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Chapter 1 
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Proteomics in cardiovascular research 

Cardiovascular diseases (CVD) refer to the dysfunctional conditions of the heart, 

arteries, and veins that supply oxygen to vital, life-sustaining areas of the body. It is one of the 

main killers throughout the western world; claiming more than 17 million lives each year. 

According to the World Health Organization (WHO), an estimated 30% of mortalities result 

from various forms of CVDs; among which, a certain proportion can be partly attributed to 

genetic defects. For instance, hypertrophic cardiomyopathy originates from a variety of 

mutations in genes encoding sarcomere proteins, the structural proteins in heart muscle 

(myocardium) [1]. However, for CVDs such as myocardial infarction (MI) and congestive 

heart failure, it is unclear which genes are responsible for the onset of disease. It is well-

known that apart from genetic predisposition, other environmental factors such as stress level, 

food intake and personal life-styles can contribute to phenotypes that can lead to CVDs. As 

such, proteins, the functional and dynamic entities of cells and tissues; rather than genes, are 

the most useful indicators for studying the onset, progression, as well as the therapeutic 

intervention of the various forms of CVDs. Proteomics, the study of protein expression, 

function and interaction in an organism at different states, is an invaluable technique for 

gaining insights into CVDs. This burgeoning area of research is aptly termed cardiovascular 

proteomics. This thesis will focus on the use of so-called shotgun and chemical proteomics 

technologies to study cardiac diseases at a global level, but also at the more targeted level of 

signal transduction.  

 

1. Proteomics Methods and Applications in cardiac research  

Cardiovascular proteomics can be arbitrarily divided into four sections for the 

convenience of discussion, namely (i) Protein Profiling - the identification of all the proteins 

present in a system, (ii) Quantitative Proteomics - the investigation of protein abundance in a 

relative or absolute manner in a specific system at different conditions or perturbations, (iii)  

Functional Proteomics - the study of protein functions via their interactions with DNA, 

metabolites or other proteins, (iv) Biomarker discovery - the search for protein candidates that 

can serve as specific and sensitive indicators of CVDs in which distinction between the onset 

of disease (diagnostic), disease progression (prognostic) and after therapeutic intervention 

(drug biomarkers) will be mentioned.  

 

1.1. Protein profiling 

Protein profiling is the large scale identification and classification of proteins in an organism. 

Recent advances in proteomic technologies permit large scale protein profiling by applying 

two main approaches; (i) gel-based protein profiling and (ii) gel-free protein profiling, also 

referred to as 2D-LC-MS/MS or MudPIT (Multi-dimensional Protein Identification). It is 

illustrated in Figure 1. 
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Figure 1. After protein extraction, for instance from heart tissue, samples are prepared for 

mass spectrometric analysis using gel based (A) and gel-free (B) workstreams. At each stage, 

separations can be varied to accomplish an optimal analytical depth. Mass spectrometric 

analysis can also be varied, using different instrumentation and different instrumental 

parameters. 

 

1.1.1. Gel-based proteomics approaches  

One of the most common approaches is the coupling of 1D SDS-PAGE (1-DE) with 

LC-MS/MS. The gel is cut into 10-70 pieces and subsequently digested and subjected to mass 

spectrometric analysis. Advantage of this approach is that it retains important protein 

molecular weight (MW) information in combination with the large scale identification of the 

proteins present, although the dynamic range and resolution obtained by using 1-DE is often 

too poor to analyze low abundant proteins and/or post-translational modifications (PTMs). 

Alternatively, 2-DE (two-dimensional gel electrophoresis) can be applied. In 2-DE, proteins 

are first separated by their respective isoelectric points (pI) with iso-electric focusing (IEF, 1
st
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dimension) followed by SDS-PAGE where proteins are again separated according to their 

MW (2
nd

 dimension). The combination of two orthogonal separation techniques results in the 

distribution of proteins as spots across two dimensional gel profiles with high resolution.  

  Therefore, 2-DE is somewhat suitable for the evaluation of PTMs. For instance, 2-DE 

was applied to uncover the differential phosphorylation states of troponins, which regulate 

Ca2+ sensitivity of the cytoskeleton to control contraction-relaxation cycles of the heart [2]. 

To date, 2DE gel protein-mapping public depositories of human cardiac proteins such as 

HSC-2DPAGE [3, 4], HEART-2DPAGE [5], and HP-2DPAGE [6] have been established. 

These can be used to compare profiles of tissues from healthy and diseased origin to uncover 

novel players in different pathological conditions of the heart. In addition, 2-DE heart protein 

databases for other animals,
 
such as rat [7], dog [8], pig and cow are also

 
under construction 

[9]. Nevertheless, 2-DE is typically biased against membrane proteins, low abundant proteins 

and proteins with extreme pIs and MWs. Typically, a 2-DE gel contains 1000-1500 spots, 

thereby limiting its application to the top 10 percent of the proteome. Also, after 2-DE, each 

spot has to be analyzed separately to uncover the identity of the protein, leading to a large 

amount of sample handlings. In order to circumvent this, profiling strategies based on 

chromatographic separation coupled with high resolution mass spectrometry were developed, 

now often termed MUDPIT or shot-gun, to allow large scale peptide sequencing of protein 

mixtures [10-13]. 

 

1.1.2. Gel-free proteomics approaches 

MudPIT allows the identification of proteins which have variable pIs, molecular 

weights and chemical properties, making this method less biased. For instance, more than one 

thousand unique proteins from a human left ventricle tissue lysate could be identified in a 

single MudPIT analysis [14], indicative of the maturity of this technology. In another 

example, the large-scale investigation of sub-cellular localization and annotation of the 

cardiac proteome of mouse has been reported by using such shotgun proteomic methods [15]. 

Although it has been highly successful in determining the protein composition of biological 

samples, it still suffers from several drawbacks. First, the huge dynamic range of proteins 

expressed in complex biological mixtures, which easily exceeds six orders of magnitude in 

cells [16] and ten orders in body fluids [17] is currently not matched by the mass 

spectrometers that operate at maximally 4-5 orders of magnitude in dynamic range. This 

negates true comprehensive proteomics, as this prevents the detection of important low-

abundance proteins like signaling proteins. Also, using two dimensional peptide separations, 

molecular weight information on proteins identified is lost.  

 

1.2. Quantitative proteomics applied in cardiovascular research  

The afore-mentioned profiling proteomics approaches may be fruitful to characterize 

the complex biological samples but it has less potential to study the dynamics of protein 
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expression, which plays a key role in many pathological effects. One important goal in 

cardiovascular proteomics is to assess protein concentration as a function of a distinct 

pathological perturbation. Nowadays, it is possible to obtain information on differential 

expression of many proteins by examining the intensities of protein spots/bands in a given gel 

or peak intensities within a MS spectrum. These and other so-called label-free quantitation 

methods have been developed. Another category of quantitative proteomics workflows makes 

use of stable isotope labels. Both classes of quantitative proteomics are discussed in more 

detail below and are summarized in Figure 2.  

 

 

Figure 2. Schematic representation of several common quantitative mass spectrometry 

workflows. (A) Label-free quantitation, which compares two or more MS-analyses by peptide 

intensities, or spectral counts. Isotope Label-based quantitative proteomics can be sub-

divided depending on incorporation of the stable isotope (B) at the metabolic stage, (C) after 

protein isolation, and (D) after digestion to peptides. In yet another approach, (E) synthetic 

stable isotope-labeled peptides are spiked into samples at given concentration as internal 

standard for isotope based absolute quantitation.  

 

1.2.1. Label-free quantitative proteomics 

 In label-free quantitation, proteins are first digested to peptides before tandem MS 

(MS/MS) analysis and database searching for identification. This approach is schematically 
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depicted in Figure 2A. Relative
 
protein abundance between two samples can be determined by 

i) chromatographic peak intensity measurements [18] or ii) the comparison of spectral counts 

[13, 19-21].  

The use of peak intensity in LC-MS was first reported by Chelius et al. [22]. In this 

method, peptide peaks are first distinguished from background noise and from neighboring 

peaks (peak detection) and isotope patterns of detected peaks are assigned by deconvolution. 

LC-MS retention times are carefully adjusted in order to correctly match the corresponding 

mass peaks between multiple LC-MS runs (peak matching) to accommodate day-to-day 

variations of the chromatographic system. Chromatographic peak intensity (either peak area 

or peak height) is calculated and normalized to enable a more accurate matching and 

quantitation, making this method useful for the analysis of changes in protein abundances in 

complex biological samples. In the spectral counting approach, relative protein quantitation is 

achieved by comparing the number of identified MS/MS spectra from the same protein in 

each of the multiple LC-MS/MS datasets. The approach is rapid and sensitive within a protein 

dynamic range 3-4 order of magnitude. This method can also be automated and is amendable 

for large-scale proteome analysis.Gramolini et al. performed a large scale proteomics survey 

of cardiac ventricle isolated from a mouse model of cardiomyopathy over-expressing a 

phospholamban mutant and demonstrated the impairment of Ca2+ handling at different time 

point. They used a rigorous comparative profiling
 
strategy based on a relatively unbiased and 

sensitive method of protein detection and spectral counting to reveal the temporal patterns of 

differential
 
protein expression [23].  

Theoretically, an increase in protein abundance typically results in an increase in the 

number of its identified peptides, and vice versa [20, 24, 25]. Since larger proteins tend to 

contribute more peptides/spectra than smaller ones, simply because they can generate more 

peptides, spectral counting data needs to be adjusted to avoid abundance over-estimation of 

high MW proteins compared to low MW ones. A number of groups have proposed various 

types of normalized
 
abundance factors based on transformed spectral counts. One of the 

simplest calculations is Fabb, in which the number of spectral counts in a protein is corrected 

by the protein’s MW (spectral counts/MW) [26]. Another example of such an approach is the 

normalized spectral abundance factor (NASF) which is calculated as the number of spectral 

counts identifying a protein, divided by the protein’s length (L) (spectral counts/L) for all 

proteins in the experiment [27].The Protein abundance index (PAI) is another example of a 

spectral count based quantitation method. It can be estimated by calculating the ratio between 

the number of observed peptides and the number of observable (i.e., theoretically predicted) 

peptides per protein [28] which shows a linear relationship with the logarithm of protein 

concentration. The index PAI value is later converted to an exponentially modified PAI 

(emPAI) which is proportional to protein content in a protein mixture [29].The values of 

emPAI can be calculated easily and do not require additional experimentation in protein 
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identification experiments. It can be routinely used for reporting approximate absolute protein 

abundances in a large-scale analysis.  

Recently, a modified spectral counting strategy termed absolute protein expression 

(APEX) profiling was developed by the Marcotte group to measure the absolute protein 

concentration per cell from the proportionality between the protein abundance and the number 

of peptides observed [30, 31]. The key to APEX is the introduction of appropriate correction 

factors that make the fraction of expected number of peptides and the fraction of observed 

number of peptides proportional to one another. The protein’s absolute abundance is indicated 

by an APEX score, which is calculated from the fraction of observed peptide mass spectra 

associated with one protein, corrected by the prior estimate of the number of unique peptides 

expected from a given protein during a MudPIT experiment. The critical correction factor for 

each protein (called Oi value) is calculated by using a machine learning classification 

algorithm to predict the observed peptides from a given protein based upon peptide length and 

amino acid composition. The APEX technique has recently been implemented in the APEX 

Quantitative Proteomics Tool [32], a free open source software for the absolute quantification 

of proteins. Very recently, the APEX-technique was shown to correlate well with real 

absolute quantitation experiments based on spiked internal standards analyzed by selected 

reaction monitoring mass spectrometry to determine protein concentrations [33].  

Most recently, Griffin et. al developed a normalized label-free quantitative method 

called normalized spectral index (SIN) which combines three MS abundance features: peptide 

count, spectral count and summed fragment-ion (MS/MS) intensity [34]. SIN is calculated 

based on cumulative fragment ion intensity (MS/MS) for each significantly identified peptide 

(including all its spectra) of a particular protein. SIN is highly reproducible by eliminating the 

variances between replicate MS measurements. It also accurately quantifies and predicts 

protein abundance of thousands of proteins in replicate MS measurements of the same and 

distinct samples. 

 

1.2.2. Label-based quantitative proteomics 

A common strategy to quantify proteins is to select a reference point or internal 

standard. This internal standard should have similar physiochemical properties to the analyte, 

so that it behaves identically during the chromatographic separation and subsequent MS 

analysis. Incorporation of stable isotopes is one of the best internal standards as it contains the 

above mentioned properties, while at the same time, it creates a mass difference that is easily 

detected in the mass spectrometer. A number of stable isotope labeling approaches have been 

developed for “shotgun” quantitative proteomics. These include SILAC (Stable Isotope 

Labeling by Amino acids in Cell culture) [35], ICAT (Isotope-Coded Affinity Tag) [19, 36], 
18

O/
16

O enzymatic labeling [37], ICPL (Isotope Coded Protein Labeling) [38], TMT (Tandem 

Mass Tags [39], iTRAQ (Isobaric Tags for Relative and Absolute Quantification) [40], and 

dimethyl labeling [41].  
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In metabolic labeling (Figure 2B), the incorporation of stable isotopes into proteins is 

performed by supplying these isotopes to the growth media consumed and metabolized by 

cells [35]. The isotope labels are then either incorporated as the single carbon or nitrogen 

source or incorporated via specific auxotrophic
 
amino acids that contain heavy isotopes, 

called SILAC. The method of stable isotope metabolic labeling
 
is also successfully used in 

variety of model organisms ranging from bacteria and yeast to drosophila and up to mammals 

[42]. Recently, a mouse bearing solely heavy isotope labeled lysine residues was developed 

by the Mann lab. This so-called SILAC-mouse is labeled through a diet containing only a 
13

C6-substituted heavy version of lysine and to maintain this diet over several generations to 

achieve full labeling. No obvious effects on growth, behavior or fertility were observed in this 

mouse model [43]. It is a versatile tool for quantitative (tissue) proteomics. Initial MS analysis 

of different generations of these SILAC mice allowed following the incorporation rates of 

heavy lysine into newly synthesized proteins in various tissues under in vivo conditions.  

Figure 2C and D represent chemical derivatization techniques to achieve isotope 

labeling of proteins and peptides respectively. This is particularly advantageous for human or 

animal tissue samples where metabolic-based incorporation cannot easily be achieved. A 

handful of different chemical derivatization platforms are available and they can be divided 

into two major classes, based on their specific readout by the mass spectrometer: i) 

quantitation based on the relative intensities of fragment ion peaks at fixed m/z values within 

an MS/MS spectrum (MS/MS-based quantation) such as iTRAQ and TMT and ii) quantitation 

based on the relative intensities of extracted ion chromatograms (XICs) for precursor ions 

within a single data set (MS-based quantitation). This method includes AQUA, ICAT and 

dimethyl labeling, but also SILAC uses this as the basis for quantitation. The detailed 

methodologies will be explained below. 

The iTRAQ method uses amine-specific isobaric reagents to label the primary amines 

of the peptides. It can label up to eight different biological samples [44]. Labeled peptides 

from the different samples are mixed, analyzed and quantitated. The MS spectra of each 

peptide in the sample are simple and easy to interpret due to the isobaric nature of the tags. 

Upon fragmentation, the isobaric amine groups release reporter ions with distinct m/z (e.g. 

114.1, 115.1, 116.1 and 117.1 for 4-plex iTRAQ). Measuring the relative intensities between 

reporter ions determines the relative abundance of the peptide in the respective samples. The 

relative abundance measurements at the protein level can be measured by combining the 

reporter ion intensities from multiple peptides. iTRAQ was successfully applied to determine 

the relative and absolute quantitation of drug-protein binding in which a mixed broad-

specificity kinase inhibitor matrix is used in combination with free kinase inhibitors [45]. It 

was possible to identify new drug targets for clinically important kinase inhibitors. However, 

this labeling reagent is costly and less stable. Although current high accuracy instrumentation 

MS is able to identify MS/MS fragments at low m/z, ion statistics used in peak recognition 
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and quantitation is relatively poor compared to MS-based quantitation due to the overall lower 

amount of ions in MS/MS.  

In the ICAT method, proteins from two or more different biological samples are 

labeled with a 
13

C or 
12

C-ethylene glycol linker with a biotin affinity tag and a thiol-specific 

reactive group that selectively couples to the side chain of reduced cysteine residues [19]. The 

labeled samples are mixed, digested, purified with an avidin column to allow enrichment of 

labeled peptides prior to MS-analysis [46]. The relative abundances of peptides are quantified 

according to their intensity ratios. A major advantage of this tagging system is that it 

facilitates the enrichment of the modified peptides via affinity purification of the biotin 

moiety, thereby enhancing the detection of low abundance proteins. However, a major 

bottleneck is that ICAT reagents selectively label the less frequent cysteine residues so that 

proteins without a cysteine will not be quantified using this method. 

Dimethyl labeling through reductive amination was introduced into the proteomics 

field by Hsu et. al. [41]. Similar to iTRAQ and ICAT, labeling is performed after proteolysis.  

Formaldehyde reacts with the N-terminus or the amino group of the lysine side-chains to form 

an intermediate shiff base that is subsequently reduced to a methyl group by application of 

sodium cyanoborohydride (NaBH3CN). The resulting secondary amine follows the same 

reaction to form a tertiary amine with two methyl groups. This results increase in a mass of 28 

Da (2x 
12

CH3) or 32 Da (2x 
12

CHD2) per modified amino group. The method can be extended 

to a triplex strategy by introducing a third label using 13CD2O and NaBD3CN. This strategy is 

applicable for the analysis of complex samples including cell lysate and affinity purified 

proteins [47, 48]. Fully-automated, online and on-column sequential triplex dimethyl labeling 

is the latest advance for this type of labeling [49]. Large advantage of this technique is that the 

cost of the reagents is minimal. 

Probably the most direct approach for the introduction of stable isotope-labeled 

peptides is to chemically synthesize them and 'spike' known quantities into the sample as 

internal standards (Figure 2E). This approach applies well to the quantification of candidate 

biomarkers in body fluids [50]. To reduce interference from background ions, quantification 

can be performed on specific fragments of the peptide generated in a triple-quadrupole mass 

spectrometer using selected reaction monitoring (SRM), often also referred to as MRM. The 

MS is set to detect a preprogrammed precursor-fragment combination with very high 

sensitivity and specificity. The internal peptide standard is introduced during or after protein 

digestion. Because suitable internal standards need to be identified and synthesized, this 

approach is usually limited to a small number of preselected proteins for follow-up, rather 

than work as a discovery tool.  

Although stable isotopic labeling technology for protein quantification
 
has been 

applied successfully, it remains technically difficult to
 
comprehensively characterize the 

global proteome due to the
 
high costs of the labeling reagents, the nature of the methodology

 

and especially by the dynamic range limitation of the mass spectrometers when analyzing 
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complex biological samples. Furthermore, simultaneous quantification of
 
proteins from a 

large population of samples is also often problematic.  

 

1.3. Functional proteomics approach 

Differential changes in protein profile with the help of quantitative proteomics are 

heavily used to evaluate the involvement of critical pathways in a time- and disease-

dependent manner. Although current sensitive MS analysis allows the identification of 

thousands of proteins in a single experiment, the biological role of these proteins are not 

revealed. And it is now evident that proteins do not act alone, but rather in a concerted way 

together with others in its vicinity. Hence, the functions of proteins and their molecular 

mechanisms can be implicated by their interacting protein partners, so called “guilt-by-

association”. This makes it important to investigate proteins in the context of their formed 

complexes, rather than on an individual basis [51, 52]. Illustrative examples of such protein 

complexes are signaling modules, which consist of multiple-signaling proteins which are 

responsible for the fast and efficient transmission of a specific stimulus. This can be achieved 

through physically tethering the signaling modules to a cellular compartment where its 

function is required. For instance, as described in this thesis, the protein kinase A anchoring 

proteins (AKAPs, see review [53]) tether a kinase called cAMP-dependent protein kinase 

(PKA) to distinct loci within the cells to accommodate specificity in space and time. This is 

much needed as PKA is implicated in a large amount of functions. For instance, in heart it 

plays a major role in contraction and relaxation through regulating the Ca
2+

 concentration in 

the cardiac myocytes. Furthermore, the importance of other heart signaling modules has been 

shown, including β-adrenergic receptor associating proteins [54], as well as many protein 

kinase C binding partners (see review [55]). However, many of these signaling molecules are 

relatively low abundant in the heart, when compared to the amount of cytoskeletal and other 

muscle proteins. Therefore, the earlier discussed protein profiling approach often does not 

permit the identification of these complexes, and if identified, only with a marginal amount of 

sequence coverage. Hence, methods to detect these low abundant proteins in a complex 

sample are required. Reduction of sample complexity can be achieved by proteome pre-

fractionation techniques like immunodepletion of high-abundant proteins, subcellular 

fractionation and affinity purification methods. The latter has been applied in this thesis and 

will be the focus of the next paragraphs. The selective nature of the affinity purification 

methods allows a large enrichment of a specific subset of the proteome, allowing a more 

thorough investigation of these enriched proteins.  

 

1.3.1. Key technologies in targeted proteomics  

Targeted proteomics is a hypothesis-driven approach where proteome pre-

fractionation is based on selective molecular interactions between ‘bait’, which can be a small 

molecule, ligand or a protein and its targets, i.e. (other) proteins. Up to date, there are several 
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methodologies applied to isolate protein complexes and identify their constituents. There are 

two main small molecule based approaches that are collectively called chemical proteomics 

(Figure 3, see review [56]).  

 

 

Figure 3. Targeted proteomics workflows strategies to enrich and characterize low abundant 

signaling complexes. (A) Cardiac tissue lysates are incubated with a soluble activity-based 

probe. After binding of the probe to its target(s), the reactive group is activated to form 

covalent interactions with the target proteins. Specific capture of the probe/protein complex 

can then be achieved; (B) Beads are directly coated with the affinity-based ligand and 

subsequently incubated with a protein lysate to isolate the ligand’s targets. The enriched 

protein complexes are washed with mild buffer to remove non-specific binding. Subsequently 

common separation techniques can be applied, followed by digestion and LC-MS MS 

analysis. 
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As shown in Figure 3A, the first method, called ABPP, for activity based protein profiling, 

makes use of highly engineered small molecules (probes) that usually consist of four parts: an 

affinity region, a reactive moiety, a linker region and a coupling region. The affinity region is 

the actual ‘bait’ that interacts with the protein(s) of interest. Once bound, the reactive group 

can be activated. Usually these groups are photosensitive. Activation couples the probe 

covalently to its primary target. The linker connects the probe to affinity bait, called the 

coupling group, for which often biotin is used. This second bait allows the efficient 

purification of the targeted protein(s) from the complex lysate. The advantage of ABPP is the 

ability to monitor enzyme activity directly rather than being limited to proteins or mRNA 

abundance. 

Recently, ABPP combined with MS analysis (ABPP-MudPIT) enabled the 

identification of hundreds of active enzymes from a single biological system [57].  It is 

especially useful for profiling inhibitor selectivity as the potency of an inhibitor can be tested 

against hundreds of targets simultaneously. The possible drawback of the ABPP approach is 

the bulky nature of the tag which affects the protein-binding affinity, probe uptake and 

cellular and tissue distribution thus hindering in vivo profiling experiments. It is also less 

suited for diluted large volume samples like body fluids, which would require large amounts 

of expensive probes. The alternative approach depicted in Figure 3B makes use of pre-

immobilized small molecule ‘baits’. This requires the generation of a linkable version of the 

compound of interest, for which many different chemistries can be used. The generated 

affinity-beads can be incubated with a complex protein lysate to isolate targets of the ‘bait’. 

The affinity purification step is based on the highly specific reversible interaction of proteins 

with the immobilized compound. The captured sub-proteome can then be retrieved from the 

affinity beads by different elution steps. Typically this approach suffers from non-specific 

binding for which several approaches are reported to reduce it, such as by using competition 

binding assays [58] and varying the linker region between the beads and the compound [59].  

  There are also several protein-‘bait’ based methods, such as immunoprecipitation, and 

the use of tagged proteins, of which the tandem affinity purification (TAP-tag method) is an 

elegant example. The TAP-tag consists of two IgG binding domains of ProtA and a 

calmodulin binding peptide (CBP) separated by a TEV protease cleavage site [60]. In 

sequential affinity purification, interacting proteins of the tagged protein can be isolated and 

identified. A clear advantage of the small-molecule methods is that they can be applied to 

protein lysates of any origin, even to very rare human tissue. The protein based method 

requires ectopic expression of the tagged-version in a cell-line and negates the use of tissue 

samples. 

Immunoprecipitation, which is feasible in primary tissue, requires the availability of a 

clean antibody, which is not arbitrary for most proteins. Also a proper control is often difficult 

to attain in such an approach. These disadvantages do not apply to chemical proteomics, 

although chemical proteomics also suffers from some drawbacks. For instance, it can only 
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target proteins that have affinity for small molecules and it requires upfront knowledge on 

chemical interaction characteristics of the target of interest, although the technique is also 

applied in the unbiased identification of drug targets. Both enrichment methods are highly 

suitable for coupling to MS for interaction analysis. In addition, due to the enrichment, more 

comprehensive analysis of PTMs becomes feasible. The affinity bead-based chemical 

proteomics setup is the method of choice in this thesis, where we apply it to the study of 

cardiac disease.  

 

1.4. Proteomics and biomarker discovery 

The discovery of novel biomarkers involves the profiling of biological samples in 

search for disease or drug related qualitative and quantitative changes in protein levels and/or 

modifications. This can be achieved by the comparative analysis of protein expression in 

normal and diseased tissues. 

Therefore several requirements apply; (i) the ability to detect as many proteins as 

possible, (ii) a dynamic range that is wide enough to detect low abundant proteins, (iii) 

confident protein identification, (iv) high reproducibility and consistency of the platforms so 

that the biological differences can be sufficiently distinguished from technical ones, (v) the 

ability to quantify the significant differences over sample variability and (vi) the ability to 

profile and compare a large number of samples for validation. The initial mapping of healthy 

proteomes of plasma, urine, liver and heart have been reported [61, 62]. Currently, a protein 

database of cardiac proteins has been constructed [6, 63, 64], which also includes alterations 

of proteins observed in cardiomyopathic samples. An example of protein-based cardiac 

disease biomarkers derived exclusively from cardiac tissue are the cardiac troponins that are 

in clinical use for the diagnosis of acute myocardial infarction. Another CVD biomarkers are 

creatine kinase [65] and high-sensitivity C-reactive protein (CRP) [66].  

The progress of biomarker discovery at the protein level is challenging due to the 

dynamic range of proteins present in the systems. Anderson et al. reported that the plasma 

proteome spans a linear dynamic range of 10-12 orders of magnitude [17] while current 

proteomic techniques only resolve protein abundance within 3-4 orders of magnitude. 

Although high abundant and tissue leakage proteins in the plasma can serve as a surrogate 

measure of cardiac disease progression, existing biomarkers provide less accurate value of 

predictive patient risk.  

Hence, there is a noticeable shift in the approach to biomarker discovery away from 

the direct analysis of body fluids and towards comparing diseased and healthy primary tissues 

or proximal fluids. Major disadvantage of this approach is the necessity to measure the 

observed differential proteins back in a body fluid to avoid invasive test procedures. Recently, 

de Kleijn and group discovered that local ruptured plaques contain molecular information that 

is predictive for antherothrombotic events in all vascular territories and that the local 

antherosclerotic plaque acts as a potential source of prognostic biomarkers [67]. In their study, 
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they used longitudinal section of plaques and compared plaque proteins between two patient 

types; one with diagnostic cardiovascular event and one with follow-up treatment in order to 

investigate the prognostic effect using the complementary power of proteomics.  

