c DMSO-d6
2 PPA$Na–18C6 1 11 181 � 1655a DMSO-d6
3 Na+ 18C6 25b DMSO
4 Na+ 18C6 31 622b MeCN
5 Na+ 18C6 6.3b H2O

a Determined by 1H-NMR titrations from the average of the individual
complexation induced shis of both urea protons. b Determined by
conductometry of sodiumperchlorate solutions.28 c See ref. 15.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 4246–4250 | 4247

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 5

/1
8/

20
21

 3
:2

7:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



phenylsulphonic acid PSA) and inorganic (HPO4
2� and SO4

2�)
oxyanions. The polymers were incubated in buffers adjusted to
different pH values in presence of the sodium salts of the
anions. Fig. 2A and S5† show the uptake of PPA and PSA by the
different polymers in the pH range 1–9.

First, we note that binding increases with increasing pH, the
trend being more pronounced for PPA compared to PSA. This is
most likely related to the different protonation states of the two
anions and the stronger hydration tendency of sulphate. The
steepest increase in anion uptake is observed for the imprinted
materials P1 and P1,2 containing anion host monomer 1
whereas the polymers prepared using host monomer 2 alone as
in P2 did not display strong imprinting. In agreement with our
previous observations,15 acidic conditions favored selectivity for
sulphonate. This is reected in the selectivity factor shown in
Fig. 2B. Interestingly, only P1,2 featured a PhSO3/PhPO3 selec-
tivity factor exceeding 1 under such conditions.

We then investigated the ion selectivity of all polymers in
buffer pH 9. Binding of the inorganic anions was measured by
conductometry with both anions carrying a net 2-fold negative
charge (Fig. 3A). As expected, the polymers showed a preference
for phosphate over sulphate and imprinted polymers showed
a signicantly larger uptake than the nonimprinted reference
polymers. To prove the presence of dual ion receptors we then
performed the same experiment in presence of 1 M NaCl, cor-
responding to ca. 1/5th of a saturated salt solution (brine). As
seen in Fig. 3A the salt had a positive effect on the ion binding to
P1,2 whereas binding to P1 appeared less affected. These results
are contrary to salt induced ionic screening effects seen in
charge driven molecular recognition. We attribute this effect to
the colocalization of both cation and anion hosts caused by the
imprinting process.

Adsorption isotherms and binding parameters in low and
high salt media

The binding-energy distributions of the polymers P1 and P1,2
and their corresponding nonimprinted polymers are given by
single-component adsorption isotherms determined by batch
equilibration in 0.1 M sodium bicarbonate buffer at pH 9

(Fig. 3B and S6†). The imprinted polymers consistently dis-
played a higher uptake of both PPA and PSA compared to their
nonimprinted counterparts with the isotherms showing clear
saturation behaviour. This contrasts with the results for the
nonimprinted polymers were only the PPA isotherms displayed
curvature whereas those of PSA appeared linear (Fig. S6†). As
expected from the initial batch binding experiments in Fig. 3A,
the saturation capacity for PPA is overall higher than that for
PSA. Fitting these data with the one site host–guest model
resulted in the curves shown in Fig. S6† with the tting
parameters Ka and Bmax given in Table S2.† The preference for
PPA is reected in the higher association constants recorded for
this anion again with the highest values obtained for the
imprinted polymers.

The same experiment was then performed in presence of 1 M
NaCl. Overall, this resulted in little or no change in binding
affinity for P1 whereas P1,2 now bound the oxyanions more
tightly. This agrees with the results reported in Fig. 3A and shows
a clear positive effect of salt on the anion binding affinity of P1,2.
Hence, P1,2 showed the highest affinity with a Ka¼ 3700M�1 and
a Bmax ¼ 45 mmol g�1 for PPA (Table S2†).

To highlight the contribution to binding caused by the
template effect we subtracted binding to the nonimprinted
from the imprinted polymer (assuming the former to reect the
nonspecic binding contribution) (Fig. 4) and compared the
resulting binding parameters in graphic format (Fig. 3C and D).
The graphs offer a convincing evidence for the synergistic effect
of the dual ion host on the binding affinity and capacity.
Whereas this host (P1,2) displayed a concomitant increase in
both binding constant (Ka ¼ 2000 to 4000 M�1 for PPA) and
saturation capacity (Bmax¼ 20 to 28 mmol g�1) in the presence of

Fig. 2 (A) Binding of PPA (0.6 mM) on PPA imprinted polymers in
buffers of different pH. (B) Sulfo-selectivity expressed as the ratio of
bound PSA to PPA based on the binding data in Fig. 2A and S5.†

Fig. 3 (A) Binding of phosphate and sulphate (0.6 mM) on PPA
imprinted and nonimprinted polymers in 0.1 M sodium bicarbonate
buffer at pH 9 in absence and presence of salt (1 M NaCl). (B) Equi-
librium binding isotherms of PPA (red curves, squares) and PSA (blue
curves, circles) on polymer P1 (solid curves, filled symbols) and PN1
(dashed curves, open symbols) in 0.1 M sodium bicarbonate buffer pH
9. (C and D) show the binding isotherms on P1 (C) and P1,2 (D) cor-
rected for binding to the nonimprinted polymers PN1 and PN1,2 with
the dashed curves representing anion binding in presence of 1 M NaCl.

4248 | Chem. Sci., 2020, 11, 4246–4250 This journal is © The Royal Society of Chemistry 2020
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1 M NaCl, the corresponding mono-ion host (P1) showed
a decreased PPA affinity (Ka ¼ 3100 to 2600 M�1) and no change
in capacity (Bmax ¼ 18 mmol g�1).