The future challenges for biomarker discovery will be the advancement of mass 

spectrometric instrumentation, developing novel and even better upfront sample separations, 

but also the further application of specific enrichment techniques to uncover lower abundant 

signature proteins that are indicative of protein changes in vivo. Thus proteomics will 

continue to be an indispensable approach to decipher cellular mechanisms and to link these 

mechanisms to cardiovascular disease and health. 

 

1.5. Animal models of heart disease 

Most of the technologies discussed above can identify a relatively large pool of 

proteins within a specific system or proteins which
 
are able to interact with other proteins of 

interest.  However, in order to further validate protein targets that affect or are affected by 

cellular functions in a living animal, in vivo experiments are required. Proteomics is also an 

emerging tool in this area of research. Thus far, a handful of animal models of human heart 

disease have been studied with proteomics. Recently, a gel-based kinase assay coupled to MS 

identification was used as an approach to map global kinase activity in the context of 

cardiomyopathy in the postnatal heart of transgenic mice expressing activated MKK6 

(mitogen-activated protein kinase) [68]. A differential proteomic profiling study was 

performed on right ventricular hypertrophy using a rat model of pulmonary artery banding 

[69]. White et. al used proteomics to characterize global changes in cardiac protein expression 

in response to ischemia/reperfusion injury [70]. However, the gene expression pattern of 

small animals and larger mammals such as humans are different. Hence, investigation has to 

move into larger mammals such as dog [71] and bovine [72]. 
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2. Scope and outline of this thesis 

In cardiac research, the prognostic outcomes following diagnosis are still relatively 

poor. Although significant progress has been made in identifying genetic, physiological and 

environmental factors that predispose individuals to different cardiac diseases, the etiology of 

these has exhibited an unanticipated level of complexity. Heart muscle expresses several 

thousands of  distinct proteins, several hundreds of which are likely tissue specific and critical 

for heart muscle function, performance and capacity [73]. Hence, the systematic identification 

of these proteins and the determination of their relative abundance in healthy and diseased 

cardiac tissue could provide better understanding of the molecular determinants of the disease. 

Finding the proteins that specifically change in response to certain pathologies is the ultimate 

goal of biomarker discovery. 

 Understanding the molecular mechanisms of signaling proteins is an important aspect 

of these goals as these often pose as promising therapeutic targets [74]. These signaling 

proteins are the orchestrators of tissue function. As a consequence, their function and behavior 

is very complex and dynamic with constant activation and deactivation through protein 

modification, allowing the system to quickly achieve equilibrium where cell function is 

optimal for the environmental conditions at hand. Under developing pathological 

circumstances, small but chronic alterations in this complex signaling network could result in 

the development of diseases such as cardiac hypertrophy, myopathy and ultimately heart 

failure. Hence, additional research into the molecular basis of signaling proteins is needed to 

better understand disease initiation and progression at the molecular level to ultimately help 

the further development of therapeutic strategies.  

 Protein kinases and phosphatases are one of the main signaling proteins that control 

cardiac contraction and rhythm. PKA (cAMP-dependent protein kinase) and PKG (cGMP-

dependent protein kinase) are two important examples of kinases that are heavily involved in 

cardiac function. Chapter 2 reviews the various contributions of mass spectrometry to better 

characterize and understand PKA and PKG signaling. The in depth characterization of these 

kinases is reviewed with respect to their PTMs (especially phosphorylation), the similarities 

and differences between their various isozymes, the identification and specificity of their 

binding partners that have been studied by proteomics based methodologies. In addition, 

studies on structural properties by for instance native mass spectrometry, H/D exchange and 

ion mobility are also discussed. Combining mass spectrometry based data with other 

biophysical and biochemical data has been of great help to unravel the intricate regulation of 

kinase function in the cell in all its magnificent complexity.  

PKA is the main target of the second messenger cAMP. PKA is a widely distributed 

and multifunctional kinase in many tissues and cell types, where it is involved in a multitude 

of different signaling pathways in many compartments of the cell. To prevent the 

simultaneous cross activation of parallel PKA pathways, its function is tightly regulated 
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through interaction of PKA with the highly diverse family of AKAPs (A-kinase anchoring 

proteins). These localize PKA activity in space and time. The genetically distinct different 

isoforms of PKA each bind to different AKAPs, however, for many AKAPs their specificity 

is largely unknown. Therefore, chapter 3 emphasizes on the development of a chemical 

proteomics method to screen the specificity of different PKA-isoforms towards their AKAPs 

directly in tissue and cell lysates. Based on the differential affinity chromatography 

characteristics of two cAMP-analogs coupled to mass spectrometry the specificity of many 

AKAPs are confirmed, but also new specificities are established by this method. The results 

described in this chapter also provide insight into the presence of cell or tissue specific 

AKAPs. 

As mentioned above, we strongly consider signaling proteins as putative biomarkers 

for cardiac disease, as they are more likely to function at the onset of disease. In the heart, 

cAMP is a key regulator of excitation-contraction coupling (ECC) and mediates the 

sympathetic control over this mechanism through the activation of PKA [75]. It is also shown 

that in dilated cardiomyopthic hearts (DCM), where the ECC is severely hindered, there are 

alterations in cAMP signaling [76]. Therefore, in chapter 4, we investigated the potential of a 

cAMP based chemical proteomics method for its application in biomarker discovery. A large 

set of PKA-AKAP complexes were enriched from human left ventricle, thereby allowing their 

detailed study by mass spectrometry. Not only do the concentrations of certain cyclic 

nucleotide based proteins alter in DCM, also differential association of PKA to AKAPs was 

observed between the healthy and DCM stage. These data provide important clues on the 

specific dysregulation of specific PKA signaling nodes upon progression to DCM and pose as 

a promising new tool for biomarker discovery in cardiac diseases.  

Chapter 5 describes the study of the healthy human left ventricle proteome in the 

finest detail, using a multifaceted analysis platform combining differential sample 

fractionations, enzymatic digestions and peptide fragmentation techniques (CAD and ETcaD) 

to enhance (i) protein coverage, (ii) sequence coverage, (iii) protein identification confidence 

and, (iv) accurate protein concentration determination. These absolute abundance data provide 

a valuable resource to identify putative novel biomarkers for cardiac disease, but also allow 

the specific evaluation of signaling pathways in the ventricle in the context of their 

abundance. Special emphasis is put on the expression levels of kinases and phosphatases in 

the healthy human left ventricle, in conjunction to endogenous phosphorylation sites 

identified.  

With the recent advances in mass spectrometry, quantitative assessments of proteins 

hold immerse potential for biomarker discovery of cardiac disease. In addition, sub-

proteomics analysis by means of depletion of abundant proteins, affinity purification and sub-

cellular fractionation may facilitate the identification of vital molecules by reducing the 

complexity of the biological systems. With a panel of candidate diagnostic biomarkers, 

validation can be performed on larger sample sizes using various proteomics techniques. In 
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conclusion, chapter 6 summarizes and remarks on the various contributions of mass 

spectrometry-based proteomics which offers a promising platform to understand pathogenesis 

of cardiac disease and subsequently for discovery of biomarker for early detection.  
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Abstract 

Mass spectrometry has evolved in recent years to a well-accepted and increasingly important 

complementary technique in molecular and structural biology. Here we review the many 

contributions mass spectrometry based studies have made in recent years in our understanding 

of the important cyclic nucleotide activated protein kinase A (PKA) and protein kinase G 

(PKG). We both describe the characterization of kinase isozymes, substrate phosphorylation, 

binding partners and post-translational modifications by proteomics based methodologies as 

well as their structural and functional properties as revealed by native mass spectrometry, H/D 

exchange MS and ion mobility. Combining all these mass spectrometry based data with other 

biophysical and biochemical data has been of great help to unravel the intricate regulation of 

kinase function in the cell in all its magnificent complexity. 
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2.1. Introduction 

2.1.1. Kinases, signaling and second messengers  

Protein kinases represent a large and diverse class of proteins that play essential roles 

in intracellular signal transduction. All kinases catalyze the same chemical reaction; 

phosphorylation by transferring the γ-phosphate of ATP to the hydroxyl moiety of the 

substrate. Modulation of kinase activity is vitally important and their malfunction is linked to 

many diseases. In eukaryotic systems a plethora of possibly more than 500 genes encode for 

kinases, as a whole often referred to as the “kinome”(1), illustrating their importance and 

specificity of function. Organisms coordinate activities at every level of their organization 

often through complex multiprotein signaling complexes. In multicellular organisms, 

intercellular signaling events can act over great distances to induce physiological responses. 

In many cases, detection of a primary signal by cognate receptors affects the level of a second 

messenger that in turn controls the activity of kinases or phosphotases. Classic examples of 

such second messenger molecules are the cyclic nucleotides cyclic adenosine monophosphate 

(cAMP) and cyclic guanosine monophosphate (cGMP). A rise in cAMP concentration is 

induced by binding of, among others, catecholamines to a G-coupled β-adrenergic receptor, 

that is directly associated to adenylate cyclase that converts ATP into cAMP(2). cGMP can be 

induced by nitric oxide (NO) that originates from nearby different cell types. NO directly 

activates the intracellular soluble guanylate cyclase (sGC) that produces cGMP from GTP(3, 

4). The formation of cGMP can also be initiated by a membrane bound guanylate cyclase 

(pGC) that responds to extracellular binding of natriuretic peptides(5). The second messenger 

molecules may activate a range of proteins, including both kinases and phosphotases. The 

major target of the second messenger molecules cAMP and cGMP are the protein kinases 

PKA (cAMP-dependent protein kinase) and PKG (cGMP-dependent protein kinase), 

respectively, the main subjects of this review. Through the years PKA, and to a lesser extent 

PKG, have been the subject of extensive investigation and much of the knowledge we 

currently have on kinase activity and regulation originates from these studies. In recent years 

mass spectrometry has taken an important role in these studies, for instance in the 

characterization of isozymes of the kinases, their post-translational modifications and 

interaction partners in the multi-protein signaling scaffolds, but also in the more in-depth 

structural analysis of conformational adaptation of the kinases upon activation, co-factor 

binding or binding to a scaffold. Here we review many of these recent studies, highlighting 

specifically the role of mass spectrometry, in all its flavors ranging from state-of-the art 

proteomics analysis using nanoLC MS/MS to more structural biology oriented studies using 

H/D exchange monitored by mass spectrometry to monitor protein folding and conformations. 

Figure 1 displays an overview of the areas of research wherein mass spectrometry has 

contributed to enhance our understanding of the important kinases PKA and PKG. Before we 

review these mass spectrometry based studies we provide an introduction on the current 

knowledge about the protein kinases PKA and PKG. 
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Figure 1. Schematic outline of this review, depicting the areas of research wherein mass 

spectrometry has contributed to our improved understanding of the kinases PKA and PKG. 

 

2.1.2. The cyclic nucleotide dependent protein kinases PKA and PKG 

2.1.2.1. Genes, isozymes, distribution and localization  

The major target of cGMP is cGMP-dependent protein kinase (PKG). Mammals have 

two PKG genes, prkg1(6, 7) and prkg2(8), that encode, PKG type I and type II, respectively. 

PKG I has two splice variants, Iα and Iß that yield PKG forms with distinct differences in 

their first 80-100 amino acids.(9, 10) All PKG isozymes form dimeric protein structures with 

similar domain architectures, as depicted in Figure 2. At the very N-terminus reside the 

dimerization domain, followed by the autoinhibitory sequence, two cGMP binding domains 

and a catalytic domain. Binding of cGMP to both cGMP binding domains fully activates the 

protein to phosphorylate intracellular targets. Different types of PKG have different tissue 

distributions: the Iα-isozyme is mainly found in lung, heart, dorsal root ganglia and 

cerebellum. The Iß isozyme is highly expressed in platelets, hippocampal neurons and 

olfactory bulb neurons. The main effecter of cAMP is PKA. Although PKA has a similar 

domain architecture to PKG, it is composed of two genetically distinct subunits, the 

regulatory subunit (PKA-R) and the catalytic subunit (PKA-C), which form a hetero-

tetrameric holoenzyme [(PKA-R)2-(PKA-C)2]. Upon stimulation by cAMP, the holoenzyme 

dissociates into [R2(cAMP)4] and two free, and active, PKA-C subunits that can 

phosphorylate intracellular targets (Figure 2). As cAMP levels drop, it dissociates from the 

PKA-R dimer, thereby preparing it to bind, and inactivate, PKA-C again (14, 15). The 

mammalian PKA family is quite diverse and includes four types of PKA-R and three of 

PKA-C, each encoded by a unique gene; PKA-RIα, -RIIα, -RIß, RIIß and PKA-Cα and –Cß 

and -Cγ.(16, 17).  
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Figure 2. Domain organization and structural models of PKA and PKG, in their inactivated 

and activated form. A) Domain organization of PKA. B) Domain organization of PKG. 

Domains with high sequence homology between PKA and PKG are depicted in similar colors. 

AI=auto-inhibitory domain. C) Structural model of PKA activation. PKA is a holo-enzyme 

consisting of a regulatory subunit dimer and two catalytic subunits. Activation of PKA occurs 

when four molecules of cAMP bind to the R subunit dimer, two to each subunit. When both 

cAMP binding sites are occupied the R subunit adopts a confirmation with low affinity for the 

C subunit and the holo-enzyme dissociates. D) Structural model of PKG activation. Activation 

of PKG occurs when four molecules of cGMP bind. They induce a significant conformational 

change in the protein whereby the auto-inhibitory (AI) domain which obstructs activity is 

discharged. Smooth muscle, including uterus, vessels, intestine and trachea contain both Iα 

and Iß isozymes(11). Myristoylation anchors PKG type II at the plasma membrane(12). This 

type is only present in kidney, cerebellum and mucosa.(13) [Color Figure can be viewed in 

the online issue, which is available at www.interscience.wiley.com] 

 

The current available evidence suggests that each PKA-R isozyme can generate homo-dimers, 

which can associate with either PKA-C isozyme.(18, 19). To make things even more 

complex, also the existence of a PKA-RIα/RIß heterodimer was reported.(20) A further 

diversification of PKA family members in mammals is attained by the presence of multiple 

splice variants of the C-subunits.(21) This eventually leads to a large variety of different PKA 

holoenzymes. Concerning tissue distributions, it was demonstrated that RIα is expressed in 

the heart and central nervous system, whereas RIß expression is more restricted to nervous 

tissues such as the spinal cord and the brain.(22) Furthermore, RIIα and RIIß are both 

expressed in the brain, and show distinct patterns of expression with RIIα predominantly 

expressed in the heart and RIIß expressed mainly in the liver and fat tissue(23). The 

differential expression pattern hints towards different functional assignments of the different 
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PKA subtypes, thereby suggesting they are not redundant proteins. This is further reiterated 

by studies using different PKA-R knock-out mice models as reviewed earlier (24).  

Where and when enzymes become active has profound implications on the cellular 

processes that they control. For PKA, strong spatial resolution is attained through the 

interaction of the regulatory subunit dimer with the diverse family of A-kinase anchoring 

proteins (AKAPs), which localizes cAMP signaling complexes, often including phosphatases 

and phosphodiesterases, to discrete intracellular compartments(25). Since the discovery of the 

first AKAP, MAP2 (26), the family of PKA anchoring proteins has grown to (including splice 

variants) more than 50 very diverse members. An overview of the in the literature described 

AKAPs, including the nomenclature synonyms and splice variants, the tissues they have been 

primarily detected in, and the concomitant proteins observed in the scaffolding complexes, is 

given in Table 1.  

 

Table 1. Summary of AKAP nomenclature, described binding partners and tissue distribution. 

For AKAP7 and AKAP9, specific splice isoforms, depicted between brackets, form different 

complexes or show different tissue distributions. 

Gene 

symbol 

Synonyms 

Splice variants 

Proteins in complex Tissue(s) Refs 

AKAP1 D-AKAP1 

sAKAP84 

AKAP121 

AKAP149 

PKA, PP1, PDE4A, PTPD1, AMY-1 

 

Testis, sperm (27-32) 

  

AKAP2 AKAP-KL 

PALM2-AKAP2 

PKA Kidney, lung, 

cerebellum, heart 

(33, 34) 

AKAP3 AKAP110 

FSP95 

SOB1 

PKA, AKAP4, PDE4A, Sp17, 

Ropporin1, ASP, Gα13, Fibrous 

sheath protein 1 and 2 

Testis, sperm (35-40) 

AKAP4 p82 

AKAP82 

Fsc1 

PKA, AKAP3, Fibrous sheath 

protein 1 and 2 

Testis, sperm (38, 41) 

AKAP5 AKAP150 

AKAP75 

AKAP79 

PKA, AMPA-R, PP2B, PKC, β2-AR, 

Kir2.1, SAP97, PSD-95, NMDA-

R,L-type Ca2+-channels, GABA-A-R, 

IQGAP1, Adenylate Cyclase V and 

VI, ASIC1a and ASIC2a 

Brain, neurons (42-53) 

AKAP6 mAKAP 

AKAP100 

PKA, PDE4D3, RyR, PP1, NCX1, 

PKC, PP2A, nesprin-1α, Epac1, 

ERK5-kinase, PDK1 

Skeletal muscle, 

heart, brain 

(54-61) 

 

AKAP7 AKAP15 

AKAP18 

PKA, Cav - and Nav-channels, AQP2 

channels 

Pancreas, brain (α 

and ß), placenta 

(γ), kidney and 

heart (δ) 

(62-66) 

AKAP8 AKAP95 PKA, p68 RNA helicase, D-type 

Cyclins, PDE4A, AMY-1, ACAP-

D2/Eg7, Caspase-3, G1-S Cylcins, 

Fidgetin, HDAC3 

Brain, thyroid, 

T-lymphocytes 

(30, 32, 67-75) 

AKAP9 AKAP350 

AKAP450 

PKA, NMDA-R, PP1, PKCε, KCNQ1 

channel, TACC1,  Casein kinase 1, 

Brain, skeletal 

muscle, heart, 

(76-87) 
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CG-NAP 

Yotiao 

Intracellular Cl- channel (CLIC), 

γ-tubulin complex 2 and 3 

(GCP2/3), Ran, PDE4D3, IP3-

receptor 

testis, pancreas 

(Yotiao) Brain, 

colon, liver 

(AKAP350) Kidney 

(AKAP450) 

AKAP10 D-AKAP2 PKA, PDZK1 Testis, kidney, lung (88, 89) 

AKAP11 AKAP220 PKA, PP1c, GSK3ß  (90-92) 

AKAP12 Gravin 

AKAP250 

SSeCKS 

PKA, PKC, ß2-AR, CaM, Cyclin-D, 

GalT, Src 

Brain, testis (93-99) 

AKAP13 AKAP-Lbc 

Ht31 

PKA, Rho, 14-3-3, CTNNAL1, tTG Heart, placenta, 

lung 

(100-104) 

AKAP14 T-AKAP80 

AKAP28 

- Testis (105) 

VIL2 Ezrin 

Villin 2 

PKA, CFTR, NHERF, E3KARP, NHE3  Spleen, intestine, 

uturus, kidney, 

heart 

(106-108) 

WAVE1 SCAR PKA, Abl (Abelson tyrosine kinase), 

Arp2/3, NAP125,  PIR121, 

HSPC300, Abi, WRP, Rac, profilin 

Brain (109-111) 

Rab32 - PKA Liver, Kidney (112) 

SKIP - PKA, Sphingosine kinase type 1 Heart (113, 114) 

BIG2 Brefeldin A 

inhibited GEP2 

PKA, exocyst protein 70, AMY1 Heart, brain, 

placenta, kidney, 

pancreas 

(115) 

(116-118) 

MTG16b Myeloid 

Translocation 

Gene 16b 

PKA, PDE4A, PDE7A T-lymphocytes (30, 119) 

Myosin VIIA  PKA, Vezatin Eyes, ears (120, 121) 

MyRIP Slac2-c PKA, Rab27, Myosin-Va/VIIA brain, kidney, 

heart, liver, lung, 

muscle, testis and 

pancreas 

(122, 123) 

Pericentrin - PKA, PKC Kidney, thymus, 

liver 

(124, 125) 

MAP2 Microtubule 

associated 

protein 2 

PKA, Tubulin, ERK3 Brain, testis (126-128) 

Myosprin CMYA5 PKA, dysbindin, desmin Heart, Skeletal 

muscle 

(129-131) 

Merlin Schwannomin PKA, Ezrin Neurons, 

hippocampus 

(132, 133) 

Synemin - PKA, many cytoskeletal proteins Heart, brain (134) 

α4-integrin  PKA, paxillin Ubiquitous (135, 136) 

 

The most important similarity between AKAPs is their ability to anchor PKA-R. Much effort 

has been put in the characterization of the PKA-AKAP interaction. Early on, deletion 

mapping studies identified a region of MAP2 that mediates association with PKA-RII (137, 

138). Later work by Carr et al. identified the interaction domain to be an amphipathic helix of 

approximately 14-17 amino acid residues long (139). An amphipathic helix is defined as an 

alpha helix with opposing polar and non-polar faces, i.e. a hydrophilic and a hydrophobic 

side. Although no strong consensus sequence has emerged, helical wheel alignments of over 
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20 AKAPs have shown the presence of the amphipathic helix to be essential for PKA 

anchoring. Further evidence for this was provided by the introduction of presumed helix 

disrupting residues in the amphipathic helix domain that revealed an abolished PKA-R 

interaction both in vitro and in vivo (139, 140). Most AKAPs known to date have high affinity 

specifically for the RII regulatory subunit of PKA, whereas a few bind also or even more 

specifically to RI. For instance, the dual specificity AKAP mAKAP (AKAP6) binds to both 

RI and RII, in a similar fashion via the amphipathic helix. 

 Recently, it was shown that α4 integrins bind specifically to the RI sub-unit of PKA 

(135). However this interaction requires the intact holo-enzyme and seems to bind through a 

different kind of interaction as observed for the other AKAPs, i.e. not via the dimerization 

motif of the RI dimer, extending the repertoire of PKA scaffolding proteins in cAMP- 

signaling even further. 

 

2.1.2.2. Structural Features  

PKG and PKA belong to the family of serine/threonine kinases. Both are activated by 

cyclic nucleotides and share many common structural features. Both kinases contain three 

functional domains: An amino-terminal domain that mediates dimerization, intracellular 

localization and auto-inhibition; a regulatory domain that has two in-tandem cyclic nucleotide 

binding pockets; and a catalytic domain consisting of an ATP/Mg
2+

 and a substrate binding 

site. In Figure 2 schematic representations are given of the domain structure of PKA and 

PKG. Besides the strong similarities, the striking difference between the two is that PKA 

forms the earlier mentioned [(PKA-R)2-(PKA-C)2]- hetero tetramer, whereas PKG is a 

homodimer, whereby the regulatory and catalytic domain are present on a single polypeptide. 

In recent years, crystallographic structures of PKA-R, PKA-C and the hole-enzyme, have 

greatly contributed to our understanding of protein kinase function and regulation. (For 

review, Taylor et al. (14, 15)). To date, there is no crystal structure of PKG available. Below, 

the three different functional domains of PKA and PKG will be discussed in more detail. 

 

2.1.2.2.1. The N-terminal domain: dimerization, intracellular localization and autoinhibition 

For both cyclic nucleotide kinases, the N-terminus regulates the same three functions, 

dimerization, intracellular localization and auto-inhibition. For PKA, detailed NMR in 

solution structure determination by Newlon et al. (141) allowed a comprehensive view on the 

interaction between the two PKA-R monomers. In addition, they describe the interaction of 

the PKA-R dimer with a representative AKAP-anchoring domain peptide, which allowed the 

first view at the molecular mechanism underlying PKA-R’s intracellular localization through 

interaction with AKAPs (141-143). The (PKA-R)2 molecule forms a so-called X-type four 

helix bundle dimerization motif with an extended hydrophobic face. This hydrophobic face is 

essential for the interaction with the non-polar side of the AKAP’s amphipathic helix motif. 
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The structure of the dimerization domains of all PKG isozymes (Iα, Iß and II) are very 

different from PKA. They dimerize through an α-helix with a hydrophobic leucine/isoleucine 

zipper motif. This helix contains either a leucine, or isoleucine, at every first out of seven 

amino acids, also referred to as a heptad repeat.(144-146) The presence of this motif, makes 

all the PKG isozymes homodimeric proteins.(147-150) Deletion studies within the N-terminal 

domain revealed several of its functions. It was established early on that proteolytic cleavage 

of PKG Iα yielded a fragment, later designated as PKG ∆1-77 that is monomeric(151), binds 

two cGMP molecules and is constitutively active.(152) These data indicate that the 

N-terminus keeps PKG in the inactive state, or auto-inhibited and assures dimerization. The 

autoinhibitory region of PKG contains a pseudo-substrate sequence (K/R-K/R-X-G/A-I/V-S-

A-E-P/S) that efficiently inhibits it in absence of bound cGMP.(153) Later, the autoinhibitory 

domain was pinpointed to be located around Ile63 and Ser64 in PKG Iα.(154, 155) Besides 

regulation of PKG by cGMP, a more complex regulating mechanism of PKG was proposed 

when it was found that both PKG isozymes can autophosphorylate several residues in their 

N-termini.(149, 156-158) Although the exact physiological role of the autophosphorylation 

events is unclear, it was found that recombinant autophosphorylated PKG showed an 

increased affinity for cAMP in vitro.(158-160) 

Although PKG Iα and Iß do not differ in sequence beyond the N-terminus, the 

activation constant (Ka) is shifted 15-fold up for PKG Iß.(148) Therefore it was hypothesized 

that the N-terminus also mediates PKG’s affinity for cGMP. PKG Iα was observed to have a 

high and a low affinity site, that bind cGMP with 10 and 150 nM Kd values respectively, 

while PKG Iß has two low affinity sites. (148, 161) High affinity binding of cGMP to PKG Iα 

is based on positive cooperativity between the two binding sites, i.e. binding of one molecule 

cGMP facilitates the binding of another. Clearly this was mediated by the N-terminus as PKG 

∆1-77 had lost cooperativity.(162).  

Although much less well defined as PKA-AKAP interactions, for PKG it was found 

that the N-terminus is essential for interaction with so-called G-kinase anchoring proteins 

(GKAPs).(163-165) Interestingly, PKG type II is myrisotylated at the amino terminus, 

localizing the enzyme to the plasma membrane and enabling it to phosphorylate the intestinal 

chloride channel CFTR.(12, 166) 

 

2.1.2.2.2. Cyclic nucleotide binding domains 

Throughout cyclic nucleotide binding proteins, the motifs present in these pockets is 

well conserved across species, even as far as E. Coli and Drosophila.(167, 168). All cAMP 

and cGMP binding sites show high structural and sequence conservation. Crystallographic 

structures of PKA-R showed that each cAMP-binding domain is composed of a helical 

subdomain and an eight-stranded β-barrels where cAMP binds. The essential feature of the 

β-barrel is a conserved phosphate binding cassette (PBC) that anchors the cAMP. The cAMP 

binding domains are joined to the dimerization domain by a flexible linker, which also 
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includes the autoinhibitory sequence that docks to PKA-C in the absence of cAMP. There is 

also strong conservation between cAMP and cGMP binding domains. Interestingly, a single 

residue seems to determine cAMP/cGMP specificity. In PKG (and cGMP specific 

phosphodiesterases (PDE) and cyclic nucleotide gated ion channels (CNG), the cGMP 

specificity (>100 fold over cAMP) is largely determined by the presence of a single threonine 

(e.g. T177 and T301 in human PKG Iα) that specifically interacts with the guanine base of 

cGMP.(169) In PKA, this residue is replaced by an alanine (e.g. A211 and A335 in human 

PKA-RIα), thereby providing an almost entirely hydrophobic environment for the more 

hydrophobic adenine moiety. When the threonine of PKG’s cGMP binding domain is 

substituted by an alanine, the cGMP specificity over cAMP is annulled. Likewise, the 

implementation of a threonine on the invariant alanine in PKA increases its affinity for 

cGMP.(170, 171) Another important site in these pockets is the glutamate within the 

conserved sequence F-G-E (about 10 amino acids upstream of the earlier mentioned T or A 

residues), which forms a hydrogen bond with the riboside 2’-hydroxyl group of either cGMP 

or cAMP. An arginine next to the threonine (or alanine) is essential and conserved to chelate 

the cyclic phosphate diester.(172-174) 

 

2.1.2.2.3. Catalytic domain 

Not only PKA and PKG, but all eukaryotic protein kinases, show high structural similarity in 

their catalytic domains; the two-lobed catalytic core consists of a small lobe with the 

ATP-binding domain and a large lobe that harbors the peptide (substrate) binding and 

catalytic site.(175, 176) From extensive crystallographic analyses of PKA-R and PKA-C in 

the presence and absence of cAMP, ATP and peptide substrates and inhibitors, major aspects 

of the structure function relationships could be studied. Some of the results obtained with 

PKA could be extrapolated to PKG, for which a crystal structure is still lacking. The study by 

Dostmann et al. in which the catalytic domain of PKG is modeled to PKA-C is most useful in 

this respect.(177) 

Extensive studies utilizing peptide libraries revealed very similar substrate specificity 

for PKA and PKG: KRAERKASIY and TQAKRKKSNA, or more generally R(R/K)X(S/T), 

and (R/K2-3)(X/K)(S/T), respectively. (177, 178) Therefore it is believed that subtle 

differences in the substrate interaction sites on the large catalytic lobe of PKG and PKA 

determine substrate specificity. Many substrates of PKA and PKG can be phosphorylated by 

both kinases in vitro, once again reiterating the importance of compartmentalization for them 

in vivo. The crystallographic structure of the PKA-C subunit in complex with the inhibitor 

peptide PKI 5-24 and Mg
2+

/ATP revealed many of the kinase/substrate interactions involved 

in catalysis.(179, 180) Extrapolation of these results to PKG shows many similarities.(181) 

First there is the GXGXXGXV motif that starts at Gly366 that is postulated to function as a 

hydrophobic pocket to bind the adenine ring of ATP. Further towards the C-terminus resides 

the linker region (Lys431-Ser454) that links the two lobes. Conserved Glu443 of this linker is 
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believed to function as the electronegative interactor with one of the basic residues in the 

substrate consensus sequence (possibly Lys6 in TQAKRKKSNA). The region between 

Tyr481 and Asn488 is candidate to function as the catalytic loop with Asp483 as the possible 

proton acceptor of the serine or threonine hydroxyl group. Lys485, also in the catalytic loop is 

implicated to facilitate phosphotransfer by neutralizing the negative charge of the 

γ-phosphate. The very C-terminus of PKG is likely to contribute to substrate recognition, as it 

does in PKA.(182) 

In the cleft between the two lobes, the actual phosphotransferase reaction takes place. 

The most important structural feature within the catalytic domain of PKG is the permanent 

phosphorylation of Thr516 (in PKG Iα).(183) This phosphorylation is essential for catalytic 

activity. In many other kinases a similar phosphorylation at a threonine or tyrosine residue in 

the catalytic domain is essential for activity and in several cases this event is actually working 

as the on/off switch of the protein. Therefore the region that contains this phosphorylation is 

also designated as the activation loop (184). It is believed that hydrogen bonds of the 

phosphate oxygens permit proper orientation of the substrate.  

 

2.2. Mass Spectrometry based Proteomic Analyses  

2.2.1. Characterization of isozymes 

The identification of specific isozymes of PKA and PKG occurring in vivo is not 

straightforward. For instance, initially, two different isozymes of PKA, type I and type II, 

were identified based on their pattern of elution from cellulose columns (185), but this 

method requires significant band shifts, and is typically unable to resolve more homologue 

isozymes. Moreover, also for the PKA catalytic subunit several isoforms have been observed. 

The specific isozymes of PKA (and PKG) have high sequence similarity (for PKA see Figure 

3), but often only a single isozyme is recruited for specific tasks (186, 187). Illustrative is the 

identification of PKA-isozyme specific interactions with different AKAPs (188). This makes 

the proper analysis of specific isozymes in the study of cyclic nucleotide signaling function 

imperative. Hitherto, the identification of specific isozymes of PKA and PKG in vivo in a 

complex sample, such as a protein lysate, relies heavily on the use of enrichment techniques 

based on specific antibodies, which however turned out to be quite cumbersome as all PKA 

(and PKG) isozymes have high sequence and structural homology.  

In recent years, mass spectrometry, and specifically nanoLC MS/MS, has developed 

towards becoming the standard on high-throughput protein identification. One of the major 

challenges in the mass spectrometric identification of proteins in highly complex mixtures is 

the limited dynamic range. This makes the identification of somewhat lower abundant 

proteins (signaling proteins like PKA and PKG) in the presence of high abundant 

housekeeping proteins (like actin, GAPDH, myosin etc.) intrinsically difficult. Therefore, the 

characterization and identification of e.g. cAMP/cGMP signaling proteins by mass 

spectrometry requires a pre-fractionation. For instance, by the use of abovementioned 
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PKA/PKG targeted antibodies or alternatively by using affinity resins using immobilized 

cAMP or cGMP. The latter approach is nowadays often referred to as chemical proteomics 

(75, 189, 190). For isozyme characterization, identification by a few peptides, which is still 

the standard in most proteomics experiments, is not sufficient. Isozyme characterization 

requires high sequence coverage of the proteins of interest, which can be best obtained by a 

combination of protein enrichment, in-solution digestion by a variety of proteases and state-

of-the-art nanoLC-MS/MS analysis. A specific enrichment with immobilized cAMP proved 

very valuable in the identification of all in vivo occurring PKA-R isozymes in mammalian 

tissue within a single experiment (34).  

To illustrate this in Figure 3 the sequences of all four known PKA R subunits in 

human (RIα, RIβ, RIIα and RIIβ) are aligned, whereby the obtained sequence coverage in 

chemical proteomics experiments in human heart tissue is indicated (unpublished data). 

Peptides that are potentially shared by different isozymes are gray-colored, whereas for 

isozymes specific/unique peptides are in boxes. These unique peptides are true indicators of 

the presence of the isozyme in the sample. In principle these unique detected peptides provide 

means for differential and absolute quantification of the isozyme, using stable isotope labeling 

(191) or the AQUA methodology, preparing an isotopically labeled internal standard (192).   

Unfortunately, the affinity enrichment technique using immobilized cAMP does not 

directly enrich for the catalytic sub-unit of PKA, for which also many isozymes have been 

described. Bowen at al. (193) reported a similar strategy that may be used to focus on PKA-C 

isozymes and its splice-variants occurring in the nematode C. Elegans. Therefore, the C- 

subunits were affinity purified using an immobilized PKI (Protein Kinase Inhibitor) peptide. 

Mass spectrometric analysis revealed several isozymes and splice-variants whose abundance 

was found to depend significantly on the developmental stage of the nematode (193). 

 

2.2.2. Identification of PKA/PKG interactors  

In a pioneering study by Lohmann et al. (127), immobilized cAMP was amended in 

combination with SDS-PAGE to find that the regulatory subunit of PKA co-purifies with a 

variety of specific proteins and that this group of specific proteins is different in different 

tissues. One of the co-purified proteins was identified as MAP2, designated as the first AKAP 

two years earlier (26). The diverse family of AKAPs provides strong spatial resolution for 

PKA through interaction with the regulatory subunit of the dimer. Through these interactions 

cAMP is accumulated, in larger multiprotein signaling complexes, often including 

phosphatases and PDEs, in discrete intracellular compartments.(25) With current mass 

spectrometric techniques, the identification of many different AKAPs in a single sample is 

achievable (34, 114). We performed a similar experiment as Lohmann et al.(127) but 

identified all proteins by state-of-the-art LC-MS/MS. In a single experiment on a single 

mouse ventricular tissue sample, we were able to identify 13 different AKAP families. For 

several of them multiple splice variants were identified based on distinct isozyme determining 
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peptide identifications. It was also demonstrated how such an approach can aid in the 

identification of novel AKAPs. For instance, by probing the cAMP-interactome dataset of 

protein sequences in silico for the presence of the AKAP interaction domains.(139, 194) In 

this way, we designated sphingosine kinase 1 interacting protein  (SKIP) as a potential novel 

AKAP in rat ventricular tissue (114). 

 

 

 

Figure 3. Alignment of the four human PKA regulatory subunits RIα, RIβ, RIIα and RIIβ, 

together with the extensive sequence coverage obtained in cAMP affinity-based chemical 

proteomics experiments in human heart tissue (unpublished data), whereby the gray boxed 

peptide sequences are unique peptides, whereas the red colored boxes represent shared 

peptide sequences in between at least two of the isozymes [Color Figure can be viewed in the 

online issue, which is available at www.interscience.wiley.com] 
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Figure 4. Overview of detected AKAPs in chemical proteomics experiments on mouse 

ventricular heart tissue, whereby their putative intracellular interaction points are annotated. 

Adapted from (34). [Color Figure can be viewed in the online issue, which is available at 

www.interscience.wiley.com] 

 

In Figure 4, an overview of all AKAPs detected in such chemical proteomics 

experiments on mouse ventricular heart tissue are depicted, whereby their putative 

intracellular interaction points are annotated. More and more biologists start to use the protein 

identification power of current LC-MS/MS techniques, often at the exploratory point of an 

investigation where the characterization of specific interactors of a target protein is required. 

These unknown interactors are often obtained by different affinity purification methods like 

chemical proteomics (195), genetically tagged proteins (196) and immunoprecipitation. Often, 

the initial identification of an interactor or complex constituent is the starting point for a range 

of functional biological experiments. In the cyclic nucleotide signaling field this is of 

particular interest, as the AKAP conundrum shows that specificity of signaling is attained by 

intracellular localization of specific PKA-AKAP complexes near their targets. A nice example 

of this latter approach was reported by Schlossmann and co-workers who observed the co-

purification of an unknown protein when isolating PKG Iβ by immobilized cGMP and 

immunoprecipitation (187). Initially, mass spectrometry was used for identification of this 

novel protein that was designated as IRAG. The IP3-receptor was also found to be part of this 

complex. Subsequent experiments then showed the function of this complex in the regulation 
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of intracellular calcium levels. In experiments in our laboratory we were able to co-purify 

PKG I with IRAG in rat lung tissue; obtaining a high sequence coverage allowing us to 

identify several phosphorylation sites on IRAG (unpublished data). A potential advantage and 

disadvantage of the use of immobilized cyclic nucleotide beads is that they cross-react, as 

both cAMP and cGMP beads enrich both for PKA and PKG. It would be interesting in the 

future to design beads that would be able to selectively enrich for either PKA or PKG, or even 

better specific PKA isozymes. 

 

2.2.3. Phosphorylation states of PKA and PKG 

Besides performing phosphorylation on substrate proteins, it is known that both PKA 

and PKG are in vivo phosphorylated and have the ability to autophosphorylate (156, 197) 

PKA-C is found autophosphorylated at Thr197 and Ser338, while PKA-RII 

autophosphorylates at Ser97 (198). PKA-RI seems not to autophosphorylate itself (199). In 

addition, PKA-R and PKA-C are subject to heterophosphorylation by other kinases, such as 

casein kinase II and glycogen synthese kinase 3β (200). LC-ESI-MS/MS techniques allow the 

study of protein phosphorylation due to specific ion fragmentation patterns that occur upon 

dissociation of the phosphopeptides in tandem MS. In combination with vital phosphopeptide 

enrichment techniques, such as metal ion affinity resins based on immobilized metal affinity 

chromatography (IMAC) (201, 202) and the more recently introduced use of solid titanium 

dioxide (TiO2) particles (157, 203, 204) a wide-range analysis of in vivo phosphorylation sites 

has become available. Implementation of these techniques in analytical platforms has 

increased the abilities to detect phosphorylated peptides tremendously, even when they are 

quite low abundant, for instance due to sub-stoichiometric phosphorylation events. 

The TiO2-based phosphopeptide enrichment technique was pioneered in our 

laboratory. In fact, the analysis of PKG’s autophosphorylation sites was one of the first 

biological questions addressed using this new enrichment method (157). Bovine PKG Iα was 

in vitro auto-phosphorylated for 0, 10 and 60 minutes. Using the TiO2 enrichment technique 

and two different proteases the PKG sequence could be largely covered. From the extracted 

ion chromatograms the amount of phosphorylation was differentially quantified and the extent 

of autophosphorylation could be determined. In this study Thr516 and Ser26 were found to be 

endogenously phosphorylated in PKG Iα purified from bovine lung. Thr516, as mentioned 

earlier, resides in the activation loop and is required for catalytic activity. Ser50, Thr58 and 

Ser72 were found to be rapidly autophosphorylated, while autophosphorylation on Ser44, 

Ser64 and Thr84 showed a slower incorporation. More recently, the mass spectrometric 

characterization of endogenous mouse ventricular PKG enriched by immobilized cGMP, 

revealed the presence in vivo of a phosphate at Ser 64, Thr84 and Thr516 (205). 

Characterization of PKA-RIα in mouse ventricular tissue resulted in the identification of 

Ser77 and Ser83, while for PKA RIIα the known Ser97 was found (34).  
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Figure 5. (A) Overlayed Single Ion Chromatograms (SICs) of PKA RIα peptide 71-92 in the 

non-, singly and doubly phosphorylated form. SICs were generated with precursor masses of 

the 3
+
 ions at m/z 802.09, 828.74 and 855.40 ± 0.02 Da respectively. B) MS/MS spectrum 

corresponding to peak at 35.82 min. C) tandem MS spectrum of peak at 36.55 D) MS/MS 

spectrum of doubly phosphorylated peptide with a retention time of 37.29 min. Also depicted 

are observed b- and y-ions that were crucial for the annotation of the phosphate group at the 

specified position(s) in the differentially modified peptide 71-92. Adapted from (34).  

 

Interestingly, as illustrated in Figure 5, for PKA-RIα, in mouse ventricular tissue, 

peptides originating from the amino acids 71-92, containing the phosphorylation sites Ser77 

and Ser83, were detected as non-, singly and doubly phosphorylated, revealing that at least 4 

differently phosphorylated PKA RIα species are present in vivo in mouse heart tissue, adding 

to the complexity in regulation in the PKA system. Recently more mass spectrometric data on 

the post-translational modifications of PKA-C have been reported as well (206), including 

two autophosphorylation sites on the Cα-subunit of recombinantly expressed murine PKA. 

The exact physiological role for most of these phosphorylation events remain to be solved, 

which is not a simple task. 
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2.2.4. Phosphorylation by PKA and PKG 

Based on an extensive body of work with peptide substrates in vitro and mapping of 

potential physiological phosphorylation sites in vivo, PKA is well known to phosphorylate 

substrates with the general motif R(R/K)X(S/T), whereas the consensus for PKG is (R/K2-

3)(X/K)(S/T). In a recent large scale phosphoproteomic dataset obtained from human 

activated cells (203) thousands of phosphopeptides were reported. Evaluation of short protein 

sequence motifs around the detected sites for agreement with the known PKA consensus 

motif identified hundreds of putative PKA induced phosphorylation sites (203). Similarly, in 

other large phosphoproteomics datasets (202, 204) numerous putative PKA and PKG induced 

phosphorylation sites can be identified. Huang et al. (207) reported a more targeted systematic 

proteomics approach, using stable isotope dimetyl labeling (208, 209), whereby quantification 

depended on MS detection, for the identification of substrates of PKA and PKG, in pregnant 

rat uteri, using recombinant PKA and PKG. To facilitate detection, exogenous phosphatases 

were added to the samples to remove intrinsic phosphorylation followed by a heating step to 

inactivate all enzymes. A total of 61 and 12 substrate candidates were identified in vitro for 

PKA and PKG, respectively, whereby most of these sites contained consensus motifs of each 

kinase with only a few sites overlapped, indicating a good specificity. Moreover, differential 

phosphoproteomics analysis using stable isotope dimethyl labeling and MS was performed to 

detect the change of protein phosphorylation upon kinase stimulation in vivo.  

It is expected that in the next few years a wealth of new data on phosphoproteins and 

the specific sites of phosphorylation will become available, both from comprehensive 

phosphoproteomics analysis as well as more targeted approaches, zooming in on a specific 

kinase isozyme or substrate. This will certainly help to better understand the specificity of 

PKA and PKG, and their isozymes, in vivo. However, as mentioned above, the functional 

annotation of this wealth of phosphoproteomics data provides already the next big challenge. 

 

2.3. Mass Spectrometry based Structural Biology 

For PKA, primarily through the availability of high-resolution X-ray structures, a 

wealth of information is available on the structural properties, albeit mostly of individual 

domains, as described in the introduction. However, to fully understand the molecular 

function and structural biology of PKA and PKG, one would ideally investigate the dynamic 

properties of the kinases in solution, which can be attained through a variety of biophysical 

techniques. To complement crystallographic structures, fluorescence anisotropy (210, 211), 

NMR (141, 212) and, most recently, FT-IR (213) have been used to probe the dynamical 

behavior of PKA-R in its binding to PKA-C and AKAPs. Fluorescence anisotropy for 

instance showed, before the holoenzyme structure was solved, that the flexible linker of 

PKA-RIα became more ordered upon binding to PKA-C. This was confirmed for PKA-RIIß, 

by endogenous tryptophan fluorescence.(214) FT-IR studies suggested an overall increase in 

dynamics of both PKA-R and PKA-C in the holoenzyme, compared to the cAMP bound 



 

 
50 

PKA-R and active PKA-C.(213) The fact that cAMP binding stabilizes PKA-R was also 

obtained by the observed urea unfolding stabilization of 7.1 kcal mol
-1

 upon cAMP-binding 

(215). NMR studies on the N-terminal docking/dimerization (PKA-R 1-44) domain of PKA 

revealed the different interfaces that PKA-RI and PKA-RII present, thereby explaining the 

specificity for the individual subtypes of AKAPs (142, 188, 212). 

 

2.3.1. Structural properties of PKA probed by mass spectrometry 

To complement the above studies and to gain further insight into the structural changes that 

occur upon ligand binding and/or protein-protein interactions hydrogen/deuterium exchange 

(HDX) in combination with mass spectrometry has been used to study PKA. Detailed reviews 

on this technique are available (216, 217). Komives and co-workers (218) investigated the 

detailed protein-peptide interface of PKA-C in presence of ATP/Mg2+ and PKI(5-24), a strong 

PKA inhibitor peptide. Matrix assisted laser desorption ionization (MALDI) time of flight 

(TOF) MS was amended for the analysis (217, 219, 220). With the help of the PKA-C crystal 

structure (180), already available at the time, the peptides originating from the ATP and PKI 

interaction sites could be retrieved and considered for their deuterium incorporation. Clearly, 

in presence of these molecules, the sites of interaction became less accessible, which was 

directly indicative of their location within the protein structure. HDX mass spectrometry has 

also been utilized for other questions into the structural biology of PKA, like the mapping of 

the interaction surface between PKA-R and PKA-C. The initial report used a double 

truncation mutant of PKA-RIα (94-244), in presence and absence of cAMP and PKA-C(221), 

and later the experiment was performed with full length PKA-RIα (222) and PKA RIIβ (223, 

224). These analyses validated many important interaction residues on both PKA-R and 

PKA-C involved in deactivation of PKA, of which a couple were already known from 

extensive, labor intensive, targeted mutagenesis studies. In addition, the differences indicated 

that cAMP induced a conformational change over long distance within the protein structure to 

abolish PKA-C binding.(221) All these observations were later confirmed by the first holo-

enzyme crystal structure of PKA (225). A quite recent very interesting study employing 

HDX-MS focused on the differences in interactions between PKA-RI and PKA-RII when 

interacting with an -helical A-kinase binding (AKB) motif from the dual specificity 

D-AKAP2. Interestingly, it was observed that D-AKAP2 uses two distinct binding modes 

towards the different PKA-R isozymes (226) as schematically depicted in Figure 6. Moreover, 

HDX-MS was used to evaluate, in combination with other biophysical methods, the kinase-

dead mutant of PKA-C, in which Lys72 was replaced with a Histidine (227). This mutant was 

further studied in its unphosphorylated and phosphorylated (at Thr 197) form. Interestingly, 

the kinase-dead PKA-C could still bind ATP. The HDX-MS results indicated that the small 

lobe was much more exposed in the mutant, making the kinase less stable. This effect was 

diminished by the phosphorylation of Thr197, a striking demonstration of the long-distance 

effect of phosphorylation on the organization of the active site in PKA-C (227). 
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Figure 6. Difference in measured HDX exchange mapped onto the structures of RI and RII 

D/D domains when interacting with a peptide mimicking the interaction surface of the dual 

specificity AKAP2. A) Side view and B) View looking down onto the AKAP binding surface. 

The ligand-induced protected regions are highlighted in red (>50%), orange (25–50%), 

yellow (<25%), and black (no change). The ligand induces a broader region of protection on 

the RI surface when compared to that of RII. Adapted from ref (226). [Color Figure can be 

viewed in the online issue, which is available at www.interscience.wiley.com] 

 

2.3.2. Structural properties of PKG probed by mass spectrometry  

With no crystal structural available for PKG it is fair to say that the structural properties of 

this kinase are much less well understood. Many biophysical techniques have been amended 

to obtain functional and structural data on PKG. There is for instance NMR data available, but 

this focuses only on the very N-terminal dimerization part of PKG (144). Small angle X-Ray 

scattering data revealed that cGMP binding to PKG induces a 30% elongation of the protein 

(228). Moreover, FT-IR data suggest that the conformational change induced by cGMP-

binding is primarily due to a topographical movement of the structural domains of PKG rather 

than to secondary structural changes within one or more of the individual domains (229). As 

for PKA, PKG was shown to be stabilized upon cGMP binding, as determined by tryptophan 

fluorescence unfolding studies(230).  

Analysis of PKG by limited proteolysis showed that PKG is rapidly cleaved into a 

dimeric N-terminal fragment and two catalytically active C-terminal fragments (151). Later, 
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this fragment was designated as PKG ∆1-77 (152). In these days, it was difficult to deal with 

the resulting cleavage patterns of limited proteolysis, but with the availability of mass 

spectrometry today, identification of these protein fragments has become a lot easier, as 

shown recently (230). The differences in observed PKG cleavages in absence and presence of 

cGMP could be precisely pin-pointed to specific locations within the PKG sequence. Binding 

of cGMP is essential for PKG activation, however the exact character of the conformational 

changes induced upon binding are still not fully understood. It is thought that cGMP induces 

the release of the auto-inhibitory domain from the active site, thereby activating the kinase. 

Data that supports this, is the observed increase in the proteolytic sensitivity of the 

N-terminus in the presence of cGMP, indicating that a conformational change has occurred 

that increases the solvent exposure of this region (231) (230). Together with targeted 

mutagenesis data, this led to the hypothesis that PKG is present in a very tight conformation 

in absence of cGMP (230). Before we address recent results using HDX combined with mass 

spectrometry to investigate in more detail the conformational changes that occur upon cGMP 

binding/activation of PKG, we describe other alternative mass spectrometric approaches 

which have recently been used to study the changes in the structure of apo- and holo-PKG, 

namely native mass spectrometry and ion mobility mass spectrometry 

 

2.3.2.1. Native MS analysis of cGMP binding and co-factor binding to PKG 

With soft-electrospray ionization MS, the investigation of large ‘native’ non-covalent 

multiprotein assemblies can be achieved (232). Often these type of studies are amended for 

the elucidation of protein complex stoichiometries and stability, and for protein-ligand or 

protein co-factor interaction analysis (232-234).  Pinkse et al. demonstrated the potential of 

this technique when applied to PKG Iα (150). Native mass spectrometry revealed that wild-

type PKG exists solely as a dimeric species in solution and confirmed the cGMP binding 

stoichiometry as [PKG2(cGMP)4] at saturating cGMP concentrations (Figure 7). The native-

ESI-MS spectra of PKG revealed a shift of the mass/charge (m/z) envelope to lower m/z upon 

cGMP binding (150, 230, 235), which indicates that PKG picks up more positive charges in 

the electrospray process when cGMP is bound. This shift in charge distribution can be 

attributed to a conformational change hinting at a more open character of holo-PKG, 

corroborating with the observed increased protease susceptibility (230, 231) and elongation in 

small angle X-Ray scattering experiments (228). Furthermore, it was shown by native-ESI-

MS that binding of Mg
2+

/ATP could take place in absence of cGMP, reiterating that the auto-

inhibitory domain does not block access to this site and that Mg
2+

-binding is required for ATP 

binding. cGMP binding seemed to decrease the affinity of ATP for the kinase (150). This is 

likely caused by the observed repositioning of ATP on the small lobe of the catalytic subunit 

to facilitate hetero-phosphorylation, as observed for PKA (236, 237). Pinkse et al. (150) also 

showed the elegant simultaneous read-out of up to 8 autophosphorylation events that occur 

upon binding of cGMP or cAMP to PKG Iα together with Mg
2+

/ATP. Binding of cGMP to 
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Figure 7. (A) Electrospray ionization mass spectrum of native PKG electrosprayed from an 

aqueous 200 mM ammonium acetate solution, pH 6.7, at a concentration of 1 µM. The inset 

on the left shows the changes of the [M+25H]
25+

 signal of dimeric PKG upon addition of 

cGMP. The inset on the right shows the corresponding convoluted zero-charge spectra of 

PKG acquired in absence or presence of cGMP, clearly revealing the specific binding of 4 

cGMP molecules. (B) ESI MS spectra for partially proteolyzed PKG, which was prior to 

digestion (from top to bottom) non-, partially- and highly- autophosphorylated. Mass spectra 

on the left display the low m/z region from m/z 620-700, displaying the double charge 

molecular ion of residues 71-80. Mass spectra in the middle display the [M+8H]
8+

 of the 

dimeric N-terminus (residues 1-70). Mass spectra on the right display the [M+16H]
16+

 of the 

C-terminal residues 81-670. The numbers of phosphate groups present on each of the three 

proteolytic fragments are listed above each ion signal. Adopted from ref (150). 
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PKG induces autophosphorylation of PKG at 1-2 residues per monomer, while cAMP binding 

(cAMP binds to PKG, although higher concentrations are required to saturate) induces 

hyperphosphorylation of the N-terminal domain with 3-4 events per monomer (159, 160). The 

exact location of the autophosphorylation sites was investigated as well (157). Alverdi et al. 