Conclusions

Charge neutral receptors interacting with ligands via hydrogen
bonding have for long been associated with poor compatibility
with aqueous media. Presence of water and other protic
solvents effectively disrupt the host–guest interactions in these
systems. Recently however some exceptions to this rule have
been reported although neutral receptors displaying affinity for
phosphate and sulfate in pure water or buffer or as here
investigated, high levels of salt, are rare.2 The concept of dual
ion hosts suggests a way forward.9 These display high affinity
and selectivity under physiological conditions by providing
recognitive sites for both cation and anion in a geometry
dened by the covalent chemistry used to link the two hosts. As
shown in this work, template driven self assembly of the two
hosts offers a straightforward alternative to construct these
receptors. Combining macrocyclic cation hosts with neutral
urea-based anion receptors can thus signicantly boost ion
affinity and capacity making these receptors a possible alter-
native for ion scavenging applications.
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Imprinted Src-SH2 Domain Mimicking:  

Targeting pYEEI-sequence-containing peptides 

Anıl Incel, Börje Sellergren 

1Department of Biomedical Science, Faculty of Health and Society, Malmö University, 205 06 Malmö, Sweden   

 

ABSTRACT: Phosphorylation of tyrosine controls many cellular functions. Profiling of SH2 (Src 

homology 2) which is a phospho-dependent-binding domain described as a modular-based diagnostics 

tool. One known SH2 ligand is pYEEI that is recognized by the Src-family of SH2 domain. In this work, 

pYEEI sequence is targeted for urea-based imprinting approach, which considered as crude mimics of 

SH2 domain recognizing. 

INTRODUCTION 

Protein phosphorylation is one of the most 

common reversible post translational 

modification (PTM) which is regulated by 

switch mechanism of kinases and 

phosphatases enzymes.1–4 This modification 

plays a pivotal role in the dynamic of cellular 

processes such as cell growth and 

differentiation.5–8 Particularly, phosphorylation 

on tyrosine (pY) residues is of tremendous 

significance in phosphoproteome studies due 

to playing key roles in cellular signaling 

cascades.7,9,10  Tyrosine phosphorylation has 

exceptionally low abundance (1.8%) when 

compares phosphorylation on serine (pS, 

86.4%) and threonine (pT, 11.8%) residues in 

eukaryotic cells.11–14 Besides this small fraction 

of pY, dysfunctions on both protein tyrosine 

kinases (PTKs) and phosphatases (PTPs) may 

lead to an abnormality on cellular 

transformations, and this unregulated event 

might cause some diseases such as cancer.15–18 

Accordingly, it is crucial to find out and 

establish efficient methods for identification 

and/or enrichment of pY residues in the 

development of cancer diagnostics. However, 

notwithstanding their promising application in 

phosphoproteomics, the proposed alternative 

techniques,19–22  for instance, metal ion based 

affinity chromatography (IMAC, and MOAC) 

prior to mass spectrometry or bioanalytical 

methods like immunoprecipitation (IP) hinder 

their usage because of some disbenefits. 

Affinity-based approaches has deficiencies in 

discrimination on phosphorylated residues 

over non-phosphorylated ones and lack of 

selective preference among phosphorylated 

peptides such as pY, pS, pT. Antibody-like 

affinity requires large amount of initial material 

and show lack of specificity and selectivity on 

low immunogenic phosphorylation e.g. pS and 

pT and low coverage of pY.23–26  

For this reason, smart capture phases based on 

molecularly imprinted polymers (MIPs) is an 

emerging field of research, which fuses the 

advantages of synthetic molecular-recognition-

elements with biological receptors, recently 

targeting higher molecular-weight analytes 

such as peptides and proteins as well.27–32 

Many studies have been reported to develop 

phosphopeptide (p-peptide) selective MIPs. In 

terms of the levels of p-peptide discrimination, 

validation of phospho-residues over non-

phosphorylated ones and identification of 

different phospho-sites using controlled bias 

materials increase the attention on imprinting 

technology. 

Src homology 2 (SH2) domain, consisting of 

around 100 amino acid residues, is identified as 

sequence specific pY binding pocket which has 
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connecting structure between PTKs and 

downstream of number amount of proteins.33–

38 The affinity of Src SH2 domain towards pY 

residues is strongly related with the amino 

acids motifs in the followed pY+1, pY+2 and 

pY+3 positions placed in the C-terminal.38–40 

Many studies on the screening of not only 

sequence specificity of SH2 domain in the 

recognition of pY-based polypeptides but also 

phosphorylation-site-dependent complexation 

have been determined binding affinity and 

specificity of Src-SH2 domain towards pY-based 

peptides and pY-oriented cell signaling.39,41 

Therefore, pTyr-Glu-Glu-Ile (pYEEI) sequence 

containing p-peptides had been identified as 

the optimal motif for binding of Src SH2 domain 

with higher affinity in nM range.39 The specific 

interactions between Src-SH2 domain and 

pYEEI sequence was shown in Scheme 1. 