(235) used an, on native mass spectrometry based, approach to analyze the difference in 

global HDX behaviour between intact PKG dimers in their apo- and holo-forms (Figure 8). In 

this approach, the exchange of both backbone and side-chain hydrogens is monitored in real-

time. A significant increase in deuterium incorporation (i.e. approximately 170 more 

exchanged hydrogens) was observed between apo- and holo-PKG, despite the protection 

expected from the binding of four cGMP molecules. The significantly higher H/D exchange 

in holo-PKG is however in good agreement with opening-up of the PKG structure in the 

presence of cGMP and consistent with the observed higher charging of holo-PKG compared 

to apo-PKG described above. Moreover, Alverdi et al. used ion mobility mass spectrometry 

on the intact 152 kDa dimeric PKG to investigate the global conformational changes in PKG 

(Figure 8). This technique relies on the measurement of the collisional cross-section, i.e. the 

drift time through a collision chamber with neutral gas under a weak electrical field (238, 

239). The collisional cross-section was found to be directly proportional to the size of the 

protein or protein complex.  In our lab, we investigated the structural changes of PKG upon 

cGMP-binding by this new technique (235). cGMP-binding increased the collisional cross-

section thereby again confirming the proposed more open shape of the holo-PKG structure. 

 

2.3.2.2. HDX mass spectrometry analysis of cGMP binding to PKG 

In contrast, by using HDX-MALDI-MS, we were able to show more specifically which area’s 

of PKG Iα were impacted by cGMP binding(235). Interestingly, binding of the four small 

cGMP molecules to the large 153 kDa dimeric PKG induced changes in the complete 

structure, from the very N-terminus to the C-terminus. We observed a higher solvent exposure 

of the autohinhibitory domain, while the cGMP binding pockets became less solvent 

accessible. Several regions on the large lobe of the catalytic domain were also more 

accessible, in line with the proposed binding of the pseudo-substrate stretch of the 

autoinhibitory domain to the substrate binding region on the large lobe of the catalytic 

domain. The ATP binding loop on the small lobe of the catalytic domain was not affected, 

corroborating with the ATP binding studies by Pinkse et al. (150). 
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Figure 8. (A) Mass spectra of apo-PKG incubated for 15 minutes in aqueous (H2O and D2O, 

respectively) ammonium acetate. The ion signals originate from PKG dimers. The observed 

increase in m/z in D2O, corresponds to a mass shift of about 1200 Da, indicating the number 

of hydrogens that have been exchanged. (B) Global H/D exchange kinetics of PKG 

determined by native mass spectrometry. The graph shows the percentage (with standard 

deviations) of exchanged hydrogens (i.e. incorporated deuteriums) as a function of time for 

apo (▲), and cGMP-bound (●) PKG. Over the whole time-window holo-PKG had 

approximately 300 more hydrogen exchanged than apo-PKG. (C) Plot of ion intensities 

versus drift time inside the ion mobility mass spectrometer of apo-PKG. Red coloring means 

most intense. (D) Drift time distributions for the [M+H]
26+

 ions  of apo- and holo-PKG 

revealing the shift to longer retention times for holo-PKG. Adapted from (235). [Color Figure 

can be viewed in the online issue, which is available at www.interscience.wiley.com] 
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2.4. Outlook 

In this review we have attempted to capture the many contributions that a multitude of mass 

spectrometric techniques, available today, have made to the investigation of two important 

related cyclic nucleotide signaling kinases PKA and PKG. Mass spectrometry has been used 

at many different levels in the investigation of these proteins. PKA and PKG have become 

unique model systems for kinase action and function, and mass spectrometry is still gaining 

momentum in contributing to our efforts to understand these kinases and their regulation in 

the cell.We have no doubt that mass spectrometry will continue to provide more insights into 

their function. Mass spectrometry will be involved in the characterization and detailed 

mapping of all post-translational modifications on PKA and PKG isozymes, originating from 

different tissues, species, or even sub-cellular locations. Mass spectrometry based studies will 

also further map the “interactome” of these kinases. The functional study of the differentially 

modified isozymes will also involve the use of mass spectrometry, if only to show that these 

isozymes have different interaction partners. In parallel, structural approaches like HDX-MS, 

native mass spectrometry and ion mobility will be used to further characterize the local 

molecular differences within these differentially modified isozymes. Combining all this mass 

spectrometry based data with other biophysical and biochemical data will help us to unravel 

the intricate regulation of kinase function in the cell. 
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Abstract 

cAMP regulates cellular functions primarily by activating PKA. The involvement of PKAs in 

various signaling pathways occurring simultaneously in different cellular compartments 

necessitates stringent spatial and temporal regulation. This specificity is largely achieved by 

binding of PKA to protein scaffolds, whereby a distinct group of proteins called A kinase 

anchoring proteins (AKAPs) play a dominant role.  AKAPs are a diverse family of proteins 

that all bind via a small PKA binding domain to the regulatory subunits of PKA. The binding 

affinities between PKA and several AKAPs can be different for different isoforms of the 

regulatory subunits of PKA. Here we employ a combination of affinity chromatography and 

mass spectrometry-based quantitative proteomics to investigate specificity in PKA-AKAP 

interactions.  Three different immobilized cAMP analogues were used to enrich for PKA and 

its interacting proteins from several systems; HEK293 and RCC10 cells and rat lung and testis 

tissues.  Stable isotope labeling was used to confidently identify and differentially quantify 

target proteins and their preferential binding affinity for the three different cAMP analogs. We 

were able to enrich all four isoforms of the regulatory subunits of PKA, and concomitantly 

identify more than ten AKAPs. A selective enrichment of the PKA RI isoforms could be 

achieved; which allowed us to unravel which AKAPs bind preferentially to the RI or RII 

regulatory domains of PKA. Of the twelve AKAPs detected, seven preferentially bound to 

RII, whereas the remaining five displayed at least dual-specificity with a potential preference 

for RI. For some of these AKAPs our data provides the first insights into their specificity. 

 

3.1. Introduction 

cAMP is an ubiquitous second messenger that transduces signals from a variety of 

hormones, neurotransmitters and inflammatory mediators to regulate a large number of key 

cellular processes. cAMP can influence cell growth, differentiation and movement as well as 

regulating specialized actions unique to specific cell types. The principal target of cAMP is 

protein kinase A (PKA). Several other proteins such as cyclic nucleotide gated channels 

(CNG) (1), phosphodiesterases (PDE)(2) and guanine nucleotide exchange factors (Epac)(3) 

bind cAMP. Interestingly, localized pools of cAMP regulate defined physiological events. It 

appears that for such events a supramolecular complex is required that comprises of the 

appropriate effector system together with signal termination enzymes such as PDEs and 

phosphatases (PPs) that are sequestered by scaffolding proteins(4). Some of the best-

described scaffolding proteins are the so-called A-kinase Anchoring Proteins (AKAPs), which 

all bind specifically to the N-terminal dimerization domain of the PKA regulatory domain. 

The organization of a few of these individual supramolecular complexes containing 

PKA/AKAPs/PDE etc. have been described(4), numerous more of such complexes are 

expected to exist.   
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The regulatory domains of mammalian PKAs exist in several isoforms such as RIα, 

RIβ, RIIα and RIIβ, which are all encoded by separate genes. The two major isoforms i.e. RI 

and RII differ in molecular weight, isoelectric point, amino acid sequence, phosphorylation 

status, tissue distribution and sub-cellular localization.  RI and RII subunits are known to bind 

to AKAPs with distinct levels of affinity adding another level of intracellular organization for 

PKA and also facilitating the diversity of the cAMP mediated signal transduction pathways. 

Although the PKA-R isoforms differ in functionality, they share a similar overall organization 

i.e. a dimerization domain, the catalytic subunits inhibitor region and two cAMP binding 

domains. The two cAMP binding domains differ in cAMP binding kinetics and are known as 

site A and site B respectively (5). Both sites share considerable sequence identity, as a result 

of a tandem gene duplication, and have conserved phosphate binding cassettes (PBC) that can 

be considered as signature motif for cAMP binding. The relative orientation of these two sites 

is nonetheless, quite different in RI and RII. Additionally, the A and B sites have different 

binding affinity to cAMP derivatives. Site A has a preference for N6-substituted analogs 

while Site B is preferred by C2- and C8-substituted analogs (6).  

Protein kinase A has been studied for a long time (7, 8). One of the important goals 

therein is to develop different cAMP analogs that can result in specific binding, activation 

and/or inhibition for each individual cAMP interaction site of the RI and RII isoforms (9). 

This can help to decipher in detail, specific cyclic nucleotide signaling pathways(10). To fully 

interpret such pathways, analogs should ideally not cross-activate (or inhibit) with other 

cAMP regulated proteins such as the before mentioned PDEs, EPAC, CNG and the cGMP-

dependent protein kinase (PKG). Although the latter is mainly activated by cGMP, it also 

binds to cAMP (11, 12). It has been suggested that cGMP and cAMP can cross-activate their 

respective kinase (13). This cross-talk between PKA and PKG hampers, to some degree, the 

study of these proteins individually, as dissecting the individual pathways of PKA and PKG 

requires specific binders, activators or inhibitors (9, 14). Compared to PKA, PKG is involved 

in quite different signalling pathways, such as the well-characterized nitric oxide mediated 

relaxation of smooth muscle cells (15).  

The development of synthetic cAMP and cGMP analogs as tools to unravel specific 

signal transduction pathways requires the sensitive identification and characterization of their 

cyclic nucleotide interacting proteins. These proteins are typically relatively low abundant, 

and therefore specific enrichment techniques are essential to study these so-called cyclic-

nucleotide interactomes. In recent years such affinity enrichment techniques have been 

coupled to sensitive mass spectrometric identification of the enriched proteins, nowadays 

often referred to as chemical proteomics. Chemical proteomics using small molecules as baits, 

i.e. messenger molecules, drugs or metabolites, becomes more and more widely used to 

selectively isolate target proteins from whole cell lysates enabling the analysis of protein 

subcomplexes and/or signaling pathways (16, 17).  
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In the present study we compare the properties of three cAMP analogues immobilized 

individually on agarose beads, for enrichment, isolation and detection of cyclic nucleotide 

interacting proteins and their interaction partners, like AKAPs, directly from a crude lysate of 

cells and tissue. To quantify differential affinity, we use a common strategy in proteomics, 

namely stable isotope labeling, whereby we introduce the label via reductive amination (18-

20). Most interestingly, a very selective enrichment of PKA RI isoforms can be achieved by 

using cAMP-agarose beads in which the hydroxyl group at the 2’ position on the ribose was 

replaced with a methoxyl-group. This allows us to distinguish which AKAPs bind 

preferentially to the RI or RII isoforms. Therefore, this approach provides an elegant tool to 

further decipher specific cyclic nucleotide signaling pathways. 

 

3.2. Experimental procedures 

3.2.1. Materials 

The cAMP coupled agarose beads were purchased from BIOLOG (Bremen, 

Germany). The amount of immobilized cyclic nucleotide on the beads was ~6 µmol/mL.  

Protease inhibitor cocktail was from Roche Diagnostics (Almere, The Netherlands). All other 

chemicals were purchased from commercial sources and were of analysis grade, unless stated 

otherwise.  Isotope labeled CD2O formaldehyde (20% solution in D2O) was from Sigma-

Aldich (Milwaukee, USA). The rabbit polyclonal PKA RIα, RIIα antibodies and HRP-

conjugated secondary antibody were from Santa Cruz Biotechnology Inc. (California, USA).  

High purity water, obtained from a Milli-Q system (Millipore, Bedford, MA USA), was used 

for all experiments.  

 

3.2.2. Tissue and cell lysate preparation 

Lysate and tissue preparation protocols were largely as described previously (17, 21). 

Briefly, HEK293 cells (1.5x106 cells/mL) were lysed by dounce homogenization and were 

left on ice for 10 min. The soluble fraction was taken after centrifugation at 20,800g for 10 

min. The yield was approximately 8 mg of protein, as determined by Bradford assay.  For the 

tissue sample, approximately 800 mg of tissue was pulverized in a custom made steel mortar 

which was pre-cooled with liquid nitrogen. Subsequently, 1 mL of ice-cold lysis buffer 

(50mM K2HPO4, pH 7.0, 150mM NaCl. 0.1% Tween 20, Protease Inhibitor cocktail) was 

added and the sample was left at room temperature for 5 min. These treated tissue samples 

were stored on ice for another 10 min. followed by the same procedure as that for HEK293 

cells. The final yield of protein was approximately 80 mg. 

 

3.2.3. Pull-down assay 

Prior to pull-down, a 50 µL dry volume of immobilized cAMP beads (~300 nmol of 

cAMP) were washed with 1 mL of PBS buffer (50mM K2HPO4, 150mM NaCl).  For control, 

beads blocked by ethanolamine were used in a parallel identical pulldown procedure.  Prior to 
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the pull-down assays, tissue and cell lysates were incubated with 10 mM ADP/GDP and 

incubated for 15 min at 4 
o
C in order to reduce non-specific binding, mainly contributed by 

ADP and GDP binding proteins(17, 21). cAMP agarose beads were added to the lysate in the 

volume ratio of 1:100 beads to lysate ratio. The lysate-bead suspension was incubated for 2 

hours at 4 
o
C by rotary shaking. The supernatant was collected as unbound fraction (UF). The 

bead bound fraction (BF), was washed in several steps with in total 12 mL of lysis buffer to 

further reduce non-specific binding. Then the bound fraction was eluted with 90µl of 8M 

Urea for denaturing. After digestion with lysine-C (Roche Diagnostics, Almere, The 

Netherlands) for 4 hr at 37 oC, reduction and alkylation of the peptides were performed in 2M 

urea, followed by further digestion by trypsin (Roche Diagnostics, Almere, The Netherlands). 

The dual protease digestion procedure resulted in the detection of more peptides. 

Reproducibility of the pull down experiments was evaluated in the rat testis tissue. The ratio’s 

observed in this duplicate experiment were reproducible as they were within an experimental 

error of 10% (Supplemental Table S1). 

 

3.2.4. Stable isotope labeling strategy 

The resulting peptides were desalted, dried in-vacuo and re-suspended in 100 µL of 

triethylammonium bicarbonate (100 µM). Subsequently, 4 µL formaldehyde-H2 (4% v/v in 

water for light-labeling) was added, vortexed for 2 minutes followed by the addition of 4 µL 

of freshly prepared sodium cyanoborohydride (600 mM). The resultant mixture was vortexed 

for 5 min. at RT. 16 µL of ammonium hydroxide (1% in water) was added to consume the 

excess formaldehyde, and 5% formic acid (in water) was added to acidify the solution. For 

perdeutero-methylation labeling, formaldehyde-D2 (4% v/v in water) was used. The light 4H- 

and heavy 4D- di-methyl labeled samples were mixed in 1:1 ratio based on the total protein 

input material for the pull down and dried in vacuum, and then re-dissolved in 5% ACN 

containing 0.1 formic acid, prior to preparation for mass spectrometric analysis. 

 

3.2.5. Protein identification and quantification 

 For mass spectrometric analysis peptides were injected onto a nano-scale liquid 

chromatography system. Therefore, an Agilent 1100 series LC system was equipped with an 

20 mm Aqua C18 (Phenomenex, Torrance, CA) trapping column (packed in-house, i.d., 100 

µm; resin, 5 µm) and a 250 mm ReproSil-Pur C18-AQ f analytical column (packed in-house, 

i.d., 50 µm; resin, 3 µm). Trapping was performed at 5 µL/min for 10 min and elution was 

achieved with a gradient of 0-32% B in 60 min, 32-40% B in 5 min, 40-100% B in 2 min and 

100% B for 2 min leading to a total analysis time of 90 minutes. The flow rate was passively 

split from 0.4 ml/min to 100 nl/min when performing the elution analysis. Nanospray was 

achieved using a distally coated fused silica emitter (New Objective, Cambridge, MA) (o.d., 

360 µm; i.d., 20 µm, tip i.d. 10 µm) biased to 1.8 kV. The LC system was coupled to a 7 
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Tesla Finnigan LTQ-FT ICR mass spectrometer (Thermo Electron, Bremen, Germany). 

Briefly, the mass spectrometer was operated in the data-dependent mode to automatically 

switch between MS and MS/MS acquisition. Survey full scan MS spectra were acquired from 

m/z 350 to m/z 1500 in the FT-ICR with a resolution of R=100,000 at m/z 400 after 

accumulation to a target value of 2,000,000 in the linear ion trap. The five most intense ions 

were fragmented in the linear ion trap using collisionally induced dissociation at a target value 

of 10,000. Spectra were processed with Bioworks 3.3 (Thermo, Bremen, Germany) and the 

subsequent data analysis was carried out using the Mascot (version 2.1.0) software platform 

(Matrix Science, London, UK) against the IPI-Rat database version 3.19 (44845 protein 

sequences; 23003239 residues) allowing 1 missed cleavages, carbamidomethyl (C) as fixed 

modification, ‘light’ and ‘heavy’ methylation of peptide N-termini and lysine residues and 

oxidation (M) as variable modifications. The peptide tolerance was set to 10 ppm and the 

MS/MS tolerance to 0.9 Da. Proteins were organized using the scaffold software package 

(www.proteomesoftware.com). Quantification was performed using MSQuant which is a 

modified version of 1.4.2a (http://msquant.sourceforge.net/). Peptide ratios between the 

monoisotopic peaks of “normal” and “heavy” forms of the peptide were calculated and 

averaged over consecutive MS cycles for the duration of their respective LC-MS peaks in the 

total ion chromatogram using only FT-MS scans heavy and light labeled peptides were found 

to co-elute. All data presented in this manuscript is available in the pride database 

(http://www.ebi.ac.uk/pride) under the PRIDE experiment accession numbers: 3706-3714 and 

project title name Selectivity in enrichment of PKA isoforms and their interactors. 

 

3.2.6. Immunoblotting 

After separating the affinity purified proteins from HEK293 cells on a 1D SDS-PAGE 

gel, they were transferred to nitrocellulose membranes. Blocking was performed using a 

solution of TBS (pH7.5) containing 5% non-fat milk powder. The membranes were then 

respectively incubated with the PKA RIα (goat polyclonal antibody, PKA Iα reg (C-14): sc-

18800, Santa Cruz Biotechnology, USA) in a dilution ratio of 1:100, and PKA RIIα (rabbit 

polyclonal antibody, PKA IIα reg (M-20): sc-30666, Santa Cruz Biotechnology, USA) in a 

ratio of 1:100 for 1 h at room temperature. The membranes were washed for 40 min., 

changing the TBS buffer every 10 min, and then incubated with an HRP-conjugated 

secondary antibody (sc-2004 and sc-2768, Santa Cruz Biotechnology, USA) in a dilution ratio 

of 1:1000 for 1h at room temperature. After washing the membrane with TBS buffer, the 

membrane was subjected to chemiluminescence detection according to the manufacturer’s 

protocol (ECL, Amersham Bioscience).  

 

3.3. Results 

  For the affinity purification of cAMP interacting proteins, various cAMP analogs are 

available. These cAMP analogs can be immobilized to beads using different coupling 
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positions and different linkers. Here we chose to use agarose beads on which cAMP is 

immobilized via an aminohexylamino spacer that is attached to either the 8-position of the 

imidazole ring or 2-position of the pyrimidine ring in the adenine moiety (referred to further 

on as C8 for the 8-position linked cAMP analog; and C2 for the 2-position linked cAMP 

analog). We took a long chain spacer, as it is expected that the conformational flexibility of 

the ligand is also increased by increasing the chain length. In addition, we selected 8AHA-2’-

O-Me-cAMP-agarose beads (further referred to as C8_OCH3) in which the hydroxyl group at 

the 2’ position on the ribose is replaced with a methoxyl-group. This modified cAMP 

analogue, which is thought to have specific activation characteristics for EPAC1(22), is linked 

to the agarose beads via a similar 1,6-diaminohexyl spacer at the C8-position of the adenine 

ring. Finally, as a negative control we used beads that were blocked by ethanolamine. The 

chemical structures of the cAMP analogues immobilized on the beads are shown 

schematically in Figure 1A. 

 

3.3.1. Differential affinity enrichment of the cAMP beads visualized by 1D gel analysis 

In the first experiment, we divided rat lung tissue lysate into four equal aliquots. These 

four samples were individually incubated with the four different, above-mentioned, affinity 

beads. Following incubation and affinity purification, the enriched proteins were separated 

using SDS-PAGE. As shown in Figure 1B, the gel obtained with the control ethanolamine 

blocked beads (EtOH) did not show any significant protein bands in contrast to protein bands 

that were pulled-down using the C8 beads, C2 beads and C8_OCH3 beads, respectively. 

These three lanes clearly show the high degree of selectivity obtained using our specific 

enrichment, comparable to results reported previously (17). Although the three gel lanes show 

high similarity, there are also striking differences, especially in the molecular weight region 

where the PKA RI and RII subunits are expected. To confidently identify these differences, 

we cut each of the four lanes into 20 equal pieces and subjected them to LC-MS analysis.  The 

resulting mass spectra were analyzed using MASCOT and organized using the Scaffold 

software package. For confident identifications we set a threshold at a minimum of 3 unique 

peptides with a peptide Mascot score of 30 (p<0.05). Using these strict settings, we identified 

56 proteins in the C8 dataset, 62 proteins for the C2 gel lane, 40 proteins for the C8_OCH3 

sample (Supplemental Table S2), and no significant proteins in the control lane for the 

ethanolamine blocked beads. The number of proteins detected is relatively low, but, as 

illustrated in Supplemental Table S2, very specific. A large fraction of proteins are ‘real’ 

cyclic nucleotide binding proteins or interactors thereof. We attribute this to the fact that we 

are able to significantly reduce ‘non-specific’ binding proteins by pre-clearing the lysates with 

ADP/GDP(17). To confidently determine the relative affinity purification levels of each 

protein with each of the four types of beads we chose to use isotope labeling by chemical 

reductive dimethylation labeling (18-20). 
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Figure 1. (A). The chemical structures of the modified immobilized cAMP analogues beads. 

(B) SDS-page gels (Coomassie stained) of rat lung tissue incubated with C8 (lane 1), C2 (lane 

2), C8_OCH3 (lane 3) and EtOH control (lane 4) beads.  The triplet bands around 50 kDa 

originate from the PKA-R isoforms, whereas the band at ~75 kDa is PKG.  

 

3.3.2. Differential affinity enrichment determined by stable isotope labeling based 

quantitative proteomics 

Stable isotope labeling in combination with mass spectrometry is a very elegant 

approach to quantify differential protein expression (23, 24). To differentially quantify the 

protein abundance in each pull-down fraction using the four different affinity beads, we 

designed an experiment as depicted schematically in Figure 2 and in more detail in 

Supplemental Figure S1. Following the affinity pull-down, we digested all proteins in-

solution and chemically labeled the tryptic peptides originating from the pull-down with C8 

beads with perdeutero-formaldehyde. In individual experiments, the peptides originating
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Figure 2. Following the parallel affinity 

enrichments using C8 and C2 beads, 

proteins were digested in-solution with 

LysC and trypsin, respectively. The tryptic 

peptides originating from the pull-down 

using the C8 beads were chemically 

labeled using CD2O (‘heavy-label’) 

whereas those originating from C2 beads 

(and also C8_OCH3 and EtOH beads) 

were labeled with CH2O (‘light-label’). 

Each set of CD2O and CH2O labeled 

samples were mixed in a 1:1 ratio 

(Supplemental Figure S1) and then 

analyzed by LC-coupled nanospray LTQ-

FT-ICR mass spectrometry for protein 

identification and quantification. 

 

from the pull-downs using C2, the C8_OCH3 and the ethanolamine blocked beads were 

chemically labeled using normal formaldehyde. In dimethyl labeling, formaldehyde reacts 

with the N-terminus and the α-amino group of lysine residues of a peptide, which are 

subsequently reduced with sodium cyanoborohydride to generate secondary amino groups 

that are relatively more reactive than their original primary amino groups. Subsequently, each 

of these species reacts with another formaldehyde moiety to produce a dimethyl substituted 

tertiary amino group adding 28 (CH2O, “light”) or 32 Da (CD2O, “heavy”) in mass for each 

N-terminus or lysine residue in each peptide (18-20). We mixed the “heavy” labeled sample 

obtained with the C8 beads, with one of the other three “light” labeled samples. Each set of 

two labeled samples were mixed in a 1:1 ratio and then analyzed by LC-coupled nanospray 

LTQ-FT-ICR based mass spectrometry for protein identification and quantification.  

 In Figure 3, an illustrative example of our quantitative analysis is given, whereby MS 

spectra (upper panel) and extracted ion chromatograms (lower panel) are depicted in which 

the “light” (dashed line) and “heavy” (solid line) of individual peptide pairs can be distinguis- 
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Figure 3. MS spectra (upper panels, A-D) and extracted ion chromatograms (lower panels, E-

H) of peptides originating from proteins in the affinity-enriched HEK293 cell lysate are 

depicted. The upper panel shows that each detected peptide exists as a pair with a typical 

2Da m/z difference for doubly charged peptides that have no lysine residues whereas a 4Da 

m/z difference is observed for doubly charged peptides with one lysine residue. Labeling sites 

are indicated by the arrows. In the lower panel, the heavy-labeled peptides (peptides which 

are enriched by C8) are in solid line and light-labeled peptides (peptides which are enriched 

by C8-OCH3) are in dashed line. Each individual peptide pair is used for the assessment of 

differential binding affinities.  

 

hed. Each peptide is detected as a pair with a typical mass difference of 4 Da per amine group, 

i.e. for the N-terminus and each lysine residue present in the peptide. For instance, in the 

doubly charged peptide of CLVMDVQAFER (Figure 3A), formaldehyde dimethylates the N-

terminus generating a m/z difference of 2 which is corresponding to a mass difference of 4 Da 

between the light- and heavy- labeled peptide. It has been reported that hydrogen-based 

isotopes can have an isotopic effect during LC separation in which the heavy and light tags 
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show a partial separation which can obviously reduce the accuracy of quantification. 

However, as shown in Figure 3E, F, G and H, both the light- and heavy-labeled peptide ions 

co-elute, indicating that such an isotopic effect turns out to be negligible. This is possibly due 

to deuterium labeling occurring on charged amino residues, which may reduce the differential 

interaction of hydrogen and deuterium based methyl labels with the RP-HPLC stationary 

phase(19).   

We performed affinity enrichments with three different immobilized cAMP beads in 

the lysates of HEK293 cells, RCC10 cells, rat lung and rat testis tissue. We selected these four 

systems as literature predicted that they may contain quite a diversity of cAMP interacting 

proteins. A summary of proteins detected, together with the number of identified and 

quantified peptides, with each of the four beads (i.e. C8, C2, C8_OCH3, EtOH) with different 

samples is given in Supplemental Tables S3A-I. All peptide pairs used for differential 

quantification are listed in this summary together with their ratios. The protein differential 

binding ratio was calculated by averaging over all peptide pairs measured for that particular 

protein. In the remainder of the paper we do not further discuss the results with the 

ethanolamine blocked beads, as for all proteins discussed below, we were not able to detect 

them using these beads underscoring the selectivity of our affinity-purifications. 

In our pull-downs, we enriched most specifically for the isoforms of the regulatory 

domain of PKA, represented by the triplet dark bands on the 1D gel of Figure 1. We detected 

all four described PKA-R isoforms. Figure 4A illustrates the differential enrichment of PKA 

RIIα in the affinity pull-downs with the three beads (i.e. C8, C2 and C8_OCH3). White bars 

indicate the relative abundance of PKA RIIα pulled down with C8 versus C2 beads; while 

grey bars depict the relative abundance of PKA RIIα recovered with the C8 versus C8_OCH3 

beads.  The C8 to C2 ratios are close to 1, irrespective of the origin of the sample (i.e. rat lung 

tissue, rat testis tissue, HEK293 cells or RCC10 cells), indicating that both C8 and C2 beads 

have equal binding specificity towards PKA RIIα. In sharp contrast, the averaged ratios are 5 

and higher for the C8 versus C8_OCH3 pairs, again irrespective of the origin of the sample, 

indicating that the C8 beads have substantial higher affinity for PKA RIIα than the C8_OCH3 

beads. PKA RIIβ displays similar patterns as observed for PKA RIIα as illustrated in 

Supplemental Figure S2A. 

Figure 4B shows that PKA RIα has no substantial binding specificity for either C8 or 

C2 beads, as revealed by the ratios (~ 1) (Note the different scale of the y-axis in Figure 4B, 

compared to 4A). However, in sharp contrast to the results obtained for RII, the binding 

specificity ratio of C8 to C8_OCH3 is also close to 1, indicating that the C8_OCH3 beads 

have similar affinity for PKA RIα compared to C8. Similarly, PKA RIβ that we observed in 

HEK293 and RCC10 exhibits a C8/C8_OCH3 specificity ratio of approximately one as well, 

proving that PKA RIβ binds to C8 and C8_OCH3 with similar specificity as well. It was 

shown in (Supplemental Figure S2B).  
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Figure 4. The ratios were measured in two cell lysates (i.e. HEK293 and RCC10) and two 

tissue lysates (i.e. rat lung and rat testis tissue) for A. PKA RIIα, B. PKA RIα,  and their 

secondary binding proteins, C. AKAP11 and D. AKAP1. The binding specificity ratios of C8 

versus C2 are in white and C8 versus C8_OCH3 are in grey.  

 

In addition to the primary binders of cAMP, we enriched for several secondary binders, 

primarily many of the expected A kinase anchoring proteins. The enrichment ratio’s of 

AKAP11 and AKAP1 which were identified in all four biological systems, are depicted in 

Figure 4C and D respectively. In Figure 4C, the measured enrichment patterns of AKAP11 

are shown, which are markedly similar to PKA RII shown in Figure 4A. There is no 

significant difference between the C8 and C2 beads but lower enrichment when C8_OCH3 

beads are used. We attribute this similarity in patterns to the fact that AKAP11 is a PKA RII 

targeting AKAP. In contrast, AKAP1 exhibited a quite different pattern, as it was found to be 

equally enriched using the C8, C2 or C8_OCH3 beads (Figure 4D). This can be rationalized 

by AKAP1’s ability to bind equally well to RI and RII meaning that it is a dual specificity 
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AKAP. Other examples are shown in Supplemental Figure 3, which reveals that AKAP7 is 

RII-specific and AKAP2 is dual specific.  

Next to the two AKAPs shown in Figure 4C and D, we detected and determined 

differential binding patterns for a further 10 AKAPs in the 4 different samples. Figure 5 

summarizes all results for C8 versus C8-OCH3 on a 
2
log scale. For each AKAP, the peptides 

detected in the four samples (HEK293, RCC10, Rat lung tissue and Rat testis tissue) were 

pooled into one data set and the mean ratios and their standard deviations were calculated. 

The PKA isoforms, RIIα and RIIβ (white bars on the left) show a 
2
log ratio of 3.2 (stdev 

=0.12) and 3.9 (stdev =0.17) whereas RIα and RIβ have similar 2log ratios of -0.79 (stdev 

=0.20) and -0.89 (stdev =0.16), respectively. Furthermore, 6 AKAPs have similar ratios 

compared to the RII isoforms:AKAP5, AKAP7, AKAP9, AKAP11, MAP2 and AKAP14 

(dark grey bars), indicating they are RII specific AKAPs, in agreement with literature data for 

AKAP5(25), AKAP7(26), AKAP11(27) and MAP2(28).  

On the other hand, AKAP1 (light grey bars) had average ratios of around 1 indicating 

that it has similar binding affinities to both RI and RII, so it can be classified as dual 

specificity AKAP. AKAP10 (D-AKAP2) was also observed as a dual specificity AKAP with 

a binding pattern similar to AKAP1. Although we only identified one quantifiable peptide of 

AKAP10 (SIEQDAVNTFTK, Supplemental Table S3I), the peptide was identified with high 

confidence (mascot score of 59, mascot delta score to the next best hit of 47). A manual 

annotation of the tandem MS spectrum of this peptide is provided in Supplemental Figure 4. 

Additionally, we performed a BLAST analysis of the peptide sequence against the non-

redundant NCBI database in order to verify the specificity of this peptide referring to 

AKAP10. The quantitation was manually inspected in the raw data by extracted ion 

chromatograms of the heavy and light versions of this peptide. This showed ample intensity to 

confidently quantitate this peptide (Supplemental Figure 4). In agreement, AKAP1(25, 29), 

AKAP10(30), AKAP3 (31) and AKAP4(32) have been reported as dual specificity AKAPs 

previously. In the case of AKAP3 and AKAP4, it seems to be dual specificity with a preferred 

binding to RII, as the average binding specificity ratios of 1.1 and 0.64 respectively are 

slightly higher than that of other dual specificity AKAPs in this dataset.  In addition to the 

enrichment of PKA R isoforms and their binding proteins, we also attained enrichment of 

PKG. This kinase is known to cross-react with cAMP (Supplemental Figure S2C). Although 

PKG was identified with good sequence coverage, we were not able to unambiguously 

differentiate between the known isoforms (Iα or Iβ) due to the lack of unique peptides in the 

quantitative experiment. 

In the qualitative experiment in rat lung tissue, detailed in Supplemental Table S2, we 

identified peptides of both PKG I isoforms. In our experiments PKG was pulled down with 

equal efficiency by C8 and C2 beads with a ratio of 1.2 (HEK293 cell lysate) and 1.6 (Rat 

lung tissue lysate). In sharp contrast, the C8_OCH3 beads exhibited poor levels of PKG 

enrichment with a ratio of >100 (Supplemental Figure S2C). 
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Figure 5. Overview of averaged binding specificity ratios of all AKAPs affinity purified in the 

four studied lysates of HEK293, RCC10, rat lung and rat testis tissue. The protein ratios are 

calculated by pooling all peptide pairs detected in each tissue for a certain protein. The 

overall standard deviation was calculated over all spectra in the pool. For comparison, all 

averaged ratios are depicted on a 
2
log scale. The number of spectra which were used for the 

average ratios are shown. 

 

Therefore, it seems that cAMP modification at the ribose moiety is detrimental for binding to 

PKG, as recently confirmed in an in vitro binding assay with recombinant PKG(9). Besides 

PKG, IRAG, a known PKG Iβ binding protein(33), could be detected and displayed a 

differential enrichment pattern similar to that of PKG (Supplemental Table S3I), also with a 

strikingly lower enrichment using the C8_OCH3 beads, confirming that IRAG is likely 

enriched as secondary binder to PKG. Furthermore, we enriched and detected PDE2A and 
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PDE10A. PDE2A was found to be less enriched using the C8 beads compared to the C2 beads 

(data not shown), consistent with earlier reports that an unmodified C8 position in cAMP is 

essential for phosphodiesterase interactions (17, 34). We validated some of the observed 

differential enrichment characteristics especially for the isoforms RIα and RIIα of PKA 

(Figure 6A) by Western blotting with isoform specific antibodies, taking the HEK293 cells as 

test-sample. As shown in Figure 6A, PKA RII bound to the C8 beads with approximately 2.5-

fold higher specificity than to the C8_OCH3 beads, in agreement with our chemical 

proteomics data. Using the RI specific antibodies, western blotting analysis confirmed that 

there is no significant selectivity between C8 and C8_OCH3 beads. To confirm the differential 

enrichment observed for PKG, we performed pull-downs with recombinant PKG (rPKG). The 

same amount of rPKG was incubated with the three different beads and the amounts of bound 

and unbound protein were visualized by SDS-PAGE.  

 

 

Figure 6. Validation of quantitative 

chemical proteomics approach. A. Western 

Blot analysis of PKA RIα and PKA 

RIIα affinity enriched from HEK293 cells 

by the C8 and C8_OCH3 beads, 

respectively. B. Affinity pull-down assays 

using recombinant PKGIα,  visualized 

using SDS gels in which analysis of PKG 

bound to the bead fractions is shown in 

lane 1, 2 and 3. The unbound fractions are 

depicted in lane 4, 5 and 6. 

 

These results are shown in Figure 6B, with lane 1, 2 and 3 showing the relative amount of 

PKG bound to the C8, C2 and C8_OCH3 beads respectively.  The fraction of unbound protein 

is depicted in the lanes 4, 5 and 6 for C8, C2 and C8_OCH3 beads respectively. The results 

clearly confirm that PKG binds to C8 and C2 beads with similar affinities, whereas the 

binding to the C8_OCH3 beads is significantly less, confirming our chemical proteomics data. 

Overall these validation experiments on PKA RI & RII and PKG reveal good agreement with 

the quantitative proteomics experiments, providing confidence to the latter approach for the 

quantification of the binding ratios of the other proteins. 
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3.3.3. Background proteins can be bead-specific  

In our affinity pull-downs we also detected some high abundance “background” 

proteins such as actin, hemoglobin, alpha 2-globulin, L-lactose dehydrogenase B-chain and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  When analyzing the differential 

binding behavior of these proteins we observed that actin, hemoglobin and alpha 2-globulin 

were equally abundant no matter which of the four beads (C8, C2, C8_OCH3 and control 

beads) we used.  Remarkably, several “background” proteins revealed also to some extent 

specific enrichments. For instance, L-lactose dehydrogenase B-chain bound to C8 beads with 

a relative affinity ratio of 100, compared to C2. GAPDH was enriched by the C8 beads with a 

relative affinity ratio of 4:1 to both C2 and C8_OCH3. Finally, various ribosomal proteins 

were found to be preferentially enriched using the C2 beads (Supplemental Table S2). 

 

3.4. Discussions 

To gain further insights into the protein scaffolds involved in cAMP/PKA directed 

signaling, such protein complexes are best analyzed and compared in a large set of different 

cellular and tissue samples. Recently, we introduced methodology to identify at a medium-

large scale different cAMP/PKA linked scaffolds in a qualitative way identifying several 

AKAPs present in heart tissue (17, 21). For this, we applied specific enrichment of PKA-

AKAP complexes using immobilized cAMP. Although these studies gave good insight in the 

presence of over 14 different AKAPs in heart tissue and also allowed the identification of a 

novel potential AKAP, it did not provide any detailed information on the PKA-isoform 

specificity of these AKAPs. A way to address this would be to make use of cAMP analogues 

that have a specificity for RI over RII or vice versa, however these were poorly recognized 

thus far (9). In this study we discovered that immobilized C8_OCH3 binds much weaker to 

the PKA RII than the PKA RI isoforms. By applying a quantitative MS approach, using 

differential stable isotope labeling, we now show we can evaluate AKAPs for their PKA 

RI/RII specificity in a variety of tissues, making use of the differential co-enrichment of the 

AKAPs with either RI or RII.   

In summary, the enrichment characteristics of three differently immobilized cAMP-

analogues were probed in HEK293 cells, RCC10 cells, rat lung and rat testis tissue. These 

tissues were chosen as they were expected to contain a wide variety of different AKAPs. 

Stable isotope dimethyl labeling at the peptide level was applied to quantify the enrichment 

characteristics on the different beads. For each specifically binding protein an affinity ratio 

could be calculated based on the comparison of mass spectra peak intensities. We were able to 

enrich and relatively quantify all 4 different isoforms of the regulatory subunits of PKA, 

about a dozen of AKAPs and several other primary (PKG, PDE) and secondary protein 

binders of cAMP.  Below we will discuss in some more detail the different classes of affinity 

enriched proteins focusing first on the primary bait proteins, followed by the AKAPs, which 

are secondary binding proteins.  
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3.4.1. Primary Binding Proteins 

Our quantitative proteomics data clearly indicated that both RII isoforms (RIIα and 

RIIβ) bind equally well to C8 and C2 cAMP beads. In contrast, RII seems to have a much 

lower affinity towards the C8_OCH3 beads (Figure 4A). The two beads have the same linking 

position at C8 but in the latter the 2’-OH is methylated. Detailed structural studies on cAMP 

bound PKA RI and RII(35, 36), point out that the cAMP-binding domains of RI and RII are 

highly conserved. Also the residues interacting directly with the 2’-OH seem to be similarly 

oriented in RI and RII. The invariant Gly  (G204/334 for RIIα and G220/349 for RIIβ) and 

Glu (E205/335 and E221/350 for RIIα and RIIβ, respectively) bind to the 2’OH of the ribose 

moiety by forming an H-bond. This would point out that the modification at 2’OH ribose 

moiety (C8_OCH3) likely reduces the binding to RII by disruption of the H-bond. 

Intriguingly, the same interactions were revealed for RI in which both the Gly (G201/325 for 

RIα and RIβ) and the Glu (E202/326 for RIα and RIβ) residue are conserved. (36). This 

means that the formation of the H-bond is apparently not solely responsible for diminishing 

the binding of RII to our C8_OCH3 beads. This observation hints at different interactions in 

RI and RII that help to stabilize their complex with cAMP, and especially with 2’-methoxy-

cAMP. We attribute this partly to possible different stacking interactions of cAMP with RI 

and RII. A sequence alignment between RI and RII reveals that the key hydrophobic residues 

required for this stacking interaction such as Val (V184), Val (V186), Val (V302), Val (V315), 

Leu (L318), Ile (I327) and Ser (S375) in RI are differently positioned and poorly conserved in 

RII in which the aligned residues are Ile (I183), Val (V185), Ile (I305), Ile (I324), Cys (C327), 

Leu (L336) and Glu (E384). These variable residues between the two isoforms could 

influence binding specificity to cAMP. Detailed molecular structures of the two regulatory 

isoforms bound to the different cAMP analogs would be required to validate the above 

speculations and possibly point to other differences in the cAMP binding domains of RI and 

RII. 

Another known primary bait protein for the beads is PKG. Our results indicate that 

PKG binds equally well to C8 and C2, however binding to C8_OCH3 is dramatically reduced 

(Supplemental Figure S2C). Interestingly, the PKG H-bonding residues: Arg (R177/R403), 

Gly (G167/G393) and Glu (E168/E394) are conserved with respect to PKA RII. The data on 

PKG suggest that the ribose 2’OH moiety related H-bonding is even more crucial for binding 

of PKG than PKA RII.  Additionally, we enriched for two phosphodiesterases; PDE2A3 in rat 

lung tissue and PDE10A in rat testis tissue. PDE2A3 was found to bind C2 with an 

approximately 10-fold higher than C8 in binding specificity, indicating that hydrophobic 

binding between the imidazole ring of cAMP is stronger than that to the pyrimidine ring, both 

of which are required for cyclic nucleotide discrimination. Very recently the affinities of a 

range of widely used cyclic nucleotides and derivatives were tested on all subtypes of PKA 
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and PKG, as well as on Epac1 and 6 types of PDE’s.(9) This study by Poppe et al. shed light 

on the potential promiscuity of cyclic nucleotide derivatives when applying them as pharma- 

cological tools. The results obtained by Poppe et al. on recombinant proteins in vitro are 

completely consistent with our findings invivo. The non-linked version of C8_OCH3 binds to 

PKA RI with higher affinity than to RII, while it does not seem to bind to PKG at all. 

 

3.4.2. Secondary Binding proteins  

In the cell PKA is localized through interaction of the regulatory domains with the 

family of distinct but functionally homologous AKAPs. Through an extensive body of work it 

has now been established that some AKAPs prefer to bind the RII regulatory subunit while 

others have dual-specificity for both RI and RII. To some extent the amino acid residues that 

play a role in whether an AKAP protein binds preferentially RII or displays dual specificity 

have been defined by extensive mutagenesis studies and biochemical analysis (29, 37-40).   

As described above we observed distinct binding specificities for C8 and C8_OCH3 

beads, which can be further exploited as a discriminating factor to establish the preference of 

the secondary AKAP binders for RI or RII. In other words, we can differentiate between RII 

specific and dual specific AKAPs depending on the measured binding specificity ratios 

between the pull-downs performed with the C8 and C8_OCH3 beads. AKAPs with a ratio 

significantly similar to RII isoforms were considered RII-specific AKAPs. We detected in 

total 12 AKAPs, of which 6 could be classified as preferentially binding to the RII regulatory 

subunit of PKA, whereas the remaining 6 were considered to be dual-specificity AKAPs 

(Figure 5). In cases where prior literature is available our data confirmed reported specificities 

of AKAPs providing the validation of our method. However, for a number of AKAPs no 

information is available about their specificity. Below we discuss for each detected AKAP our 

findings in the context of literature data. 

 

3.4.2.1. RII specific AKAPs 

Our data clearly shows that AKAP5 is an RII-binding protein. AKAP5 was shown to 

be an RIIβ binding AKAP by deletion experiments and site-directed mutagenesis(41) 

revealing that several amino acid residues at the C-terminus with long aliphatic side chains 

play a central role. The microtubule-associated protein MAP2 was the first protein shown to 

co-purify with RII(28, 42). In our experiments, we identified MAP2c in testis tissue and 

MAP2a/b in HEK293, as based on unique peptide identifiers of these splice isoforms. The 

binding specificity ratios of these two isoforms clearly confirm that both are RII-specific 

AKAPs. AKAP11, which we detected in all our cells and tissues, is a clear RII-specific 

binding AKAP. This protein is known to be expressed abundantly in human testis(43). The 

peptide Ht31 which is an AKAP-PKA anchoring antagonist, has been successfully used to  

block RII-AKAP11 interactions, suggesting that AKAP11 may bind RII in a manner similar 

to other AKAPs(27). AKAP9, which was relatively abundant in HEK293 and RCC10 cells, is 
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also a clear RII-specific AKAP (Figure 5). Using a yeast two-hybrid screen Feliciello et. al. 

showed that the RII regulatory subunits of PKA bind in vitro Yotiao (AKAP9) with 

nanomolar affinity (Kd 50-90 nM) (44). Of AKAP7, identified in our experiments 

(Supplemental Figure 3), at least four splice variants have been reported. Our initial 1D gel 

analyses indicated that in our systems AKAP7 had a molecular weight of around 40 kDa 

indicating that it is likely the γ or δ isoform, which we were unfortunately unable to 

distinguish based on the detected peptides. Hundsrucker et. al. showed that AKAP7δ is a high 

affinity RIIα binding protein with a Kd value of 31 nM (26). In contrast, yeast two-hybrid 

analysis and co-immunoprecipitation studies(45) showed that AKAP7γ  binds also to the RI 

subunit. Based on these studies, it seems likely that we mainly enriched for AKAP7δ, being a 

specific RII-binding AKAP. Finally we clearly show, for the first time, that AKAP14 

preferentially binds to RII. Although relatively little information has been reported about 

AKAP14, sequence analysis indicates that this protein is closely related to TAKAP-80 which 

is exclusively expressed in testis(46). In line, we detected this protein only in rat testis. 

 

3.4.2.2. Dual specificity AKAPs  

  Our data confirm that AKAP1, AKAP10, AKAP2, and AKAP12 have dual 

specificity. Huang et al., (29) identified D-AKAP1 (AKAP1) as a fragment from a yeast two 

hybrid screen based on specific interaction with the RI portion of Ret/ptc2 which includes 

most of the RI/RII binding domain. The interacting regions on both RI and RII are localized 

to their N-termini. AKAP10 (D-AKAP2) has been well studied and shown to display dual 

specificity (Kd ~ 2 and 48nM for RII and RI respectively) (47-49), in agreement with our 

analysis. AKAP2 (AKAP-KL) isoforms contain a 20-residue domain (aa 586-605) that binds 

RII with nanomolar affinity (Kd ~ 10nM) and a partial AKAP2 protein isoform (aa 354-741) 

that includes the putative tethering site that binds both RIIα and RIIβ (50, 51). Although 

AKAP2 is known to bind RII, our data showed that AKAP2 seems to have dual specificity 

based on the observed ratio profile (Supplemental Figure 3). AKAP12 (Gravin), a 250 kDa 

AKAP, was originally identified as a cytoplasmic antigen recognized by myasthenia gravis 

sera. Our data establish for the first time that AKAP12 is a dual specific AKAP. Studies in 

vitro revealed that the residue stretch 1526–1780 of AKAP12 binds RII with nanomolar 

binding affinity(52).   

AKAP3 appears to be expressed specifically in spermatoids and spermatozoa and as 

expected in our experiments we only detected it in rat testis. AKAP3 has been reported to 

bind to both RII and RI (31) which is in agreement with our finding. In the sequence of 

AKAP3, an RII-binding domain has been identified (residues 124-141), which is conserved 

between the human, murine and bovine AKAP3 (31). In an earlier study, AKAP4 has been 

reported as an RII-binding protein(53, 54). Nonetheless, our finding is consistent with 

Vijayaraghavan et. al.(31) in which AKAP4 is reported as dual specificity AKAP. Our data 
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indicate that both proteins display dual specificity however with a preference to bind to RII 

since the specificity ratios are slightly different than for the other dual specificity AKAPs 

(Figure 5). It is possible that some residues required for RII-binding are different although 

there is a significant
 
homology between the putative

 
RII-binding domains of AKAP3 and 

AKAP4 (i.e. 12 of 18 amino acids are identical). These differences in the core
 
of the binding 

domain might contribute to the observed different binding specificity.  

 

3.5. Conclusion 

We combined a chemical proteomics approach with stable isotope labeling and mass 

spectrometry to enrich specifically for cAMP interacting proteins, directly from cell or tissue 

lysates. cAMP-agarose affinity resins with 3 different derivatives of cAMP were used to 

probe their selectivity in the enrichment; C2, C8 and C8_OCH3. Stable isotope labeling 

facilitated the identification of unspecifically binding background proteins and allowed us to 

probe the differential binding behavior of relevant proteins to the different analogues directly 

in tissue. Our data revealed that all PKA regulatory isoforms have a similar affinity for C8 

and C2 beads. In contrast, RII isoforms have a significant lower affinity for the C8_OCH3 

beads, whereas the RI isoforms seem to be unaffected by this small chemical modification. 

We employed this effect  to monitor the specificity of secondary binding proteins to the PKA 

RI and RII isoforms with our LC-MS stable isotope labeling method as read out. In four 

different input lyastes we detected 12 main AKAP families, of which 6 were observed to have 

specificity for the PKA RII isoform, whereas the other 6 displayed dual specificity for both RI 

and RII. Besides confirming previously reported PKA-AKAP specificities, also the specificity 

of other PKA-AKAP complexes was elucidated. We have observed for the first time that 

AKAP14 has RII-specificity whereas AKAP2 and AKAP 12 are dual specific AKAPs (# in 

Figure 5). In conclusion, our chemical proteomics screen sheds new light on nature’s complex 

diversity in signaling mechanisms, as each AKAP, and each isoform thereof, may direct 

different PKA-isoforms to different compartments of the cell, providing the basis of the 

complex multifunctional platform of this single kinase.  

In general, our data reveal that chemical biology approaches, combined with stable 

isotope labeling and mass spectrometry, provide comprehensive ways to study the interplay 

between small molecules and target proteins which can be applied to complex biological 

systems, such as total cell or mammalian tissue lysates. 
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Summary 

The largest component of the human heart, the left ventricle (LV), plays a major role in 

delivering blood throughout the body. Therefore, an in-depth detailed quantitative proteome 

analysis of the human LV is a valuable resource. For this purpose, a multifaceted proteomics 

approach combining differential sample fractionations (gel, strong cation exchange (SCX)), 

enzymatic digestions (trypsin, chymotrypsin, LysN), and peptide fragmentation techniques 

(CID and ETcaD) was used to enhance protein sequence coverage, identification confidence 

and quantitative abundance determination. Using stringent criteria, 3,584 distinct proteins 

could be identified from the latest well-annotated Swissprot database (23,000 entries). 

Commutatively, the over 130,000 identified MS/MS spectra were used to assess 

concentrations of each identified LV protein through a combination of spectral counting 

methods. Among the most concentrated proteins, many currently used biomarkers for 

detection of myocardial infarction reside. These cardiac leakage markers have a good 

diagnostic power, but their prognostic potential seems limited. Discovery of markers that 

represent etiological determinants of cardiac disease require a shift of focus towards the 

signaling proteome. Therefore, a protein-class centered quantitative analysis of kinases, 

phosphatases and GTPases was adopted. These comparative analyses revealed many cardiac 

involved kinases (PKA, CaMKII, ERK) to reside among the most abundant signaling 

proteins, and also to mediate many observed in vivo phosphorylation sites. The abundance 

chart of signaling proteins may assist in identifying novel functional pathways, for instance 

through the abundant, but relatively little known, kinases STK38L and OXSR1. The obtained 

protein concentration library also indentifies signaling based, putative biomarkers with 

concentrations likely to be detectable in plasma. 

 

4.1. Introduction 

Cardiovascular diseases are one of the major causes of death in the Western world.  

Since proteins, and their posttranslational modifications, are the final functional entities that 

determine (dys)function, it would be beneficial to have a comprehensive view of the 

cardiovascular proteome and its dynamic nature related to specific disease anomalies. The 

emerging field of cardiovascular proteomics (1,2) aims to unravel the molecular basis 

of cardiovascular function, to allow the development of novel therapeutic interventions and to 

improve diagnosis and prognosis.  

Currently, a number of successful protein diagnostics have emerged from the cardiac 

proteome. The most definitive of these is targeted at the increased plasma levels of cardiac 

troponin, which is a primary indicator of myocardial infarction (3). The success of markers 

such as cardiac troponin relies on their high abundance in heart tissue, but also on their 

leakage from the tissue into the plasma. However, significant leakage occurs mainly after the 

myocardium is severely damaged by an infarction, making troponin only useful as biomarker 

when serious effects have been initiated. It would therefore be highly advantageous to expand 
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the palette of biomarkers towards a set that can predict events at an earlier stage than 

myocardial infarction. For this, focus needs to be shifted to proteins that are showing 

dysfunctional characteristics at that early stage. Potentially these proteins would then also 

pose as interesting treatment targets. 

The major challenge is to identify these for a range of cardiac events that are different 

in timescale, physical size and relative effects of genes. These challenges can be addressed in 

a two-stage approach; 1) comparative whole proteome analysis on a small set of samples, 

followed by 2) a targeted protein analysis on a small subset of proteins in a large cohort of 

samples. At present, two larger data repositories of proteins expressed in human LV have 

been reported by using either a 2D gel-based approach (4), or shotgun proteomics (5). Both 

studies produced a very large number of putative biomarkers for cardiomyopathy, indicative 

of the large changes in the proteome at the late stage of the disease.  

Here, we focus largely on signaling proteins (kinases and phosphatases) to investigate 

the potential of this category of proteins as a novel source of biomarkers, assuming that 

alterations in their abundance, or modification, are more likely to play a role in the onset of 

cardiovascular diseases. Several protein kinases and phosphatases tightly control the heart 

contraction processes by transmitting signals from the receptor to the nucleus of the cell (6). 