SH2 sepharose beads known as SH2 
superbinder were used in some studies to 
mimic anti-pY antibodies and to enrich pTyr 
residues obtained from different cell lines.42–46 
SH2 superbinder was used as bare43 or 
combined with Ti4+-IMAC44 to enhance the 

efficient enrichment of pTyr peptides. 
Moreover, microreactor coupled with SH2 
superbinder was developed to enrich p-
peptides from tiny amount of initial sample.46 
In clinical cancer research, the elucidation of 

tyrosine kinase signaling pathways based on 

targeted phosphoproteomic has played a 

crucial role in identifying putative drug targets 

and the development of highly specific kinase 

inhibitor based anticancer agents.47 As Src-SH2 

domain-signaling protein is a great affinity 

reagent for the binding of specific pY modules, 

the mimicking of this domain using imprinting 

approach has a potential to develop robust and 

non-immunobased affinity-capture-material 

for the profiling of elusive phosphorylation.   

In this study, we developed pYEEI sequence-

based epitope-imprinted polymers in three 

different polymerization formats. Hydrogen-

bond-driven imprinting of oxyanions together 

with urea monomer approach48 made strong 

interactions and complexation between host 

and guest, which further enhanced the binding 

affinity and selectivity of prepared polymer 

materials toward target p-peptide. This 

method gives full advantage of mimicking Src-

SH2 domain to enrich phosphorylated residues 

with high affinity (Kd is in M range) and 

preferably biased on EPQpYEEIPIYL peptide. 

The designed chemical receptors were also 

successfully applied to enrich pYEEI-sequence-

containing peptide from a complex mixture 

with an efficient selectivity. 

 

EXPERIMENTAL 

Preparation of imprinted and non-imprinted 

polymers. N- and C- terminal protected 

phosphorylated and non-phosphorylated 

epitopes shown in Scheme 2 were used in the 

synthesis of imprinted polymers (pY- and Y- 

MIPs) together with urea based functional 

monomer, 1 using stoichiometric imprinting 

1:2 and 1:4 complexation shown in Scheme 4. 

The control non-imprinted polymers (NIPs) 

were synthesized in the absence of these 

template molecules.  

Scheme 1: The representative view of SH2 domain 

showing the specific binding sites and interactions 

with pYEEI sequence (pY-binding pocket has 

electrostatic interactions with Arginine (Arg), +1 Glu 

and +2 Glu has H-bonding and electrostatic 

interactions with Lysine (Lys) and Arg, respectively, 

and +3 Ile make hydrophobic interaction with 

aromatic ring of Tyr and methyl group of Threonine 

(Thr) of domain structure). The pYEEI peptide and 

interacted amino acids were shown as space-filling 

and ball-and-stick models, respectively, with colored 

as phosphor: orange, oxygen: red, nitrogen: blue, 

carbon: gray and hydrogen: white. 
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High crosslinked (HC) polymers: The bis-

tetrabutylammonium (bis-TBA) salt of Fmoc-

protected templates (0.25, 0.125) mmol for the 

ratio of 1:2 (A) and 1:4(B) (T:FM), respectively), 

urea functional monomer, 1 (0.5 mmol), 

acrylamide, AAm (0.5 mmol) as co-monomer, 

pentaerythritol triacrylate, PETA (13.3 mmol) 

as crosslinker, acetonitrile, MeCN (6.1 mmol) 

as porogen, and azobis (2,4-dimethyl) 

valeronitrile (ABDV) (1% w/w of total monomer 

amount) as initiator were used. The each 

prepared solution for the polymerization was 

purged with a flow of nitrogen gas for 15 min. 

and the polymerization was initiated by placing 

the solution containers in a water bath heated 

to 50 oC for overnight. Each container was 

removed after polymerization and the 

polymers were crushed, and washed by 

MeOH:1N HCl (1:1/v:v) x 3 times and MeOH x 2 

times for the removal of template. This process 

was followed by sieving to obtain the particles 

between 25 µm and 50 µm to use the polymers 

for further analysis. Additionally, non-

imprinted polymers were synthesized as same 

as above omitting template molecule.  

High dilution, HD, polymers: The polymers 

were synthesized using the same protocol 

mentioned in the previous section except the 

volume of porogen used. In this time, the 

MeCN amount was increased 20 times (122 

mmol). Then, the particles were precipitated 

with MeOH:H2O (1:1) and the same protocol 

carried out for template removal. 

Microsphere, M, polymers: To prepare 

microsphere polymers (Scheme 3), surface 

modification of silica particles were completed. 

Firstly, 20.0 g of NH2@Si was suspended in 100 

mL of N,N-Dimethylformamide (DMF). Then, 

20.0 mL of acetic anhydride was added and the 

suspension was stirred at room temperature 

overnight. N-acetylated silica (AcNH@Si) were 

obtained after particles were filtrated, washed 

with DMF (3x50 mL) and MeOH (3x50 mL), 

dried under vacuum. The prepared AcNH@Si 

(1.0 g) were first deaerated in 50 mL Schlenk 

tubes (three cycles vacuum-N2) and then it 

allowed to soak with pre-polymerization 

mixture which, was prepared the same way as 

described in the synthesis of high cross-linked 

polymers, under continuous N2 flow while 

stirring with a spatula until the particles were 

freely flowing to make sure that the pore of 

particles were filled by mixture. Then, the 

tubes were closed with glass stoppers and the 

polymerization was initiated placing the tubes 

in water bath heated to 50 0C. After 24 h, the 

resulting composite beads were washed with 3 

M NH4HF2 aqueous solution to etch silica and 

then washed by MeOH:1N HCl (1:1/v:v) x 3 

times and MeOH x 2 times for the removal of 

template.  