In line with our hypothesis, several animal models have been developed, using for instance 

kinase knock-outs or kinase-dead mutants, that confirm their crucial role in heart 

(dys)function (7). Not surprisingly, kinase-mediated signaling pathways have become 

promising new targets for therapeutic interventions. Evidently, clinically useable biomarkers 

should be detectable in plasma, albeit that they might visualize themselves as candidates more 

readily when analyzed close to the source, i.e. in heart tissue. Therefore, as a first step we set-

out to chart quantitatively the signaling proteome of the healthy LV by comparing kinases, 

phosphatases and GTPases in terms of their abundance, and hence their potential as useful 

biomarkers detectable in plasma. 

We adopted a multiplexed approach in which several parameters of the proteomics 

analysis work-flow were varied to increase protein coverage, and more importantly, sequence 

coverage of, and confidence in protein identifications. To expand the proteome coverage we 

varied several parameters: (i) protein versus peptide separation, (ii) proteases for digestion 

and (iii) peptide fragmentation methods.  

Determining protein concentrations is one of the most important parameters in 

quantitative proteomics, because the kinetics and dynamics of the proteome are depicted in 

terms of changes in the concentrations of proteins in particular compartments. For instance, 

the concentration of cardiac myoglobin in serum is increased from 3-90 ng/ml to 200-1000 

ng/ml during myocardial infarction (8). But also, the concentration of several isoforms of the 

pivotal contractile kinase cAMP-dependent protein kinase alters when the heart transforms to 

dilated cardiomyopathy (9). In order to estimate protein concentration, spectral counting can 

be used as a relatively straightforward, yet reliable index (10-12). Lu et al. demonstrated that 
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spectral counts show a strong linear correlation with absolute protein abundance with a 

dynamic range over 3 orders of magnitude using their APEX software (12). Recently, APEX 

was shown to correlate very well to absolute protein concentrations as established through 

single reaction monitoring experiments (13). With the above mentioned multi-pronged 

analysis of the human LV proteome we intend to optimize the likelihood of identifying 

multiple unique peptides from each protein, to increase both qualitative coverage, but also 

enable the more accurate estimation of individual protein concentrations.  

Our annotation provides a valuable resource for the identification of potential novel 

marker proteins and therapeutic targets, by drawing attention to the absolute protein 

abundance of kinases, phosphateses and GTPases. From each of these protein classes many of 

the most abundant members were identified. Many of these proteins have been implicated in 

cardiac function, but also several have no prior cardiac context. The most abundant signaling 

proteins of the LV have a high potential as ‘early biomarkers’ for CVD as their concentration 

in plasma is likely accessible, and their involvement in CVD is more etiological than the 

currently used tissue leakage markers.   

 

4.2. Results and Discussion 

4.2.1. Work flow 

Here we aim to provide a high-confidence semi-quantitative absolute protein 

abundance map of the healthy human LV. To effectively identify and characterize the proteins 

extracted from this tissue, we performed 260 complementary LC-MS/MS runs in which three 

protease digestions (Trypsin, LysC/chymotrypsin and Lys-N), two separation methods (in-gel 

and SCX), and two different peptide fragmentation techniques (CAD and ETcaD) were 

applied. A summary of the multiple analytical strategies employed in this study is given in 

Figure 1. In all experiments, four different methods (A-D) were used in which method A, C 

and D were again sub-divided into two experiments, resulting in a total of seven different 

datasets (I-VII). We note here at the beginning that although our experimental design makes it 

tempting to compare the individual contributions of each of the datasets in terms of total 

proteins and peptides, we avoided these types of comparisons as the individual methods had 

several variables changed at the time (e.g. mass spectrometer settings and/or SCX 

parameters). A detailed description of the complete data analysis procedure, including data 

filtering processes, is described in Supplemental Figure 1. 

 

4.2.2. Data Organization  

MS/MS spectra were extracted from the individual LC-MS/MS runs and subsequently 

searched against the human Swissprot database (v56.2, released september 23, 2008, 20328 

human sequences) being the most reliable, non-redundant annotation to date. All seven 

datasets together generated 130,019 spectra resulting in the identification of 38,111 unique 

peptides (with a false discovery rate < 1%) belonging to 3,584 unique protein identifications.  
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Figure 1. The seven large scale LC-MS/MS datasets (I-VII) from human LV are categorized in 

4 methods. The parallel experiments were conducted with different separation methods, 

multiple enzymatic protein digestions and peptide fragmentation techniques. Method A is sub-

divided into two sub-categories (dataset I and II) for two types of 1D-SDS PAGE gels used. 

Method C is sub-divided into two sub-categories (dataset IV and V) for the two different 

peptide fragmentation techniques i.e CAD and ETcaD. Similarly, method D is also sub-

divided into two datasets (VI and VII).   

 

The total number of identified proteins, peptides and spectra in each dataset are summarized 

in Table 1 (A detailed list is presented in Supplemental Table 1). It is typically assumed that a 

minimum of 2 unique peptides are required to identify a protein with high confidence. Hence, 

we extracted the proteins that met the ≥2 unique peptides criteria from the combination of 

seven datasets. In this way, a final high quality dataset consisting of 2,306 proteins was 

achieved (Supplemental Table 2).  

 

4.2.3. Contribution of the different methods 

An overlap analysis between the four methods at the protein level showed that only 520 

proteins (22.5%) were found to be unambiguously detected by all four methods (Figure 2A). 

As expected the less in-depth analyses of the methods using Lys-N and Lys-C/Chymotrypsin 

yielded little additional proteins, although evidently significant additional distinct peptides.  
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Table 1. Summary of protein, peptide and spectral counts. Total number of detected proteins 

in each of the human LV tissue datasets using Trypsin-ingel (method A), Trypsin-in solution 

(method B), LysC/chymotrypsin (method C) and Lys-N (method D).  

 
Peptide cutoff <1% FDR 

Method 
Separation 

technique 
Proteases MS analysis 

Fragmentation 

Methods # of proteins # of peptides # of spectra 

I In-gel (4-15%) Trypsin LTQ-FTICR CAD 2254 12834 45320 
A 

II In-gel (10-20%) Trypsin LTQ-FTICR CAD 1245 4200 13490 

B III SCX Trypsin Orbi-trap CAD 2471 11275 38452 

IV SCX Chymotrypsin Orbi-trap CAD 738 2171 8391 
C 

V SCX Chymotrypsin Orbi-trap ETcaD 833 2700 12415 

VI SCX Lys-N LTQ-ETD CAD 862 2366 5283 
D 

VII SCX Lys-N LTQ-ETD ETcaD 920 2565 6669 

Total 3584 38111 130019 

 

To investigate whether this poor overlap was an effect of the four different proteases 

covering different parts of the proteome, or the different depth of analysis achieved in the 4 

methods, we performed a similar overlap analysis applied to the top200 most abundant 

proteins in each dataset (A-D) (Figure 2B) as ranked by their spectral count index Fabb 

(Supplemental Table 3). Fabb is a spectral counting index introduced by us previously (14).  It 

is described in detail in the Materials and Methods, and currently one of the different spectral 

counting indexes used (15).  

Somewhat surprisingly, the overlap analysis showed that only 50% of protein 

identifications were in common between the four top200 datasets. For instance, Troponin T 

was observed as the 35th most abundant protein in the LysN dataset (method D) while its rank 

was way lower in the other datasets (i.e. 139th in trypsin in-gel (method A), 64th in trypsin-IS 

(method B), and it is even out of the top 200 at a 301st position in the chymotrypsin dataset 

(method C)). Our data therefore suggests that using only trypsin as protease and a single 

sample preparation method can heavily bias abundance calculations based on spectral counts, 

even for robustly identified proteins after exhaustive analysis. This is illustrated further in 

Supplemental Figure 2, where the relative sequence coverage for the top500 proteins was 

compiled in a heat map for the methods A-D. The data in Supplemental Figure 2 reveals that 

each method contributes distinct quantitative information for classes of proteins within the 

top500. Comparing spectral coverage for each individual protein, retrieved by using different 

proteomics workflows (A-D), clearly indicates that protein abundance estimations based on 

spectral counts are to some extent method-dependent.  

 

4.2.4. Absolute protein concentration map of the human LV  

We now aimed to use the combined spectral count data for absolute protein 

concentration determination, which was shown previously to correlate well with single 
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reaction monitoring based absolute quantitation of protein concentrations (13). For this we 

used the APEX software package (12), instead of the Fabb index (14). APEX and Fabb are two 

 

 
 

Figure 2. (A) Venn diagram showing the overlap of the high quality 2306 non-redundant 

proteins between the four methods of data acquisition outlined in Figure 1 and table 1. (B) 

Venn diagram showing the overlap between the top 200 ranked proteins in each individual 

method dataset. 

 

different spectral counting indices, whereby the former is more applicable for absolute 

quantification, however it is presently only amendable for trypsin generated data.Therefore, 

we first investigated the correlation between APEXtrypsin and Fabb (14) with the trypsin data 

(method A and B) using typical default settings, i.e. using unique spectral counts as basis for 

APEXtrypsin and identified spectra as basis for Fabb. First the spectral counts observed in each 

data set were normalized to the total amount in method A-I. Then the Fabb values were 

calculated for method A and B, using the sum of spectral counts over these three datasets. 

This showed a good linear correlation, however deviation from this correlation was observed 

for the high abundant proteins with very high spectral counts (Figure 3A).  

We hypothesize that the origin of this deviation lie in the fact that for these highly 

abundant proteins all identifiable unique peptides are depleted and only more redundant 

spectra can be added after exhaustive analysis. Therefore we adapted our Fabb calculation to 

use unique spectral counts (termed Fabb,uni), instead of identified spectral counts, and found 

now a very good linear correlation between APEXtrypsin and Fabb,uni over the whole dynamic 

range (Figure 3B). This correlation was used as calibration for all subsequent protein 

concentration calculations, including the data from method C and D, which, as mentioned 

above, could not be analyzed directly by the APEX software. First for each protein, the 

amounts of unique spectra observed in each method were normalized to the total amount in  
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Figure 3. (A) Correlation of protein abundance estimations by APEX vs. Fabb based on total 

spectral counts. 2277 proteins from the method A and B (trypsin based) datasets are plotted. 

(B) Correlation of the same 2277 protein abundances estimated by APEX vs. Fabb,uni based on 

unique spectral counts, which enhances the correlation between the methods significantly. (C) 

Absolute protein abundance chart based on absolute protein concentrations (ng/mg of total 

protein concentration) that reveals that the dynamic range of the analysis spans 4 orders of 

magnitude. Typical classes of proteins are depicted in relation to their concentration in LV 

tissue.  

 

method A-I. Subsequently, the average amount of unique spectra over each method (A, B, C 

and D) was used to calculate the Fabb,uni. These values were converted to a corresponding 

 
 

109



APEX value using the observed linear correlation equation in Figure 3B. These values were 

then averaged to yield an APEXoverall value, which was used to calculate the absolute protein 

concentration as described in the methods for APEXtrypsin. The final result of the APEXoverall  

concentration calculations using all data are shown in Supplemental Table 4. In Figure 3C, at 

the high abundance end, we observed typical high abundant LV proteins such as myoglobin 

(4.36 µg/mg), and malate-dehydrogenase (3.22 µg/mg), and a large selection of cytoskeletal 

(muscle) proteins. At the lower abundance end, typical proteins belonging to signaling 

modules reside, such as several A-kinase anchoring proteins i.e AKAP12 (24.4 ng/mg), 

SPHKAP (2.8 ng/mg) and myospryn (2.1 ng/mg) (16). The top 50 of LV proteins showed a 

concentration ranging from 2-4 µg/mg, indicating that these seem to belong to a small 

selection of relatively high abundant proteins. Supplemental Figure 3 depicts that among the 

top-200 most abundant LV proteins, most of the currently used biomarkers for CVD reside. 

This correlation is likely related to their robust quantitation in plasma after tissue damage due 

to myocardial infarction, so-called tissue-leakage markers. Clear examples within this 

category include creatine kinase M-type (3.25 µg/mg), Myosin-binding protein C (2.43 

µg/mg), myosin-7 (2.18 µg/mg) and cardiac troponin C (1.45 µg/mg).  

 

4.2.5. LV and plasma proteome; overlap and differences 

Cardiac tissue is rich in vasculature, therefore plasma contamination is unavoidable and 

should be evaluated. Illustrative is the observation of classical plasma proteins, such as two 

hemoglobin isoforms (4.03 and 3.93 µg/mg, respectively), albumin (2.40 µg/mg) and several 

isoforms of apolipoproteins (range from 4.46 ng-1.5 µg/mg). To further characterize potential 

contamination, an overlap analysis between our LV proteome and the recently compiled  

human plasma proteome (17) was conducted. First, the IPI annotated human plasma proteome 

was converted to identifications in the here used less redundant Swissprot database. Then 

these plasma proteins were ranked by their calculated Fabb,uni based on their reported amount 

of unique peptides. For the overlapping proteome (447 proteins, Figure 4), the rank within the 

plasma proteome was compared with the concentration based rank in human LV. Through 

this comparison several categories of proteins could be classified. We observed that proteins 

found in the top 100 of the human plasma proteome were also retrieved from human LV, 

indicative of potential contamination of the LV proteome with plasma proteins (Figure 4, grey 

data points). Among these 100 abundant human plasma proteins, ~20 proteins were found in 

human LV with a 0.3-3 µg/mg concentration, such as serotransferrin (3 µg/mg of LV protein, 

3rd most abundant protein in human plasma), human serum albumin (3.4 µg/mg of LV 

protein, 5th most abundant protein in human plasma) and hemoglobin (2.7 µg/mg of LV 

protein, 16th most abundant protein in human plasma). On the other hand, approximately 23 

proteins with a 1-4 µg/mg concentration in LV, but with a low abundance in plasma (rank 

>1000, Figure 4, black data points), can be classified as potential tissue leakage dependent 

proteins in plasma, such as creatine kinase M-type (3.25 µg/mg, 2135th position in human 
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plasma) and fatty acid-binding protein (2.45 µg/mg, 2589th position in human plasma), but 

also the earlier mentioned troponins (Troponin I (1.24 µg/mg) and Troponin T (1.08 µg/mg)). 

In this cluster, more cardiac specific proteins reside which form putative novel tissue leakage 

markers.  

 

 
Figure 4. Correlation of abundance of 447 overlapping LV and plasma proteins. Proteins 

found abundantly in plasma (top 100) are depicted in grey. Proteins which are relatively low 

abundant in plasma but high abundant in LV are depicted in black. Classical plasma proteins 

such as hemoglobin (HBA, HBB) and albumin (ALBU) and tissue leakage proteins including 

myosin (MYH7) and Creatine kinase M-type (KCRM) are highlighted. Protein gene names 

refer to Swissprot/Uniprot Gene names. The list of proteins that overlapped between the 

plasma and LV were tabulated in Supplemental Table 5. 

 

4.2.6. Annotating the cardiac signaling proteome  

We next focused on signaling proteins, as they are important players in the transition 

from normal to diseased cardiovascular function (6,7,18,19) and therefore potentially early-

stage biomarkers. The absolute abundance of numerous members of three important signaling 

protein families: kinases, phosphatases and GTPases, were assessed. A detailed of these 

signaling proteins is listed in Supplemental Table 6. 

 

4.2.7. Kinases and Phosphatases of the Left Ventricle 
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We identified 69 unique protein kinases of which 45 were classified as “high 

confidence proteins” with a minimum of two unique peptides, also 6 kinase regulatory 

subunits were detected, and these were classified according to their kinase subfamily as 

presented in the Swissprot database and the Cell Signaling kinase tree (20) (Figure 5A). In 

terms of protein concentration, the observed kinases varied between 2-225 ng/mg (Figure 5B). 

The most abundant kinases in the human heart are MAPK1 (Erk2, 225 ng/mg) and MAPK3 

(Erk1, 103 ng/mg), closely followed by calcium/calmodulin-dependent protein kinase type 

delta (CAMK2D, 71 ng/mg), cAMP dependent protein kinase (PKA, 52 ng/mg), and integrin 

linked protein kinase (ILK, 52 ng/mg).   

Erk1 and Erk2 are both important downstream regulators of peptide growth factor 

signaling during cardiac development, but their dysfunction is also critically involved in for 

instance hypertrophy, myopathy and ischemic reperfusion injury. They seem to have a critical 

concentration balance, since uncontrolled over-activity of ERKs induces hypertrophy, 

whereas inhibition induces vulnerability towards stress-induced myocyte death (21).  

Calcium/calmodulin-dependent protein kinase type II (CaMKII) is observed with 3 

isoforms (α, β and δ) of which the δ-isoform is found to be most abundant, as expected. 

CaMKII is activated upon a rise in Ca2+ concentration and has a plethora of downstream 

targets that are also involved in Ca2+-homeostasis. Not surprising, an excess of CaMKII 

activity was found to result in myocardial dysfunction, electrical instability and arrhythmia 

(7,22).  

PKA is also involved in a large set of functional heart pathways, which include 

excitation contraction coupling and Ca2+-homeostasis. Modulations in PKA activity are also 

known to be involved in pathological remodeling of the heart. PKA activity is strongly 

modulated through interaction of its regulatory subunits (PKA-R) with the diverse family of 

A-kinase anchoring proteins (AKAPs), which tether PKAs action to specific intracellular 

locations. We observed 4 AKAPs in this dataset, including AKAP12 (24.4 ng/mg) and 

AKAP2 (21.9 ng/mg), SPHKAP (2.8 ng/mg), and myospryn (2.07 ng/mg). Noteably, in a 

targeted approach we identified previously around 12 different AKAPs in murine and rat 

ventricular tissue (16). Several examples of dysfunctional anchoring of PKA have been 

implicated in detrimental cardiac events, such as hypertrophy and long QT-syndrome (23). 

Surprisingly, both dominant PKA-R isoforms in cardiac tissue (PKA-RIα, 538 ng/mg and 

PKA-RIIα, 404 ng/mg) were  approximately 10-fold more abundant than the catalytic subunit 

(PKA-C 52 ng/mg), indicative of the tight regulation PKA is under, as interaction of PKA-C 

with PKA-R renders it inactive. Upon a rise in cAMP, PKA-C is released from PKA-R and 

becomes active. Integrin-linked protein kinase (ILK) is observed with a concentration of 

about 52 ng/mg. ILK is essential in the regulation of cardiac growth, contractility and repair 

(24). It is considered upstream of hypertrophy through mediating glycogen synthase kinase 3,  
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Figure 5. (A) Representation of all identified kinases over the protein kinase tree (adapted 

from Cell Signaling Inc. (http://www.cellsignal.com/). From the phosphopeptide dataset, 

multiple enriched kinase consensus motifs could be retrieved. Peptides phosphorylated by 

MAPK, GSK3, CDK, PKA, PKG, PKC and casein kinase II could be identified and their 

motifs are represented close to the branch of their corresponding kinase(s). (B) Absolute 

concentration of 45 kinases observed in the human left ventricle sorted by kinase family; full 

kinases and catalytic sub-units are shown in squares, whereas regulatory kinase subunits are 

depicted in circles. For the meaning of the acronyms see Supplemental Table 6.  
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abundant than MYLK (14 ng/mg), which is considered the dominant form in cardiac tissue 

(26). Recently, alterations in MYLK3 gene expression were shown to correlate with 

cardiovascular disease (27). Another interesting observation is the high abundance of 

Serine/Threonine Kinase 38-like (STKL38, also called NDR2), belongs to the NDR-kinase 

subfamily of the AGC-kinases (28). another abundant kinase in heart (39.6 ng/mg in 

totalprotein concentration) (25). Other abundant kinases include Protein Kinase C, two 

myosin light chain kinases (MYLK3 and MYLK). Interestingly, our data suggest that 

MYLK3 (45 ng/mg) is about 3-fold more which STKL38 has not been studied extensively, 

and has no direct functional annotation in heart. It is known to function in neuronal growth 

and differentiation and its expression in heart was suggested based on mRNA data. Also, it 

interacts, and is activated through auto-phosphorylation by, the Ca2+ binding protein S100B. 

S100B itself has been implicated as a marker of myocardial infarction (29). Our observation, 

in conjunction with these data could prone the investigation of STKL38s function in heart. 

OXSR1 (24 ng/mg) is a STE20 kinase family member which regulates key ion transport 

mechanisms through interaction with, and phosphorylation of cation-chloride co-transporters 

(30). High expression levels have been reported in heart (31). It’s functional involvement in 

specific cardiac pathways has not been documented, but would be of interest, given the high 

abundance of this kinase in human LV tissue. 

A total of 32 protein phosphophatases (PPs) were identified of which 19 were 

observed with a minimum of two unique peptides (Supplemental Table 6). An additional 4 

regulatory subunits were also detected with a minimum of two unique peptides. The 

phosphatase concentrations were observed within a range of 1-600 ng/mg (Supplemental 

Figure 4). DUSP3 (612 ng/mg), is by far the most abundant phosphatase in the heart LV 

according to our data, which is in line with its substrate preference for MAPK targets such as 

ERK2 (32), one of the most abundant kinases in LV. A clear specific role of DUSP3 in heart 

function has not been reported yet. Other, abundant phosphatases in hert LV include members 

of the PPP family, like PP1ß (50 ng/mg) and PP2Aα (8 ng/mg). ACP1 (68 ng/mg) is the most 

abundant tyrosine directed phosphatese, but lack also a clear annotation in heart 

(dys)function. 

 

4.2.8. Motif analysis of the precisely localized phosphorylation sites 

In order to further expose predominant kinase/phosphatase signaling pathways present 

in the human heart LV, we investigated our dataset for the presence of phosphorylation sites, 

although we did not perform dedicated phosphopeptide enrichment strategies (33). Still, for 

153 proteins detected (6%) we detected also phosphorylated peptides. In total, 222 

phosphopeptides were detected, carrying 227 phosphorylation sites localized on 178 serines, 

42 threonines, and 7 tyrosines. To classify phosphorylation sites by kinase specificities, we 

used Motif-X (34), focusing only on serine specific motifs as their numbers were more 

significant. As shown in Figure 5A, the most significant motif in our dataset was for proline-
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directed protein kinases, which appeared in 57 unique sequences, covering 16% of the 

phosphopeptide data set. Kinases recognizing that motif include MAPKs, GSK3 and CDK. 

Indeed, those kinases are high abundant in the human heart LV, and their important role in 

heart function has been described to some extent. The basophilic motifs (26 unique 

sequences) are likely recognized by AGC kinases such as PKA, PKG and PKC, which are 

among the most abundant kinases in the LV. Proteins bearing the acidophilic motif (24 unique 

sequences) are potential substrates of casein kinase II which has been described to have 

various roles in cardiac signal transduction (35). Summarizing, most phosphopeptides 

identified in our experiments are likely substrates of the high abundant protein kinases present 

in the human LV proteome. More detailed analysis of the phosphoproteomics data using the 

NetworKIN algorithm (36) revealed 18 putative PKA substrates in our data set (for instance, 

Ser282 and Ser273 of myosin-binding protein C (MYPC3, 2.43µg/mg)). These sites are 

involved in the regulation of myocardial function and cardioprotection (37,38). We identified 

4 putative PKA induced phosphorylation sites on AHNAK (39.8 ng/mg), which is a key 

player in the β-adrenergic mediated regulation of L-type Ca2+ channels (39). NetworKIN 

further annotated 20 putative PKC kinase substrates, 22 for GSKs, 3 for PKG and several 

ERK targets such as 2 phosphorylation sites on Heat shock protein beta-8 (8 ng/mg) and also 

two on Ribosomal protein S6 kinase alpha-1 (RSK1) (5 ng/mg) (40). All phosphopeptides and 

phosphorylation sites are presented in Supplemental Table 6. 

 

4.2.9. Other proteins of interest 

It is impossible, and possibly not very relevant, to describe every protein detected in 

the human heart LV. Out of own interest, and because of their role in cardiac function we 

primarily focused on kinases. Two groups of proteins we still like to mention. First, our 

dataset is also very rich in the number of GTPase signaling nodes. The detailed descriptions 

of 69 GTPase signaling proteins detected are presented in the supplemental data 

(Supplemental Figure 5 and Supplemental Table 7).  

Curiously, 25 proteins identified in our high quality data are listed as uncharacterized 

proteins, with very different orders of protein concentrations. Notably, the highest ranked 

uncharacterized protein is Uniprot Q5JTJ3 with a concentration in LV of 92ng/mg. For these 

proteins, it may be interesting to study their function in LV. We performed BLAST analysis 

on all these proteins (Supplemental Table 8). For instance, Q5JTJ3was found to be similar to 

Sec61, a protein involved in protein import into the ER.  

 

4.3 Materials and methods 

Material: All chemicals were purchased from commercial sources and were of analysis 

grade, unless stated otherwise. High purity water was obtained from a Milli-Q system 

(Millipore, Bedford, MA USA) and used for all experiments.  
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4.3.1. Sample preparation and LC/MS/MS analysis 

Human transmural, free wall LV tissue was obtained from a 38 year old male without 

any diagnosed cardiovascular disease. All investigations conform to the principles outlined in 

the Declaration of Helsinki (41) and experimental protocols were approved by the Ethical 

Review Boards of the Albert Szent-Györgyi Medical University (Hungary) and University 

Medical Center Utrecht (The Netherlands). Lysate preparation protocols were as described 

previously for mouse and rat ventricular tissue (14,42). Briefly, a piece of human left 

ventricular free wall tissue (~1cm3) was frozen in liquid nitrogen and pulverized in a pre-

cooled steel mortar. The pulverized tissue was taken up in a mild lysis buffer (phosphate 

buffer, pH 7.4, 0.1% Tween20) including protease inhibitor cocktail (Roche complete mini, 1 

tablet per 15 mL buffer) and 0.1% phosphatase inhibitor cocktail (Sigma-aldrich). 600 µg of 

protein was collected. In order to achieve high quality annotation of the LV proteome, we 

performed a 3-tier approach in which 3 important parts of the analysis strategy were varied 

generating a total of seven different datasets which originate from five digestions with four 

different protease mixtures, of which some were analyzed with two different peptide 

fragmentation techniques. The experiments can be categorized as follows: 

 

Method A (Trypsin in-gel digestion): The LV protein extract (50 µg) was loaded onto two 

different SDS-PAGE gradient gels (4-15% and 10-20%, BioRad). Both gel lanes were cut into 

70 pieces using Mickle gel slicer prior to in-gel digestion. Gel pieces were subsequently 

treated with DTT (6.5 mM in 50 mM ammonium bicarbonate, pH 8.5) and iodoacetamide (54 

mM in 50 mM ammonium bicarbonate, pH 8.5) for respective reduction and alkylation of 

cysteine residues. The alkylated proteins were digested with trypsin (Roche Diagnostics, 

Almere, The Netherlands) overnight at 37oC. After digestion, the supernatants were collected 

and the remaining gel pieces were extracted with acetonitrile. The LC/MS/MS analysis was 

performed using a nano LC−LTQ-FTICR (Thermo Electron, San Jose, CA) as described in 

the supplemental methods section and Aye et. al. (42). 

 

Method B (Lys-C/Trypsin In-solution digestion): 200 µg protein lysate was diluted in 200 -

µL ammonium bicarbonate (50 mM, pH 7.4) with 96 mg of urea to attain a final urea 

concentration of 8 M. Subsequently, digestion with 4 μg Lys-C (Roche Diagnostics, Almere, 

The Netherlands) for 4hr at 37°C, was followed by reduction with 2μM dithiothreitol for 15 

min at 65 °C and alkylation with 4 μM iodoacetamide in the dark for 30 min at room 

temperature. Further digestion was performed in 2 M urea with 4 μg trypsin (Roche 

Diagnostics, Almere, The Netherlands) for 16hr at 37°C. The resulting peptide mixture was 

separated using strong cation exchange (SCX). The detailed SCX set up and elution gradient 

was performed as described in the supplemental methods and Gouw et. al. (43). In total 50 

SCX fractions were collected and dried in vacuo and re-suspended in 20 µl of 10% formic 

acid. 10 µl of these were subjected to nano-LC−LTQ-Orbitrap (Thermo, Electron). The nano-
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LC set up and MS operating parameters are described in the supplemental methods and by 

Gauci et. al. (44).  

  

Method C (Lys-C/chymotrypsin In-solution digestion): 100 µg of protein material was taken 

up in 8 M urea and reduced and alkylated as described above in method B. Primary digestion 

was performed using 2 μg Lys-C similarly as above, followed by digestion with 2 μg 

chymotrypsin (Roche Diagnostics, Almere, The Netherlands) in 2 M urea for 16hr at 37 °C 

prior to SCX fractionation. The peptide mixture was loaded onto two C18 Opti-Lynx 

cartridges, using an 1100 HPLC system (Agilent Technologies), at a flow rate of 100 µL/min 

with 0.05% FA. The detailed refined SCX setup is described by Gauci et al (44). A total of 50 

SCX fractions were collected and dried in vacuo. The LC-MS/MS analysis was performed 

using the nano LC−Orbitrap-ETD (Thermo Electron). The LC set up as well as the elution 

gradient is the same as described in method B. The MS operating parameters are described in 

the supplemental methods. 

 
 Method D (Lys-N In-solution digestion): 200 μg of lysate was reduced and alkylated as 

described above in method B and C, followed by Lys-N digestion (from Grifola Frondosa, 

Seikagaku Corp. (Tokyo, Japan). Lys-N was added at a ratio of 1:85 (w/w) and the sample 

was incubated overnight at 37 °C (45). The digest was dried in vacuo and re-suspended in 

0.05% formic acid (FA), followed by the refined SCX fractionation as mentioned in method 

C. The LC/MS/MS analysis was performed using a nano-LC−LTQ-ETD setup (Thermo 

Electron) described in supplemental method section (for details, see (45)).  

  

4.3.2. Data analysis 

MS/MS spectra collected from the total of 260 LC-MS/MS runs were processed with 

Bioworks 3.3 (Thermo Electron). Orbitrap-ETD data was analyzed using Proteome 

Discoverer (v1.1, Thermo Electron). Subsequent MASCOT (v2.2 Matrix Science) searching 

was performed against an in-house build concatenated forward/reverse (46) Swissprot 

database (v56.2, released september 23, 2008, 20328 human sequences). Search criteria 

included: carbamidomethylation on cysteine residues as a fixed modification, methionine 

oxidation, serine-, threonine and tyrosine-phosphorylation and N-terminal protein acetylation 

as variable modifications. Two missed cleavages were allowed. A peptide mass tolerance of 

25 ppm and an MS/MS mass tolerance of 0.9 Da were set in LTQ-FTICR (method A), 

Orbitrap CID (method B, C) and Orbitrap-ETD (method C) datasets, whereas 0.9 Da peptide 

mass tolerance and 0.9 Da MS/MS tolerance was set for data from the LTQ-CID/ETD 

(method D). All data generated by the FTICR (method A) and the OrbiTrap (method B and C) 

were recalibrated at individual gel-band or SCX fraction level for mass accuracy using 

MSQuant (47). For LTQ data (method D) this step was omitted.  
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The (recalibrated) data of the individual fractions were combined experiment-wise 

into seven large mascot generic files using MGF-combiner (v1.05 MSQuant), and re-searched 

using MASCOT with above mentioned parameters except that the precursor mass tolerance 

was set to 10 ppm. To determine false discovery rates (FDR) in each dataset, the MASCOT 

peptide score cutoff was adjusted to yield a number of false-positive spectra identifications of 

<1%. All cutoffs were around a mascot score of 30, except for the LTQ data in method D, 

where cutoffs for <1% FDR were 45 and 43 for CAD and ETcaD, respectively. Since the 

FDR calculations are mainly suited for data acquired with high mass accuracy, an arbitrary 

Mascot score cutoff of 30 was used for the LTQ data in method D resulting in a higher FDR 

for these data (4.25 % and 3.5% for CAD and ETcaD, respectively). However, a FDR <1% 

was still observed for proteins with at least 2 unique peptides for this dataset.  

Protein organization and redundancy reduction within single datasets was performed 

using the Scaffold software (v2.1.1; www.Proteomesoftware.com). FDR thresholds were used 

as filtering criteria. Subsequently, the final protein outputs of seven datasets generated by 

Scaffold were combined manually. Remaining protein identification redundancy was reduced 

manually. Protein classification in terms of biological function was performed with the online 

available Panther software (www.pantherdb.org) (48). Spotfire software 

(http://spotfire.tibco.com/) was used for cluster analysis. To further investigate the 

predominant presence of specific phosphopeptide sequences, motifs of all phosphopeptides 

data were analyzed using Motif-X (34). The significance threshold was set to P<10-6 whereas 

the minimum number of motif occurrences was set to 20 for pSer and 5 for pThr and pTyr. 

 

4.3.3. Protein abundance calculations  

The Fabb index was used to calculate relative abundances in each dataset following the 

same procedures as reported by us previously (14). Briefly, Fabb is the number of identified 

spectra of a particular protein divided by its molecular weight, multiplied by 10e6 for clarity 

of plots. Subsequently, proteins can be ranked based on their abundance by descending Fabb. 

For absolute protein concentration determination based on spectral counts, the APEX 

Quantitative Proteomics Tool (48) was applied. APEX uses the observed spectral count for 

individual proteins normalized by their theoretically expected peptides. A relative APEX 

score is obtained by dividing the sum of the values for all proteins being quantified. The high 

quality trypsin datasets (method A and B) were imported in the APEX software from the 

protXML file generated by Scaffold. A MASCOT score threshold yielding <0.1% false 

positive rate (FPR) was chosen. For absolute quantitation, the calculated APEX value is 

multiplied by a normalization factor of 25 μg of protein, which was the total amount of 

protein injected into the mass spectrometer after initial separation on gel or SCX. The APEX 

values for method A-I, AII and B were averaged and the final absolute concentration 

(APEXtrypsin) for the trypsin data was reported.  
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4.4. Conclusion 

Ideal protein biomarkers for cardiac diseases are evidently proteins of cardiac origin. 

Therefore, it is useful to have as a resource a depository of the identity and abundance of all 

cardiac proteins.  Here we show that a multiplexed proteomics approach using two separation 

methods, three different proteases and two different peptide activation methods can produce a 

high quality quantitative (using spectral counts) protein catalogue of an important part of the 

human heart, the healthy LV. Most currently used biomarkers for myocardial infarction, were 

as expected found at the higher abundance end of the LV concentration spectrum, with 

concentrations ranging from 1-4 µg/mg. Several more of these tissue leakage proteins could 

be annotated by comparing the LV proteome to the human plasma proteome. Many 

interesting proteins involved in signaling were also detected, albeit at two to three orders of 

magnitude below (i.e. 2-200 ng/mg) most of the currently used biomarkers. Proteome wide 

determination of protein concentrations may aid in establishing a set of (signaling) protein 

based biomarkers with concentrations likely to be detectable in plasma. Alterations in such 

markers are more likely to present at an earlier stage of CVDs. The specific function of the 

abundant kinases STK38L and OXSR1, and the phosphatase DUSP3 form interesting new 

targets for further research, especially in the cardiac context. 

 

4.5. Data availability 

The proteomics raw and processed data associated with this manuscript may be 

downloaded from ProteomeCommons.org. Tranche hashes are given in the supplemental data. 
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Abstract  

Hyperactivity of adrenergic signaling in the heart is a mechanism that ultimately leads to heart 

failure. The cAMP pathway, with the cAMP-dependent protein kinase (PKA) in a key role, 

acts directly downstream of adrenergic receptors to mediate cardiac function at different 

levels through phosphorylation of multiple proteins (e.g. modulation of contractility, heart 

rate, repolarization times). To improve local organization, the regulatory subunit of PKA 

(PKA-R) is associated with diverse A-kinase anchoring proteins (AKAPs) that tightly localize 

PKA’s function to distinct loci within the cell. In failing hearts, maximal activity of PKA and 

cAMP-levels were reported unaltered, while a decrease of 30-40% in PKA-R expression and 

in autophosphorylation was observed. This suggests that PKA-AKAP complex formation is 

hampered. To detail which PKA-AKAP complexes are affected, we utilized mass 

spectrometry based chemical proteomics with cAMP immobilized on beads for specific 

enrichment. For the first time, eight distinct PKA-AKAP interactions could be quantitatively 

compared between healthy and failing human left ventricular tissue. Association of PKA-R 

with six AKAPs was unaltered, however PKA-Yotiao (AKAP9) was 9-fold reduced, while 

the association PKA-MAP2 at the microtubule was increased 12-fold in failing heart. 

Association of PKA close to key myofilament target proteins was found to be reduced as well 

(TroponinC 9-fold, cMyBP-C 10-fold). Altogether our data suggest that PKA activity is 

redistributed to distinct different loci in the failing human heart, which will mediate altered 

cAMP signal transduction and can consequently form the basis of blunted contractility, and 

impaired repolarization seen in human heart failure. 

 

5.1. Introduction  

Cardiovascular disorders are a leading cause of mortality in western society. 

Deterioration into heart failure generally results from a plethora of alterations in gene and 

protein expression.1 Pathophysiological conditions including dilated cardiomyopathy (DCM), 

are associated with a reduced density of β1-adrenergic receptors.2 Proteins controlling cAMP 

signals downstream of β-adrenergic stimulation are of crucial importance to modify cardiac 

contraction and rhythm.3 In failing conditions impairment of β-adrenergic coupling to 

adenylate cyclase (the protein that generates the second messenger cAMP from ATP) was 

observed.4 Main target of cAMP is the cAMP-dependent protein kinase (PKA), of which the 

holoenzyme consists of two regulatory (PKA-R) and two catalytic (PKA-C) subunits. Under 

DCM conditions, the overall concentration of cAMP in the myocardium appeared unchanged, 

as is the activity of PKA-C.5 The overall levels of PKA-R type I and II were found to be 

reduced by 30% and 40% respectively.5 As a consequence, phosphorylation of several crucial 

PKA-targets involved in contractility and calcium handling, such as troponin I,5 and 

phospholamban6, were altered in end-stage heart failure. Despite the overall consensus that 

cAMP signaling pathways are altered during cardiomyopathy7, the precise mechanisms 

underlying the observed effects still remain to be elucidated. 
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PKA is a widely distributed, multifunctional kinase. To prevent simultaneous cross 

activation of parallel PKA pathways and to guide activity, its function is tightly regulated 

through interaction of PKA-R with the highly diverse family of A-kinase anchoring proteins 

(AKAPs).8 AKAPs tether PKA to distinct sites within the cell. The general importance of 

AKAPs in the heart was demonstrated by Fink et al., who showed that disruption of 

PKA/AKAP interactions imbalanced cardiomyocyte function.9 Autophosphorylation of PKA-

R, which aids in the high affinity targeting to AKAPs, was also reduced in end-stage heart 

failure.10 Several AKAPs are involved in cardiac EC-coupling downstream of the β-

adrenergic response. AKAP18δ (AKAP7) organizes a complex of PKA, phospholamban and 

the Ca2+-ATPase SERCA2.11 AKAP18α mediates L-type Ca2+ channel phoshporylation to 

increase inflow of extracellular Ca2+.12 mAKAP is associated with the Ryanodine receptor to 

modulate its open probability through PKA phosphorylation thereby mediating Ca2+ release 

from intracellular stores.13 Gravin14, and AKAP7915, associate with the β-adrenergic receptor 

itself to regulate its phosphorylation state. 

Besides their role in normal heart physiology, cAMP/PKA/AKAPs are also involved 

in pathophysiological conditions. mAKAP is associated with the centrosome and is implicated 

in the onset of hypertrophy through NFATc mediated gene transcription.16 AKAP-Lbc is 

upregulated in hypertrophic cardiomyocytes where it coordinates the activation of PKD to 

initiate MEF2-mediated transcriptional reprogramming events.17 Kass et al. demonstrated a 

dysfunction of PKA/Yotiao anchoring to the repolarizing potassium channel KCNQ1/KCNE1 

as the underlying cause of inherited Long-QT syndrome.18 An Ile646-Val polymorphism in 

D-AKAP2 was found to diminish PKA-RIα binding affinity by 3-fold, without an effect on 

PKA-RIIα affinity, resulting in a shorter P-R interval, suggestively caused by altered 

localization of RIα.19 

Altogether, the unaltered cAMP concentration and activity of PKA-C in conjuction 

with reduced PKA-R expression and autophosphorylation suggest an imbalanced regulation 

of localized PKA activity and the strong involvement of AKAPs in the deteriorating events 

occurring during end-stage heart failure. Consequently, to elucidate which specific PKA-

AKAP complexes are involved in these detrimental processes, it is important to understand 

these processes which may raise novel therapeutic opportunities. 

In the present study we used immobilized cAMP agarose beads, to specifically enrich 

a large set of PKA-AKAP complexes from human left ventricular samples. Using quantitative 

proteomics, differences in cAMP binding proteins were quantitated between end-stage failing 

(dilated cardiomyopathy tissue) and control tissue. We observed that PKA, but also cGMP-

dependent protein kinase (PKG) expression, were altered in DCM tissue. More importantly, 

this method also allowed us to quantitate, which PKA-AKAP interactions are altered in end-

stage heart failure and which remain unaffected. Many observed changes fit well with the 

loss-of-function and reduced contractility observed in DCM. Interestingly, these changes are 
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not necessarily influenced by altered expression levels alone, but also due to changes in the 

association of PKA to different AKAPs. 

 

5.2. Material and methods 

5.2.1. Patients selection and ECG recordings 

Patients with end-stage chronic heart failure who underwent heart transplantation at 

the UMC Utrecht were selected from the database using the following criteria: age > 30 years, 

DCM as underlying cause, available 12-lead surface ECG in sinus-rhythm of acceptable 

quality. Using Adobe Photoshop, RR, QRS, QT intervals were measured from the digitized 

ECGs. QT was corrected for heart rate according to Bazett’s formula. Patients were age and 

sex matched to 15 controls without any documented cardiac disease. 

 

5.2.2. Tissue lysate preparation and global proteome survey 

Control donor left ventricular free wall tissue was obtained from 38 (C1) and 40 (C2) 

and 28 (C3), year old males without any diagnosed cardiovascular disorders. Before cardiac 

explantation, these organ donor patients did not receive medication except for dobutamine, 

furosemide, and/or plasma expanders. DCM affected donor heart tissue originated from 

explanted hearts from two male patients aged 37 (P1) and 64 (P2). Prior to transplantation 

those patients were classified as NYHA IV. All investigations conform to the principles 

outlined in the Declaration of Helsinki (Cardiovascular Research 1997, 35:2 to 35:4) and 

experimental protocols were approved by the Ethical Review Boards of the Albert Szent-

Györgyi Medical University (Hungary) and University Medical Center Utrecht (The 

Netherlands). Lysate preparation protocols were as described previously for mouse and rat 

ventricular tissue.20 The global left ventricle proteome survey was performed using the protein 

lysate from C1.  

 

5.2.3. cAMP-pull downs 

The pulldowns with 2-AHA-cAMP agarose (100 μL dry volume, BIOLOG, Bremen, 

Germany, ligand concentration: 6µmol/mL) were performed as described previously.21 20 mg 

total protein was used as input for all four experiments. After pull-down, bound proteins were 

eluted with 90 μl of 8 M Urea under denaturing conditions. Subsequently, digestion with Lys-

C (Roche Diagnostics, Almere, The Netherlands) for 4 hr at 37 oC, was followed by reduction 

with 2 μM Dithiothreitol for 15 min at 65 oC and alkylation with 4 μM iodoacetamide in the 

dark for 30 minutes at room temperature. Further digestion was performed in 2 M urea with 

trypsin (Roche Diagnostics, Almere, The Netherlands) for 16 hr at 37 oC.  

 

5.2.4 MS analysis, protein identification and quantitation  

Nano-HPLC-MS/MS-analysis was performed as described previously21, and is further 

detailed in the Supplemental Methods. Generated spectra were processed with Bioworks 3.3 
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(Thermo, Bremen, Germany) and data analysis was carried out using the Mascot (version 

2.2.0) software platform (Matrix Science, London, UK). Protein redundancy was reduced 

using Scaffold version 2.1.1 (www.Proteomesoftware.com). Quantitation using normalized 

spectral counts22 is described in detail in the Supplemental Methods.  

 

5.2.5 Immunoblotting  

Left ventricle lysate samples were resolved prior and after cAMP affinity purification 

by SDS-PAGE, electro-transferred to nitrocellulose membranes (Amersham Bioscience) and 

immersed in the TBST-buffer (20 mM Tris-HCL, pH 7.5, 0.5 M NaCl, 0.1% Tween 20) with 

5% (w/v) BSA. Antibodies used are outlined in the Supplemental methods.   

 

5.3. Results 

5.3.1 ECG analysis 

ECG analysis (Table 1) revealed significant prolongation of the QRS and QTc time 

between controls and DCM patients meaning that both ventricular activation and relaxation 

were affected. Despite administration of β-blockade, the RR interval in patients was 

significantly shorter (increased heart rate). Obviously, contractility was dramatically impaired 

in patients who displayed an EF < 20%. 

 

Table 1. Age- and sex-matched DCM control comparison. Average values per group are given 

with the corresponding standard deviation (SD). RR represents rhythm, QRS the 

depolarization time. QT time was corrected for rhythm (QTc). P-values were determined by a 

t-test.  

Controls DCM patients   

Average (SD) Average (SD) p-value 

Number 15 18 - 

Age (SD) 52 (10) 46 (8) 0.068 (ns) 

RR (ms) 911 (153) 773 (178) 0.025 

QRS (ms) 99 (11) 145 (43) 0.001 

QT (ms) 381 (30) 412 (67) 0.108 (ns) 

QTc (ms) 401 (13) 471 (50) 0.001 

 

5.3.2. Global proteomic analysis of human heart tissue 

To test the feasibility of using a global proteomics approach to study cyclic nucleotide 

signaling proteins, a large analysis of the healthy human left ventricular proteome (C1) was 

evaluated. Using the LC-MS/MS strategy depicted in Figure 1A on the 2nd gel lane of Figure 

1B yielded the identification of 1430 proteins.  A high dynamic range of identifications was 

achieved based on spectral counts for the individual proteins that varied from 7226 for myosin 

heavy-chain type 7 (MYH7_HUMAN) to two unique peptides (our cut-off, Supplemental 

Methods and Supplemental Table 1). Only two PKA isoforms, and two AKAPs could be 
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retrieved, and with low spectral counts, indicative of their relatively low abundance compared 

to cytoskeletal and house-keeping proteins.  

 

 

 
 

Figure 1. (A) Experimental strategies to investigate potential alterations in PKA-AKAP 

interactions during heart failure as outlined in the (Supplemental) Methods section. On the 

left, a global approach in which the total protein extracts was investigated using in-gel 

digestion prior to LC-MS/MS analysis. On the right, the targeted cAMP-affinity enrichment 

approach combined with 1D-SDS PAGE prior to MS-analysis. (B) SDS-PAGE gel of left 

ventricular free wall tissue protein lysate from a healthy control donor (C1). (C) SDS-PAGE 

gel of cAMP pull-downs in human left ventricular tissue. The left ventricle tissue lysates from 

Controls (C1 and C2) and Patients (P1 and P2) with DCM were treated with 2-AHA-cAMP-

agarose beads to purify cyclic nucleotide signaling modules. (D) Proteins identified in the 

cAMP pull-down experiments (at least two unique peptides) plotted with their enrichment 

factor (NSCcAMP, max/NSCtotal, LV) as compared to the whole left ventricular lysate of control 1. 

Proteins with an enrichment factor ≥2 are presented above the dotted line. 
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5.3.3 Affinity enrichment of cAMP/PKA/AKAP signaling proteins 

To study these low-abundant signaling proteins by mass spectrometry based 

proteomics, in the background of much higher abundant proteins requires specific enrichment. 

Therefore, we used an immobilized cAMP-resin to capture and characterize PKA-AKAP 

complexes and other cyclic nucleotide signaling proteins.20  

Equal amounts of soluble protein lysates from left ventricle free wall tissue of two 

controls and two DCM patients were incubated with cAMP-affinity beads (Figure 1A). For an 

initial qualitative comparison, a fraction of the four obtained protein precipitates was 

separated by SDS-PAGE (Figure 1C). Strikingly, controls and patients displayed a very 

similar pattern of bands, although consistent differences between them were also present, 

especially in the molecular weight regions around 37 kDa, 55 kDa and 75 kDa. To 

meticulously evaluate which proteins associated with cAMP and whether they showed 

differential expression between patients and controls, the cAMP-pull-down fractions from 

each donor were digested directly off-bead. The resulting peptide mixtures were separated by 

strong cation exchange chromatography before analysis by LC-MS/MS. Using stringent 

criteria (Supplemental Methods), this resulted in the identification of 140, 160, 153 and 136 

proteins in sample C1, C2, P1 and P2 respectively (Supplemental Table 2) with very similar 

amounts of overall spectra. The inter-donor overlap among reliably identified proteins 

appeared high, indicative for the reproducibility of the approach (Supplemental Figure 1). To 

discriminate high abundant but less specific proteins from specific low abundant “real” cAMP 

binding proteins and their interactors, the global proteome survey from C1 was used 

(Supplemental Table 1). For each protein, the maximum spectral count in one of the four 

cAMP-bead experiments was compared to the spectral count in the whole heart lysate. The 

quotient of these two counts was used to identify the low abundant specific interactors of the 

beads. Only proteins with a quotient ≥2 were further evaluated (Figure 1D, blue bars). This 

led to the isolation of 60 proteins from the total dataset (Supplemental Tables 2A+2C). For 

spectral count quantitation only proteins with a significant amount of spectra may be 

considered, therefore only proteins with more than 10 spectra summed over either patients or 

controls were selected, further reducing our protein set of interest to 24 (Supplemental Table 

2A). Among these proteins were ample examples of cAMP signaling proteins, such as all four 

isoforms of PKA-R, PDE2A and eight AKAPs, all with high spectral counts.  

 

5.3.4. Semi-quantitative Profiling of protein abundance 

These 24 proteins were quantitated in each of the four samples. Therefore, the spectral 

counts were normalized20, 22, and subsequently compared between the four donor samples. 

The outcome is depicted in Figures 2A and 2C, where the normalized spectral count (NSC) 

ratio (Patients/Controls) is plotted against the significance of the identification as measured by 

the maximum amount of spectra observed for a particular protein in any of the four samples. 

The G-test was applied to isolate significant changes (Supplemental Tables 2A and 2B). 
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Figure 2. (A) Scatter plot for the proteins that were specifically enriched and quantitated. 

NSC-ratio (Patient/Control (P/C), 2log scaled y-axis) representing abundance of proteins in 

patients and controls versus the maximum spectral count observed for C1, C2, P1 or P2 (2log 

scaled x-axis) representing the abundance in the pull down. Swissprot abbreviations are listed 

in Supplemental Table 2A (B) As A., but for the proteins without specific enrichment on the 

beads (Supplemental Table 2B). (C) Heatmap of the proteins presented in Figure 2A with the 

normalized spectral counts retrieved from each sample. 

 

5.3.5. Direct interactors of cAMP  

First, the direct interactors of cAMP were evaluated. The amounts of PKA-RIα (ratio 

0.8) and PKA-RIIα (ratio 0.7) isoforms were not dramatically altered in DCM. In contrast, 

cGMP-dependent protein kinase (PKG Iα), which also equips the ability to interact with 

cAMP, albeit at much higher, non-physiological cAMP concentrations, seems about 2-fold 

upregulated (ratio 2.4). Moreover, the phosphodiesterase PDE2A is strongly upregulated in 

the patients (ratio 6.3).  
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Typical proteins such as NDKB and HCDH which are known to have some affinity 

for cAMP due to binding domains that are related to the cyclic nucleotide binding pocket20 

were also found in our pull-down. These were not enriched since the spectral counts in the 

global approach were significantly higher. These co-purifying proteins had typical ratios of 

close to one (Figure 2B, Supplemental Table 2B), indicating that they were not altered in 

DCM and thereby signifying the observed changes for PKG and PDE2A. Also sticky high 

abundant background proteins without known affinity for cAMP such as hemoglobin (HBA) 

have a ratio of close to 1, indicating that the background behaves similarly in both patients 

and controls and reiterating our reproducibility and specificity. 

To confirm observed mass spectrometric changes in protein abundance, we selected 

several direct cAMP interacting proteins from our 24-membered prime candidate list for 

which specific antibodies were available, and probed their expression level using Western 

blotting (Figure 3). Clearly, the relative amounts observed at total lysate level (left column) 

correlate well with the observed changes in spectral counts observed in the cAMP pull down 

(middle column).  

 

5.3.6. Secondary Interactors 

The cAMP-pulldown assay not only allowed us to quantify specific changes in 

proteins directly binding to cAMP, such as PKA, but it also has a unique feature, as it allows 

the quantitation of proteins associating to PKA under the two studied conditions. Since cAMP 

is the bait and PKA its primary target, the AKAPs, and other secondary interactors, are 

evaluated based on their association with PKA rather than on their absolute expression 

profile. Therefore the semi-quantitative method supplies information on the relative 

population of distinct AKAPs with PKA. Interestingly, two of the most altered proteins in 

Figure 2A are AKAPs; microtubule associated protein 2 (MAP2, ratio 12.0) and Yotiao 

(AKAP9, ratio 0.12, 8.3-fold down).  

To investigate whether the alteration of MAP2 in our pull-down originated from an 

overall change in expression level or from increased association to PKA at this scaffold, we 

performed western blotting in the whole lysate and compared this with our proteomics data 

(Figure 4A). MAP2 expression did not change significantly at lysate level but showed a large 

increase in the patient pull-downs only. Western blots on the pull down fraction of C3 and P2 

showed a similar ratio as the proteomics data (~7.2-fold). This seems to be a reflection of the 

difference in overall Tubulin-α expression as the ratio is very similar in the whole lysate. 

Western blots for Yotiao in the whole lysate (even at 200 µg input) did not succeed, likely due 

to the very low abundance. In the pull-down fraction, where Yotiao is significantly enriched, 

Western blotting confirmed the observed changes in the proteomics data (Figure 4B). 
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Figure 3. Differential protein expression of direct cAMP interactors. Left column: selection of 

direct interactors of cAMP immunoblotted for expression in 50 µg total protein from human 

left ventricular lysate. The histograms represent the levels of selected proteins as arbitrary 

densitometric unit (ADU). Middle column: Normalized spectral counts of those particular 

proteins in the pull-down experiments. Right column:  Immunoblots on the cAMP pull-down 

fraction.   