Scheme 2: Phosphorylated (a) and non-

phosphorylated (b) N- and C- protected epitopes used 

in imprinting 

Scheme 3. Preparation of microsphere polymers 

consisting of acetylation of silica, copolymerization in 

silica scaffold followed by etching and template 

removal. 
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Equilibrium binding tests. Each polymer (5.0 

mg) was suspended in 1.0 mL of a mixture of 

equimolar pYEEI (EPQpYEEIPIYL) and YEEI 

(EPQYEEIPIYL) (each 20 µM) prepared in 

organic based 95% MeCN buffered with 0.1% 

TFA and 0.1% TEA modifiers and aqueous 

buffers at different pHs ((pH=1 (hydrochloric 

acid in water), pH=3 and 5 (sodium citrate), 

pH=7.4 (HEPES), and pH=9.2 (sodium 

carbonate)) and then later on 80% MeCN+0.1% 

TFA:20% HEPES buffer (pH=7.4) Each 

suspension was shaken vigorously for 2 h and 

then centrifuged. The supernatant (400 µL) was 

dried using Genevac EZ-2 evaporator, then 

reconstituted with 200 µL of 30% MeCN + 0.1% 

TFA prior to analysis using reversed phase 

HPLC. The column was Prodigy 5 m ODS-3 100 

Å (Phenomenex, 150 x 4.6 mm). Mobile phases 

Scheme 4. Stoichiometric imprinting using N- and C- protected templates with functional monomer 1. a. 1:2 and b. 1:4 

template:monomer complexation.  
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were (A) H2O+0.1% TFA and (B) MeCN+0.1% 

TFA. A linear gradient method of 30% B to 40% 

B in 10 min at a flow rate of 1.0 mL/min. was 

used. The injection volume was 50.0L and the 

detection was performed by UV absorbance 

measurement at 220.0 nm. All experiments 

were performed in three parallel replicas. 

Binding equilibrium. The polymers (5 mg each) 

were separately mixed with 500 L of pYEEI 

(EPQpYEEIPIYL) and YEEI (EPQYEEIPIYL) 

peptide at 1, 2, 5, 10, 25, and 50 µM 

concentration prepared in three different 

conditions (95% MeCN+0.1% TFA, 80% 

MeCN+0.1% TFA:20% HEPES, and HEPES 

aqueous buffer, pH=7.4) and shaken overnight 

for equilibrium followed by centrifuged; the 

supernatant was dried and reconstituted. The 

samples were analyzed by reverse phase HPLC-

UV using the same method described in the 

previous section. Each experiment was 

performed three times. The binding curves 

were constructed by plotting the graph B 

(µmol/g) corresponding to free concentration, 

Cfree, and were subsequently fitted in the 

GraphPad Prism 7 software (GraphPad 

Software, La Jolla, CA, USA) by Langmuir mono-

site binding model in the following formula, 

which is Y = Bmax*X/(Kd + X). 

Extraction of target p-peptide and analysis. 

Preparation of beta-casein digest: Beta-casein 

(-casein from bovine milk, 10 mg) was 

dissolved in 100 mM NH4HCO3 (1 mL) was 

reduced with 50 mM DTT for 30 min at 50 oC, 

and alkylated with 100 mM IAA for 30 min at 

room temperature in the dark. Then, the 

protein was digested with trypsin (200 µg) for 

24 h at 37 oC. The sample was then acidified 

with TFA and desalted on a C18 silica gel 

column (Bond Elut C18, Anlaytichem 

International, CA, USA). The column was first 

activated with MeCN+0.1% TFA (2 mL) and 

conditioned with 0.1% TFA (2 x 2 mL). Finally, 

the peptides were eluted with 80% 

MeCN+0.1% TFA (2 mL), the digest was 

lyophilized and stored at -20 oC prior to use. 

Sequence specificity test using longer 

peptides. The mixture of eight phosphorylated 

and non-phosphorylated peptides, which are 

EPQYEEIPIYL, EPQpYEEIPIYL, DRVYIHPF, 

DRVpSIHPF, DRVpYIHPF, GADDSYYTAR, 

GADDSpYYTAR, and GADDSpYpYTAR, was 

tested with polymers. Followed 

loading/washing conditions were carried out 

for each individual pY-imprinted and 

corresponding non-imprinted polymers: HC: 

HEPES aqueous buffer, pH=7.4, HD: 80% 

MeCN+0.1% TFA:20% HEPES, M: 95% MeCN + 

0.1% TFA. Then the peptides were eluted with 

three consecutive incubations with 500 µL of 

50% MeOH, 80% MeOH, and 99.9% MeOH 

buffered with 0.1% TFA. Fractions were 

analyzed by MALDI MS/MS TOF. 

 

Enrichment of target p-peptide from complex 

mixture. Src-SH2 domain peptides, pYEEI 

(EPQpYEEIPIYL) and YEEI (EPQYEEIPIYL) were 

mixed together in an equimolar mixture (400 

pmol each) and then mixing together with 

casein digest (10 nmol): spiking level is 1:25. 

Peptide mixture (500 µL prepared in 1.0 mL 

Low-binding Eppendorf tube) was incubated 

with 5 mg of promising polymers (where 

showed preference on targeted pY over non-

phosphorylated one) prepared at different 

conditions (95% MeCN + 0.1% TFA, 80% 

MeCN+0.1% TFA:20% HEPES, and HEPES 

aqueous buffer, pH=7.4) for 3 h. After 

incubation, each tube was centrifuged and the 

supernatant were collected as flow-though 

fraction and labelled as FT. Next, each polymer 

was washed for 30 min with loading solvent (2 

x 250 µL) and the supernatant after centrifuge 

was collected as washing fraction, and 

combined together with flow-through and 

labelled as FT+W. Then, the peptides were 

eluted from polymers with three consecutive 

incubations with 500 µL of 50% MeOH, 80% 
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MeOH, and 99.9% MeOH all buffered with 0.1% 

TFA for 30 min. The supernatants were pooled 

together as elution fraction and labelled as E. 

Both FT+W and E fractions were dried by using 

Genevac EZ-2 evaporator. Then each fraction 

was analyzed by both HPLC-UV ESI-MS and 

MALDI-MS/MS TOF and the results were 

compared with pre-enrichment fraction in 

terms of abundance of spiked peptides and 

identification of number of peptides in each 

fraction, respectively.  

HPLC ESI-MS analysis. The HPLC ESI-MS 

analyses were performed in the reversed phase 

mode using an analytical C18 column (Prodigy 

5m ODS-3 100 Å, Phenomenex, 150 x 4.6 

mm). The mobile phases were (A) H2O+0.1% 

TFA and (B) MeCN+0.1% TFA. A linear gradient 

method of 30% B to 40% B in 10 min at a flow 

rate of 1.0 mL/min. was used. The injection 

volume was 50.0L and the detection was 

performed by UV absorbance measurement at 

220.0 nm and electrospray mass spectrometry 

(ESI-MS) selective ion monitoring (SIM) with 

the mass range of 1.0 Da. The mass spectra 

were recorded in positive ion mode. The 

analysis parameters were set as follows: 

capillary voltage 5 kV, cone voltage 30 V, 

source temperature 120 oC, and desolvation 

temperature 360 oC. 

MALDI-TOF MS/MS analysis. The aliquots of 

the collected flow-through, washing and 

elution fractions were dried by using Genevac 

EZ-2 evaporator. The residue was dissolved in 

H2O+0.1% TFA (20 µL). The 1 µL of matrix 

solution and 1 µL of concentrated SPE aliquots 

were deposited together on the target plate. 

Mass-spectrometric analysis of the fractions 

was performed using a MALDI reflector time-

of-flight mass spectrometer (Ultraflex mass 

spectrometer, Bruker-Daltonics GmbH, 

Bremen, Germany) equipped with a Scout-384 

source in positive reflector mode unless 

otherwise stated. For analysis of samples, DHB 

matrix was prepared by dissolving 30 mg DHB 

in 1 mL of 50% MeCN and 1% phosphoric acid 

+ 0.1% TFA. Each condition was identically kept 

same in terms of scanning conditions and 

number of scans. The spectra was collected by 

accumulating 1000 laser shots under reflective 

mode (relative laser focus: 50%, global 

attenuator offset: 66%, detector gain: 1805V, 

sample rate and digitizer: 1.0 GS/s, ion source 

1 and 2: 25.0 kV and 22.0 kV, lens: 8.0 kV, 

reflector 1 and 2: 26.3 kV and 14.7 kV) and 

further analyzed with the Flexanalysis 3.0 

software (Bruker Daltonics). The mass spectra 

were analyzed with flex Control software 

(Brucker Daltonic). 

RESULTS and DISCUSSION 

Synthesized polymers by different formats. 

The aim on this study is to synthesize chemical 

binders using imprinting approach to extract 

particular phosphorylation on tyrosine in 

sequence specific manner from complex 

mixture. Regarding to our hypothesis, we 

synthesized imprinted polymers using 

phosphorylated and non-phosphorylated 

templates and their complementary non-

imprinted polymers for control testing at three 

different formats, which are high cross-linked, 

high-dilution and microspheres. HC polymers 

were synthesized as monolithic porous 

materials with broader distribution of pore size 

in the presence of minimum amount of 

porogen. This traditional method lacks of 

micro-size inner pores showing accessibility 

issue for larger-sized peptides. HD polymers 

were prepared in the presence of excess 

amount of porogen, which is a type of 

precipitation polymerization technique, using 

highly diluted monomer solution that allows 

forming narrower distribution of micro- and 

nano- sized porous structure in the end 

material. M polymers were synthesized using 

acetylated silica particles as solid support, 

which were soaked by polymerization mixture 

to produce controlled pore size beads.  
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Stoichiometric Imprinting. In the design of 

chemical receptors via imprinting approach, 

the complex formation and stoichiometry 

between monomer and template play the key 

role for further favorable recognition on target. 

The preferred monomer in this study was 1,3-

disubstituted neutral urea host providing 2-

fold hydrogen bond donor with the presence of 

basic oxyanions such as phosphate as an 

acceptor. To maximize the strengths on 

complexation, bulky ammonium ions, TBA.OH 

(tetrabutylammonium hydroxide) is used to 

make base salt form of phosphate-oriented 

template, not only enhances the interactions 

due to providing more solubility but also 

provides better noticeable binding sites for 

memory effect.  

Regarding to the phosphorylated template 

used in imprinting, which is Fmoc-pTyr-Glu-

Glu-Ile-OEt, two different stoichiometry was 

introduced in the synthesis considering the 

complexation between monourea host and 

guest. Ternary complex as 1:2 phosphate:urea 

and possible quinary complex as 1:4 stand for 

one, 1:2 phosphate:urea and two, 1:1 

carboxylate:urea were used in the synthesis of 

imprinted polymers (Scheme 3). 

Probing affinity and selectivity of polymers in 

peptide mixture. In order to probe the affinity 

of polymers to recognize phosphorylated 

peptide, pYEEI, each polymer was tested with 

the mixture of -pYEEI- and -YEEI- peptides 

prepared in 95% MeCN buffered with either 

acidic, 0.1% trifluoroacetic acid (TFA) or basic, 

0.1% triethylamine (TEA) modifier. The 

selectivity ratio towards pYEEI over YEEI was 

given in Figure 1. The acidic condition in 

binding showed a strong preference in the 

retention of pYEEI target peptide over non-

phosphorylated form, while basic condition led 

approximately equal preference for both 

peptides (Fig. 1). Considerably, pH of binding 

solution together with acidic modifier (0.1% 

TFA, pKa=0.5) provides partial negative charge 

on phosphate anion (pKa,1=0.9) and fully 

protonation on carboxylate group (pKa,1=4.2). 

Hence, with the basic modifier (0.1% TEA, 

pKa=10.7), quadruple hydrogen bonds forms 

with urea group due to fully deprotonated of 

phosphate anion, and the -1 charge state of 

carboxylate group, additionally promotes non-

specific interactions together with non-target 

peptide, YEEI. Moreover, high cross-linked 

imprinted polymers synthesized by 1:2 T:FM 

ratio and polymer microspheres synthesized by 

1:4 T:FM ratio present pronounced selectivity 

on pYEEI than the other imprinted ones. This 

preference remarks substantial memory on 

phospho-motif used in polymerization step. 

Even though high-dilution imprinted polymers 

show higher uptake of both peptides -due to 

Figure 1. The binding selectivity ratio of pY peptide 
over Y peptide after incubated with imprinted and 
non-imprinted high-crosslinked, HC (a), high-dilution, 
HD (b) and microsphere, M (c) polymers in 95% MeCN 
buffered with 0.1% TFA and 0.1% TEA as indicated. 
(pY and Y imprinted polymers using phosphorylated 
and non-phosphorylated templates and A and B 
refers to 1:2 and 1:4 - T:FM ratio, respectively, used 
in the polymerization). 
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the fact that this polymerization technique 

increase the swelling capacity of gel-like 

formed particles and enhance the binding 

percent of analytes- (Fig. S1, see adsorbed 

amount), the preference on pYEEI peptide was 

much lower compared to other imprinting 

formats. 

After confirming selectivity of imprinted 

polymers towards target phosphotyrosine 

containing peptide in water-poor media, each 

polymer was tested in aqueous buffers 

prepared at different pH=1.0, 3.0, 5.0, 7.4, and 

9.2. Most of synthetic receptors targeting oxy-

anions lack of effective recognition in water 

media since anions are highly hydrated and 

hydrogen bonding with host gets weaker. In 

terms of designed neutral-urea based 

receptors together with hydrophilic cross-

linker, PETA was used to increase the 

wettability of particles aiming better 

stabilization between targets and imprinting 

sites. The selectivity ratio towards pYEEI over 

YEEI after testing each polymer at aqueous 

buffers prepared at different pH was given in 

Figure 2.  

The binding of target pYEEI peptide at highly 

and slightly acidic pH (1.0, 3.0, and 5.0) was 

equal or lower –except at pH=3.0, A series of 

HD polymers– than YEEI peptide compared to 

neutral (pH=7.4) and basic (pH=9.2) 

environments. At pH=1.0, both peptides were 

bound non-specifically to imprinted and non-

imprinted polymers without any difference 

among formats due to very hydrophobic form 

of peptides in highly acidic aqueous buffer (Fig. 

S2). At pH=5, the binding of non-

phosphorylated peptide, YEEI, was found much 

higher than pYEEI target peptide by all 

polymers – except A series of HD polymers – 

since phosphate group is carrying one charged 

oxygen (pKa,2=6.3) while carboxylate group is 

fully deprotonated, which promotes binding of 

YEEI peptide under this condition. –because 

phosphate-containing peptide has charged 

form that makes it more hydrophilic and 

competing between water and for binding sites 

more than non-phosphorylated peptide- 

Nevertheless, at neutral pH=7.4 and slightly 

basic pH=9.2, some of imprinted polymers 

showed promising preference on target 

peptide. At pH=7.4, pY-MIP-B-HC and pY-MIP-

A-HD polymers revealed better retention on 

pYEEI peptide. pY-MIP-A-M selectivity on 

target enhances with increase on pH but the 

selectivity remains insignificant (Fig. 2). 

 

Comparing a water-poor media such as 95% 

MeCN + 0.1% TFA with aqueous buffers, the 

memory effect of solvent used in 

polymerization and significant role of 

hydrophilic crosslinking agent to enhance bias 

Figure 2: The binding selectivity ratio of pY peptide 
over Y peptide after incubated with imprinted and 
non-imprinted high-crosslinked, HC (a), high-dilution, 
HD (b) and microsphere, M (c) polymers in aqueous 
buffers at different pH indicated as 1.0, 3.0, 5.0, 7.4, 
and 9.2. (pY and Y imprinted polymers using 
phosphorylated and non-phosphorylated templates 
and A and B refers to 1:2 and 1:4 - T:FM ratio, 
respectively, used in the polymerization). 
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on target binding in aqueous buffers were 

confirmed. Then, aqueous buffer together with 

MeCN + 0.1% TFA was used for batch binding. 

Regarding to binding profile of HD polymers in 

both aprotic solvent rich media with modifiers 

and aqueous buffers (especially at pH=7.4), the 

optimal water-poor media was prepared using 

80% MeCN + 0.1% TFA together with 20% 

HEPES buffer (pH=7.4). The aim of using this 

loading solution was to make pH ~ 3.0 enabling 

acidic amino acids protonated while phosphate 

is sufficiently deprotonated for binding. The 

presence of 80% MeCN allows decreasing non-

specific binding –where YEEI peptide is more 

hydrophobic, in this case- 20% buffer provides 

better solubility, moreover, the low diffusion 

coefficient might help neutralize charges and 

this sulfonic acid buffering agent mimics 

phosphate group to reduce non-specific 

interactions. The mixture of pYEEI and YEEI 

peptides prepared in 80% MeCN+0.1% TFA: 

20% HEPES (pH=7.4) was incubated with A 

series of polymers.  

The batch binding results showed that while 

the selectivity on pYEEI increased using 

imprinted HD polymers; imprinted HC and M 

polymers’ bias on pYEEI decreased with lower 

adsorbed amount (Fig. S3a). The selectivity 

ratio of polymers on target was compared after 

tested in 95% MeCN + 0.1% TFA and 80% MeCN 

+ 0.1% TFA : 20% HEPES (Fig. 3Sb) which 

showed that the preference of pYEEI peptide 

using imprinted HD polymers were 

ameliorated under this condition – the others 

were diminished. Lastly, B series of HD 

polymers were tested (Fig. S3c) and slight –not 

encouraging– increase on pYEEI preference 

was obtained.  

After probing the selectivity on target pYEEI 

peptide at different binding conditions using 

polymers synthesized with different formats, 

three pY-imprinted, complementary non-

imprinted polymers, and binding solutions -

where pronounced bias on pYEEI-  were chosen 

for further experiments. 

Determination of binding capacity (Bmax) and 

the dissociation constant (Kd). Binding 

isotherm profiles of the chosen polymers, 

which are pY-imprinted HC-B, HD-A, and M-B 

and their NIPs, were recorded. The isotherms 

for pY-imprinted polymers showed a great fit to 

the Langmuir mono-site binding model for the 

determination of homogeneous binding sites. 

Applying the curve fitting model each system 

(pY-MIP or NIP : pYEEI or YEEI), the binding 

isotherms exhibited different profile properties 

regarding to trend, slope, and saturation point 

(Fig. 3).  

The binding properties was given in Table 1. 

The binding isotherms of pY-imprinted 

polymers towards pYEEI peptide displayed a 

Figure 3. The binding isotherms of pYEEI and YEEI 
peptides after treated with B series of HC (a, prepared 
in HEPES buffer (pH=7.4)), A series of HD (b, prepared 
in 80% MeCN+0.1% TFA:20% HEPES buffer (pH=7.4)) 
and B series of M (c, prepared in 95% MeCN+0.1% 
TFA) pY-template imprinted and non-imprinted 
polymers as indicated in the inlet. The concentration 
range is from 2 µM to 50 µM. The binding parameters 
were obtained by fitting of the binding data to a 
Langmuir mono-site binding model. 
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much steeper slope with a saturation points at 

1.72(±0.3), 3.46(±0.4), and 4.41(±0.4) µmol/g, 

for HC, HD, and M format, respectively. 

Analyzing the curves assuming the fitting 

model gave Kd values as µM level for pY-

MIP:pYEEI, exhibiting a higher affinity for target 

peptide. On the other hand, pY-imprinted 

polymers towards YEEI peptide and NIPs for 

both peptides presented shallower curves 

reaching saturation point immediately. 

 
Table 1. Binding properties of target pYEEI peptide after 
treated with pY-template imprinted polymers (Kd, the 
dissociation constant, Bmax, maximum binding capacity 
regarding to the amount of sorbent used, and R2, 
coefficient of determination after one site-specific 
binding fitting model used). 
 

MIP : pYEEI Kd (106) 

M 

Bmax (µmol/g) R2 

pY-HC-B : pYEEI 4.69(±2.5) 1.72(±0.3) 0.89 

pY-HD-A : pYEEI 6.42(±2.5) 3.46(±0.4) 0.95 

pY-M-B : pYEEI 2.79(±0.9) 4.41(±0.4) 0.96 

 

Probing affinity and selectivity of polymers 

where pYEEI and YEEI peptides spiked in beta-

casein digest. Having proven the binding and 

affinity of pY-imprinted polymers towards 

pYEEI target peptide, further investigation was 

carried out to understand the ability of binders 

to enrich target p-peptide from complex 

mixture. For this aim, phosphorylated and non-

phosphorylated SH2 domain peptides were 

spiked in beta-casein digest at 1:25 spiking 

level. The fractions obtained from enrichment 

experiments were analyzed using HPLC ESI-MS 

and the extracted chromatograms of pre-

enrichment, FT+W (flow-through+washing) 

and E (elution) fractions were represented in 

Figure 4 (MIPs) and Figure 5 (NIPs). Moreover, 

the pre-enrichment and elution fractions were 

also screened using MALDI-MS to profiles of 

sample complexity and peptides that were 

shown in Figure 6. 

First, we noted that sample complexity in E 

fraction compared to pre-enrichment and 

FT+W fraction was reduced due to elimination 

of non-specific contributions of peptides in 

complex digest. Moreover, most of YEEI 

peptide was found in FT+W fractions obtained 

using pY-MIPs. The abundance of target p-

Figure 4. HPLC-UV chromatograms (left) and 
corresponding ESI-MS (right) selective ion monitoring 
(SIM, m/z=1473.51 for pYEEI and m/z=1393.51 for 
YEEI peptides) spectra of pre-enrichment, flow-
through and washing (FT+W) and consecutive pooled 
elution (E) fractions obtained from a. pY-MIP-HC-B, b. 
pY-MIP-HD-A, c. pY-MIP-M-B, after loading a sample 
of digested beta-casein (10000 pmol) spiked with 
pYEEI (400 pmol) and YEEI (400 pmol). The mass 
profile of pYEEI and YEEI peptides were indicated. 
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peptide over non-phosphorylated one in E 

fraction obtained from pY-MIPs in Fig. 4 and 

from NIPs in Fig. 5 showed promising selective 

enrichment of target pYEEI peptide via pY-

imprinted polymers. In the comparison of pY-

MIPs in different formats for preference on 

target peptide, pY-MIP-M-B (Fig. 6c, E: pY-MIP-

M-B) exhibited clearer enrichment of target 

with eliminated background peaks compared 

to pY-MIP-HC-B (Fig. 6a, E: pY-MIP-HC-B) and 

pY-MIP-HD-A (Fig. 6b, E: pY-MIP-HD-A). These 

experiments confirm the possibility of extract 

target p-peptide from complex mixture.  

Apart from capturing phosphorylated target 

over non-phosphorylated one, the other levels 

of selectivity was further investigated testing 

pY-MIPs and NIPs with peptide mixture 

containing different not only single but also 

multiple phosphorylated and non-

phosphorylated peptides with serine and 

tyrosine residues (Fig. 7a). The sequence of 

peptides with [M+H]+ value and the motif 

which might possibly interact with polymers 

also given as table in Figure 7a. The enrichment 

was completed with mixture of eight peptides 

and peptide profile was screened using MALDI-

MS. The elution fractions from pY-MIPs and 

NIPs were shown in Figure 7b-d. While pY-MIP-

M-B showed clear pick up of target 

EPQpYEEIPIYL peptide –which was presented 

as [M+H]+ and [M+Na]+ adduct–, pY-MIP-HC-B 

and pY-MIP-HD-A showed cross-reactivity with 

multiply phosphorylated tyrosine peptide, 

GADDSpYpYTAR. On the other hand, while NIP-

HC-B exhibited non-specific interaction with 

target peptide but also it enriches other single 

or multiple phosphorylated peptides; NIP-HD-

A and NIP-M-B resulted similar profiles 

showing higher abundance on single 

phosphorylated serine and tyrosine 

angiotensin peptides. The comparison of all 

fractions showed that imprinted polymers 

synthesized using pYEEI motif presented 

sequence specific binding towards target p-

peptide in the presence of other 

phosphorylated and non-phosphorylated 

peptides with similar motifs. This particular 

study confirms the possible sequence specific 

enrichment of target peptide using MIPs. 

Figure 5. HPLC-UV chromatograms (left) and 
corresponding ESI-MS (right) selective ion monitoring 
(SIM, m/z=1473.51 for pYEEI and m/z=1393.51 for 
YEEI peptides) spectra of pre-enrichment, flow-
through and washing (FT+W) and consecutive pooled 
elution (E) fractions obtained from a. NIP-HC-B, b. 
NIP-HD-A, c. NIP-M-B, after loading a sample of 
digested beta-casein (10000 pmol) spiked with pYEEI 
(400 pmol) and YEEI (400 pmol). The mass profile of 
pYEEI and YEEI peptides were indicated. 
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Figure 7. MALDI-MS spectra obtained for peptide mixture before enrichment, a. reference together with property table, 
consecutive pooled elution fractions from pY-MIPs (top), and corresponding NIPs (bottom) from b. HC, c. HD and d. M. 

Figure 6. MALDI-MS spectra obtained for peptide mixture before enrichment (1st row), consecutive pooled elution 
fractions from pY-MIPs (2nd row), and corresponding NIPs (3rd row) from a. HC, b. HD and c. M. Target spiked peptide 
pYEEI (M+H+=1473.51) (asterisk) and non-target spiked peptide YEEI (M+H+ = 1394.51) (square) were marked in elution 
fractions. 
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OUTLOOK and FUTURE 

SH2 domains are known as phosphorylation- 

especially pTyr containing peptides and 

sequence specific- dependent variants that 

play critical role in receptor signaling and signal 

transduction pathways. Src-SH2 domain 

specifically bind the pYEEI-sequence containing 

peptides with higher affinity in nM range. In 

this work, synthesized pY-imprinted polymers 

in different formats showed promising affinity 

on target p-peptide that can mimic the binding 

of Src-SH2 domain. Additionally, promising 

sequence specific enrichment of pYEEI-

sequence containing peptide in the mixture of 

other phosphorylated and non-phosphorylated 

peptides would lead great potential on 

targeted phosphoproteomics especially 

development of highly specific kinase inhibitors 

in the future. This application can be achieved 

expanding research on extraction of natural 

target from cell lysate, optimizing enrichment 

conditions and applying this study into clinical 

phosphoproteomics.   
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Figure S3: Absorbed amount of pYEEI and YEEI peptides after incubation in 80% MeCN + 0.1% TFA:20% 
HEPES (pH=7.4) by imprinted and non-imprinted polymers prepared in different formats as indicated 
(a), the comparison of binding selectivity ratio of pY peptide over Y peptide with imprinted and non-
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in 95% MeCN+0.1% TFA (left) and 80% MeCN+0.1% TFA:20% HEPES (right) as indicated (b), and the 
selectivity ratio of pY over Y peptide tested by all M polymers and compared binding selectivity in two 
different conditions as indicated (c) (pY and Y imprinted polymers using phosphorylated and non-
phosphorylated templates and A,B,C refers to 1:2 and 1:4 - T:FM ratio, respectively, used in the 
polymerization). 
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