 

5.3.7. Altered enrichment of myofilament PKA targets 

In Figure 2B and Supplemental Table 2B many of the non-enriched proteins have a  

ratio of close to 1.0 in our pull-down. Others show significant up and down regulation. The 

ratios of these proteins may indicate two things; (i) these high abundant proteins were 

expressed at different levels in patients and controls, and therefore aspecifically co-purified 

with the pull-down with a ratio reflecting their expression levels, or (ii) a sub-fraction of the 
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total amount of the protein is a PKA interactor or an interactor of one of the AKAPs and 

thereby explaining its ratio. Several examples of the first set of proteins, which are typically 

among the top-ranking identifications in the global proteome survey (Supplemental Table 1), 

were observed. 

 

 
 

Figure 4. Secondary interactors of cAMP show redistribution of PKA. (A) Immunoblots 

representing expression levels of MAP2 and tubulin-α in 50µg whole left ventricular lysate 

(left), compared with the amount associating with PKA as assessed by immunoblotting 

(middle) and MS analysis (right, depicted are NSCs) of cAMP pull down fractions. (B) 

Differental amount of Yotiao associating with PKA assayed by Western blot (middle) and 

NSC (right). (C) As A and B, but for myofilament proteins. 

 

Not surprisingly, changes in these proteins are currently used as markers for DCM. For 

example creatine kinase type S was down regulated in DCM patients, as expected.23 Also the 

down regulation of aconitate hydratase (ratio 0.15) in DCM tissue was observed previously.24 

Interestingly, Figure 2B also contains several proteins that could serve as candidates for the 

second category. PKA is known to phosphorylate several myofilament proteins, namely titin 
25, the troponin I/C/T complex at troponin I (TnI) 26 and cardiac myosin binding protein C 

(cMyBPC).27 The proteomics data clearly indicate a decrease in enrichment of these 

myofilament proteins from the patient material, (Figure 4C), while Western blots of TnT and 

TnI at lysate level showed a slight increase of these proteins in the patients. The decreased 

 
 

133



enrichment of TnT and TnI by cAMP was confirmed by Western blotting on the pull-down 

fractions as well.  

 

5.4. Discussions 

5.4.1. Alteration of cAMP signaling in the failing heart 

At tissue level, the implication and alteration of cAMP signaling proteins in failing 

hearts has been established over the past decade. However at the molecular level, it is still 

debated whether increased cAMP signaling has a detrimental, pathogenic or a beneficial, 

compensatory effect on cardiac function. The contrasting results obtained in knock-out mouse 

models seem difficult to capture in a single hypothesis as reviewed previously.7 It is not 

unlikely that the origin of these disparate results lies in the complex localization profile of 

PKA in the heart. We hypothesize that PKA-R can redistribute itself to different AKAPs to 

accommodate, or even compensate for, the altered signaling pathways induced in the failing 

heart. As evidence for this hypothesis, general disruption of PKA-AKAP complex formation 

was found to inhibit proper myocyte contractility.9 In addition, several PKA phosphorylation 

targets were found altered in the failing human myopathic hearts, such as CREB28 and 

Phospholamban29, which are both hyper-phosphorylated, while phosphorylation of troponin I 

was found downregulated5 in human DCM tissue. Also PKA-R itself was observed 

autophosphorylated at lower levels, thereby reducing its affinity for AKAPs. Furthermore, the 

earlier mentioned involvement of PKA-AKAP complex malformation in several pathological 

outcomes16-19 shows that proper PKA association is crucial. With the chemical proteomics 

approach described in this manuscript we were able to map global changes in expression 

levels of PKA-R, but also of other cyclic nucleotide binding proteins. More importantly, at the 

same time the association of PKA-R to eight distinct AKAPs could be quantitatively 

compared between the healthy and failing heart.   

 

5.4.2. Direct Interactors of cAMP 

Previously, PKA-RI (~40%) and PKA-RII (~30%) expression was found to be down-

regulated in the human DCM heart.5 These numbers fit well with our observed ratios for 

PKA-RIα (ratio 0.8) and PKA-RIIα (ratio 0.7). At the same time, we found PKG Iα 2.4-fold 

upregulated. This is an important observation, as in recent literature, more and more evidence 

is reported for cross-talk between the cAMP and cGMP pathways with PKA and PKG as 

crucial pillars therein.30 These two cyclic nucleotide signaling pathways often counteract each 

other in cardiac function. PKG functions downstream of the NO/natriuretic peptide signals 

and in heart it has a negative inotropic effect through phosphorylation of L-type Ca2+-

channels, thereby reducing open probability and therefore also intracellular Ca2+ levels.31 It is 

not unlikely that the increase in PKG contributes to the reduced contractility of the failing 

heart. Directly related to this pathway, we found that PDE2A was 6-fold up-regulated. 

PDE2A has dual specificity for cAMP and cGMP, while the hydrolytic activity is increased 
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by cGMP binding to the N-terminal GAF-domain.32 Mongillo et al. demonstrated that PDE2A 

has a strong limiting effect on the intracellular cAMP concentration induced by β-adrenergic 

stimulation of rat neonatal cardiomyocytes.33 This mechanism of increased cAMP hydrolysis 

was shown to be dependent on cGMP/PKG acting downstream of the β3-adrenergic receptor 

(β3-AR). In light of these data, it is tempting to speculate that the upregulation of several 

components of this pathway, as observed in our data, are a (harmful) compensatory 

mechanism to control the increased β1-AR and β2-AR stimulus in failing hearts via the β3-

AR/NO/cGMP/PKG/PDE2 pathway.  

 

5.4.3. Alteration of localization and increased PKA association at microtubules 

Recently, we and others identified the presence of at least 18 different AKAP family 

members in the heart.34, 35 Our data show directly that PKA-AKAP associations are changing 

in failing hearts, however this seems to be restricted to a small subset of AKAPs of which 

potential implications are discussed below. The presence of microtubules in cardiac myocytes 

is well established. Also an increased microtubule polymerization, as well as increased 

expression of α and β-tubulin is observed in heart failure tissue.36 The concomitant reduction 

in contractility is attributed to increased stiffness and viscosity of the cardiomyocytes with 

higher microtubule content. In addition, it was shown that the microtubules become more 

heavily decorated by microtubule associated protein 4 (MAP4), which has a dampening effect 

on the active transport required in the diffusion limited cardiomyocyte.37  

In the past decade, additional roles of the microtubules in heart, beyond the described 

cytoskeletal one, have emerged. Gomez et al. showed that microtubules are functionally 

coupled to the two main Ca2+ regulatory mechanisms; Ca2+ current and sarcoplasmic 

reticulum Ca2+ release. Decreased microtubule function through inhibition by colchicine 

increased Ca2+ levels and hence contractility via a cAMP dependent mechanism.38 Recently, 

in dendrites and neurons, cAMP and PKA have been shown to mediate microtubule bundling 

and crossbridging via interactions with MAP2.39 In these cells, increased PKA 

phosphorylation at microtubule sites increased microtubule polymerization.  

Our data confirm the previously described increase in tubulin expression and show an 

increased anchoring of PKA to MAP2, while the overall MAP2 levels are not changed in the 

failing heart (Figure 4A). In conjunction with this observation, both α- and β-tubulin seem to 

be more enriched in our pull-down as well, however this seems to originate from the 

differential expression. Our observations fit well into the described microtubule behaviour in 

heart failure tissue. The observed increased polymerization of microtubule in cardiomyocytes 

of heart failure patients could be formed through a cAMP dependent mechanism, not by 

increased concentrations of cAMP, but through PKA relocation to MAP2 which thereby 

increases phosphorylation of microtubule targets and hence causes further polymerization of 

microtubule. Along these lines, Nath et al. discovered that cAMP induced arrests of rhythmic 
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and synchronous contractions of fetal rat myocytes could be reversed by colchicine, in other 

words, destabilization of microtubules restored proper contraction.40 

 

 

5.4.4. Yotiao 

In heart, Yotiao (AKAP9) functions at the IKs-channel, which is slowly activated in 

response to changes in membrane potential, thereby contributing to the crucial repolarizing 

current of the cardiac action potential. IKs current amplitude is increased upon induced β-

adrenergic stimulation, thereby shortening the action potential. Coupling of the β-adrenergic 

stimulus to the shortened IKs response is mediated by PKA phosphorylation through formation 

of a multiprotein complex of Yotiao, PKA-RII, PKA-C, PP1 and PDE4D3 at the 

IKs-channel.41, 42 Two mutations, KCNQ1-G589D41 and Yotiao-S1570L43, both disrupt proper 

coupling of Yotiao to the IKs channel, thereby causing long QT syndrome. The involvement of 

disrupted IKs function in DCM conditions was not earlier established. Our data indicate that in 

DCM affected tissue the coupling of PKA to Yotiao is downregulated, thereby impairing 

proper channel phosphorylation and contributing to the increased QT-time observed in Table 

1. We propose that the uncoupling of PKA to Yotiao would have a similar effect on QT-time 

as observed with the earlier mentioned mutations. 

 

5.4.6. Myofilament and Inflammatory Proteins 

PKA anchoring close to the myofilaments, the core of the β-adrenergic contractile 

response, has been proposed, however a specific AKAP was never elucidated.9 Our data now 

indicate that anchoring of PKA in this compartment of the cell is hampered in DCM tissue. 

Obviously a reduction in the presence of PKA near its myofilament targets can have a 

dramatic effect on the contractile machinery. In Supplemental Table 2A and 2B many 

inflammatory proteins show up-regulation in our analyses. Besides many IgG proteins, two 

mast cell proteins, CBPA3 (mast cell carboxypeptidase A) and CMA1 (Chymase, Mast cell 

protease I) are of particular interest. The upregulation of these two proteins fits well with the 

current understanding that mast cell density and excretion is increased in human failing heart 

tissue.44 In addition, chymase inhibition was recently shown to improve outcome in a rat 

autoimmune heart failure model system.45 These proteins seem connected to PKA due to the 

high enrichment in our pull down, however to date no direct interaction has been described. 

 

5.5. Conclusion 

Altogether, the data presented here connects alterations in several cyclic nucleotide 

signaling pathways with the impaired contractility and signaling observed in the failing 

human heart. Figure 5 recapitulates our prime findings. With our chemical proteomics 

approach we were able to show that several proteins binding directly to cyclic nucleotides 

changed in their expression profile, such as  PKG and PDE2.  More importantly, the approach 
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allowed us to quantify the amount of PKA-association to several different AKAPs. 

Particularly interesting examples of this are MAP2 and Yotiao, as well as several 

myofilament proteins that showed dramatically altered association behavior. All these 

changes imply that reduced contractility and signaling in the failing heart is accommodated by 

complex changes in signaling proteins at multiple levels, which are not necessarily restricted 

to the β-adrenergic receptor or PKA-R alone. 

 

 
 

Figure 5. Altered PKA-AKAP association under DCM conditions affects signaling at multiple 

levels. Changes in expression of cyclic nucleotide binding proteins (PKG, PDE2A), as well 

as, differential association of AKAPs to PKA-R form the basis of the blunted adrenergic 

response of failing hearts. Green indicates an increase in expression or association, while red 

represents a decrease. 
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6.1. Summary  
Cardiovascular diseases are among the most common causes of death in the developed 

world. Therefore, to be able to predict and evaluate risks for such diseases, identifying 

suitable biomarkers has become an important part of cardiovascular research. Evidently, 

understanding cardiovascular biology is also important in this respect. Among bio-molecules, 

proteins are considered ideal candidates for such biomarkers as they are the primary effectors 

of dynamic cellular functions. In the search for protein biomarkers, proteomics emerges as a 

useful tool as it allows examination of global protein expression in response to pathologically 

and/or pharmacologically induced states in a comprehensive and unbiased way. Nevertheless, 

proteomics in biomarker discovery and drug development is still in its infancy, particularly 

with respect to the proper statistic relevant large sample sizes, i.e. number of patients and 

controls. This calls for refinement of complex sample separations and for increasing 

sensitivity and dynamic range of mass-spectrometers to allow a more comprehensive picture 

of induced changes, also of more low-abundant proteins. This thesis focuses on (i) exploring 

chemical probes to increase sensitivity and specificity for the investigation of low abundant 

cardiac proteins applicable to both biology and biomarker discovery, and (ii) exploiting 

different aspects of mass spectrometry-based proteomics for building a concentration-based 

cardiac proteome inventory.  

Chapter 1 is an overview of the applications of proteomics in cardiac diseases, 

including detailed descriptions of proteomics platforms used to analyze protein expression, 

function and quantity. The advantages of affinity- and activity-based proteomics for 

monitoring the spatial and temporal changes of the targeted cardiac proteome are also 

discussed. Furthermore, it is illustrated how these methods can be coupled to label-based and 

label-free mass spectrometry methods to monitor changes in the proteome in a quantitative 

manner. Finally, the traditional biomarker discovery approach is described, which is a 

combination of information originating from animal models, and clinical studies and how 

such approaches have contributed to the identification of currently available 

diagnostic/prognostic biomarkers for cardiovascular disease.   

The cardiac system is a highly complex system in which signal transduction plays a 

critical physiological, but also a patho-physiological, role. Understanding how signaling 

mechanisms are perturbed under pathological conditions can give valuable insights into the 

potential origin of the disease. Chapter 2 reviews the specific contribution of mass 

spectrometry to the understanding of two particular cardiac signaling pathways that evolve 

around the second messenger cyclic nucleotides cAMP and cGMP. Two major downstream 

effectors of these cyclic nucleotides are Protein Kinase A (PKA) and Protein Kinase G (PKG) 

respectively. Their relations to A-kinase anchoring proteins (AKAPs) and G-kinase anchoring 

proteins (GKAPs), both scaffold proteins that compartmentalize these kinases are discussed. 

Finally, in this chapter an overview of mass spectrometry-based techniques applied to study 
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the structure/function relationships of these kinases, such as native mass spectrometry, H/D 

exchange and ion mobility mass spectrometry, are presented.  

Sub-cellular compartmentalization of PKA through interaction with AKAPs provides 

a mechanism to restrict signal transduction events at specific subcellular localizations, so-

called compartmentalization. In chapter 3, a chemical proteomics approach is combined with 

stable isotope labeling and mass spectrometry to study the specificity of different PKA 

isoforms for different AKAPs. Three different immobilized cAMP-analogues, with different 

specificities for PKA-isoforms were used to enrich for PKA from several cell types and rat 

tissues. Stable isotope labeling was used to quantify the differential enrichment of the PKA-

isoforms and thus their interacting AKAPs. Of the twelve AKAPs detected, seven 

preferentially bound to RII, whereas the remaining five displayed at least dual-specificity with 

a potential preference for RI. For the first time, the specificity of AKAP14, AKAP2 and 

AKAP12 could be established.  

The cAMP pathway is documented to act downstream of the adrenergic receptors that 

mediate cardiac contractility at multiple levels. Under myopathic conditions of the heart, 

contractility is heavily affected. Related to this, changes in concentration of several cAMP 

affected proteins, such as PKA, have been reported under these pathological conditions, 

however no relation of these changes towards AKAPs has been described. Therefore, in 

chapter 4 cAMP-based chemical proteomics is employed to identify potential changes in 

concentration and association of PKA in the dilated cardiomyopathy (DCM) affected human 

heart. Specific enrichment of PKA, PKG, several phosphodiesterases and many AKAPs from 

both healthy and DCM hearts were quantitatively compared in a label-free manner. We 

confirmed that PKA-R concentrations were lower in DCM affected tissue. Interestingly, our 

pull-down experiments also showed that the specific interactions of PKA with AKAPs was 

altered in the diseased heart; several showed increased association with PKA, whereas others 

showed decreased interaction under DCM conditions. Hence, it can be implicated that 

aberrant signaling through AKAP complexes contributes to certain heart diseases. These 

experiments, for the first time, demonstrate the powerful combination of chemical proteomics 

with isotopic labeling as a potential application for cardiac biomarker discovery. 

Chapter 5 continues with the application of a multiplexed proteomics approach to 

generate a concentration-based human left ventricle proteome library. We used two separation 

methods (gel-based and off-gel electrophoresis), four different proteases (LysC, Trypsin, 

chymotrypsin and LysN) and two different gas phase fragmentation methods (CAD and 

ETcaD) in order to identify, but also quantify, as many proteins as possible. We identified 

3,584 distinct proteins with high confidence, of which 65% (2,306 proteins) were observed 

with at least two unique peptide sequences. These highly confident proteins were quantitated 

using a sophisticated label-free spectral counting method to yield a comprehensive ranking of 

human left ventricular proteins by concentration. In this library, therapeutically/diagnostically 

interesting protein classes can be studied in relation to their concentration. Most currently 
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used CVD-biomarkers, as well as many muscle machinery proteins are present in the 1ug-4 

ug/mg region of high abundant proteins in LV. The pathophysiological dysfunction of 

signaling pathways underlies the molecular basis of several manifestations of cardiovascular 

diseases, such as hypertrophy and other types of left ventricular remodeling, 

ischemia/reperfusion injury, angiogenesis, and atherogenesis. Given their roles in such a wide 

variety of disease states, several signaling proteins, in particular, protein kinases and 

phosphatases are rapidly becoming extremely attractive targets for drug discovery. In this 

chapter the signaling proteins, protein kinases (~2-200 ng/mg), phosphatases (~1-600 ng/mg) 

and small GTPase (~2-1000 ng/mg) were studied in the context of their concentrations and 

the endogenous phosphorylation sites observed in heart. These data form an interesting 

starting point to prioritize future targets for drug and biomarker discovery efforts in the 

cardiac context. 

 

6.2. Outlook 
cAMP/PKA/AKAP signaling complexes 

The original AKAP hypothesis postulates that spatial resolution of PKA-mediated 

phosphorylation events provides specificity to cAMP signaling. In addition, AKAPs scaffold 

multiple other signaling proteins such as other kinases, phosphodiesterases and phosphatases 

to comprise an adequate, specific signaling node. Such a regulatory mechanism can also 

increase the intensity of a cAMP-mediated hormonal response. Carr et al.  reported that 5-10 

AKAPs are found to be expressed in most cell types by using two predominant techniques, 

RII overlay and screening of bacterial expression libraries with RII as a probe (1). Most 

characterized AKAPs preferentially bind to PKA-RII while some have been reported to be 

dual specific for both PKA-RI and PKA-RII. Recently, Kovanich et al. reported that 

SPHKAP which was first discovered as a putative novel AKAP by our group (2) can be 

considered as the first mammalian AKAP that preferentially binds to PKA-RIα (3). However, 

till now, very few AKAPs specific to PKA-RI have been assigned as PKA-RI is 

predominantly cytoplasmic whereas PKA-RII is more often associated with cellular structures 

and organelles. As mentioned in chapter 3, we have shown that quantitative chemical 

proteomics, based on dimethyl labeling, is able to distinguish the cAMP binding affinity 

between PKA-RI and PKA-RII. Consequently, AKAPs specific to different PKA-isoforms 

can now be screened for in tissues/cells of any origin in a single pull-down experiment. 

Furthermore, this combined approach could be used for identifying potential PKA-RI specific 

AKAPs in different tissues. In fact, the above-mentioned characterization of SPHKAPs 

specificity was performed in part by applying this method directly to heart tissue (3).  

Advantage of this technique is that it can be applied directly to the endogenous protein in its 

endogenous source tissue. 
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Several AKAPs have been found to be expressed in cardiac tissue (4). Recently, 

Rohman et al. discovered that the gene expression level of mAKAP, RyR and the SR Ca2+-

ATPase (SERCA2A) is decreased in the heart of an mdx mouse, a mouse model of DMD 

(Duchenne muscular dystrophy which is a common genetic disease resulting from mutations 

in the dystrophin gene) (5). Cardiac hypertrophy is usually observed in mdx mice because of 

the alterations in contractile properties that are likely due to defective Ca2+ handling. Zakhary 

et al. recently demonstrated that three cardiac AKAPs, mAKAP, AKAP-Lbc, and 

AKAP15/18, have different binding affinities for PKA-RII and these binding affinities are 

altered upon the phosphorylation of RII in cardiac myocytes (6). Hence, we hypothesize that 

the expression levels of AKAPs or AKAP tethering of PKA R-subunits may be altered in the 

failing heart, to compromise the ability of the myocyte to respond to stimuli. To investigate 

this hypothesis, we have again used chemical proteomics in chapter 4 to probe the differential 

protein expression as well as interaction between PKA and AKAPs during the development of 

DCM. We have found that some AKAPs (for instance, AKAP2, AKAP11 and SPHKAP) 

have a greater affinity for PKA than other AKAPs (AKAP9, AKAP1) in the failing heart 

when compared to the healthy heart. Hence, further study is necessary to elucidate how re-

arrangements of PKA-AKAP complexes can occur in cardiac myocytes that progress into a 

myopathic state. In addition, Zakhary et al. reported that the level of PKA-RII 

phosphorylation at Ser95 is decreased in failing heart tissues (7). Thus, future study is 

necessary to determine (i) the role of RII phosphorylation in preferentially targeting PKA to 

specific AKAPs, (ii) other possible means to regulate the PKA–AKAP interaction, and (iii) 

how the selective targeting of PKA to a specific AKAP alters substrate phosphorylation in the 

cardiac myocyte. Furthermore, it would be interesting to study whether these dynamics also 

occur within much shorter timeframes as a potential regulatory mechanism. Temporal 

changes in PKA/AKAP interactions could be monitored using quantitative chemical 

proteomics, for instance, through PGE2 stimulation or forskolin treatment of various cell 

types where cyclic nucleotide signaling is prominent. In addition to protein dynamics, 

phosphorylation dynamics of PKA, PKG AKAPs and PDEs can be monitored more 

specifically and in more detail using this approach. Hence, other than the spatial aspect, 

chemical proteomics in combination with dimethyl labeling can also be used to study the 

temporal dynamics of PKA and AKAPs at the level of protein expression and post 

translational modification. This could reveal crucial temporal events occurring during the 

onset of specific cyclic nucleotide signaling pathways.  

Finally, we foresee the importance of extending these approaches to more controlled 

in vivo systems by generating animal models in order to elucidate the functional implications 

of AKAPs in for instance cardiac myocytes. It would be very interesting to apply our methods 

tocommon animal models of various CVDs, such as transverse aortic constriction models of 

myopathy.  
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Cardiac biomarker discovery 
In recent years, body fluids, such as plasma have been thoroughly investigated for 

possible protein markers of cardiac disease. Obviously, sampling is in this case less invasive 

and readily available from any patient, however, the enormous drawback of the plasma 

proteome is the dynamic range that easily spans 10-12 orders of magnitude, whereas current 

mass spectrometry is limited to a dynamic range of 3-4 orders of magnitude. In addition, the 

plasma proteome is dominated by 22 proteins with a much larger abundance of which 

depletion is cumbersome. Therefore, to increase sensitivity, attention is shifted from body 

fluids to the diseased tissues of interest. In chapter 5, a robust method is developed to generate 

a human left ventricle proteome library in terms of relative and/or absolute protein 

concentration. Several known and classic biomarker proteins were observed with high 

abundance in left ventricle. However, as mentioned earlier, signaling proteins become 

attractive therapeutic targets because of their central role in organ function. However, most 

signaling proteins have a much lower abundance than the classical biomarkers and have 

therefore not been considered as biomarkers. In this study we have emphasized the exact 

abundances of kinases, phosphatases and GTPases in the LV to prioritize targeted biomarker 

suitability tests. Hopefully signaling proteome based biomarkers have more potential to 

diagnose at a much earlier stage, which is the main drawback of the classical ‘tissue leakage’ 

markers used today for myocardial infarction.  As multiple signaling pathways can be 

activated simultaneously and, with the potential for cross-talk, the identification of specific 

kinases as targets for drug therapy is a highly complex process and still at an early stage. 

Anderson et al. highlighted that selective inhibition of protein kinases results in greater 

refinement of biological responses (8). Although only two kinase inhibitors are currently 

registered for cardiovascular indications, it can be concluded that there is still a lot of room 

for expansion in this area. For this it is important to establish which kinases are dysregulated 

in the complex disease states of the cardiovascular system through kinase activity profiling 

(9).  

 

SRM as novel approach in the clinical validation process 
While proteomics plays a major role in the discovery phase of potential biomarkers, 

validation is as important and probably also the most time-consuming phase, particularly 

when performed in the required large prospective clinical studies required to prove clinical 

value. In most studies, antibody-based methods such as ELISA are used to measure the 

concentrations of candidate biomarkers in larger cohorts. However, suitable antibodies for 

those validation experiments are not always available, and it is excessively expensive when 

sample numbers rise. In addition, it is time consuming to develop proper antibodies for all 

potential protein markers or when specific panel of protein markers are to be analyzed. 

Recently, selected reaction monitoring (SRM) has been introduced as a mass spectrometry 
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based method that can be exploited to specifically select and quantify promising protein 

biomarkers in body fluids or tissues (10). In the future, this technique may complement or 

possibly replace immunological methods for biomarker verification and for selection of 

potential biomarker candidates. SRM assays can be highly multiplexed such that a moderate 

number of candidate proteins (in the range of 10–50) can be simultaneously targeted and 

measured in a statistically viable number of patient samples (up to hundreds of samples). 

However, sensitivity for unambiguous detection and quantification of proteins by mass 

spectrometry based assays is often constrained by sample complexity, particularly when the 

measurements are being made in complex fluids such as plasma. Initial SRM studies have 

been reported for cardiac biomarkers in plasma (11). However, no SRM studies have been 

described for cardiac tissues yet.  

As discussed in this thesis, proteomics is a critical tool to address cardiac diseases at 

the level of signal transduction, cellular mechanisms, but also at the level of biomarker 

development. The future challenges for such studies will include reduction of discovery to 

follow-up time for biomarker strategies and translation of these approaches to the clinic. 

Strong ties between basic and clinical sciences will be essential to facilitate this transition.  

Likewise, as the field continues to develop strategies for high through-put quantitation, the 

ability of proteomics to serve as a clinical tool will similarly increase. Thus, proteomics tools 

described in this thesis will continue to be an indispensable approach to decipher cellular 

mechanisms and to link these mechanisms to cardiac diseases and health. 
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6.3. Samenvatting 

Cardiovasculaire ziekten zijn de nummer één doodsoorzaak in de westerse wereld. Om het 

risico en de ernst van de ziekte in te kunnen schatten zijn geschikte indicatoren, biomarkers, 

nodig. Om het ontstaan van deze ziekten te begrijpen is er ook intensief onderzoek nodig naar 

de gedetailleerde verschillen in de functie van eiwitten in het gezonde en zieke hart. Het 

vinden van biomarkers is de afgelopen jaren een sterk ontwikkelend veld binnen het 

cardiovasculaire onderzoek geworden. Bij niet genetisch veroorzaakte cardiovasculaire 

ziekten zijn eiwitten ideale biomoleculen om als biomarker te fungeren omdat ze de primaire 

werkpaarden van het werkende hart zijn die zich bij ziekte direct aanpassen aan de nieuwe 

condities. In de zoektocht naar nieuwe biomarkers is proteomics een zeer geschikte techniek 

omdat hiermee op grote schaal naar verandering van eiwitconcentratie als functie van ziekte 

of medicijngebruik kan worden gekeken. Ook kan met deze op massaspectrometrie 

gebaseerde techniek gekeken worden naar veranderingen in chemische modificaties op 

eiwitten. Ondanks veelbelovende eerste resultaten is er voor het toepassen van proteomics 

binnen het biomarkerveld nog veel werk te verrichten omdat in een ideaal geval van zoveel 

mogelijk patiënten gegevens moeten worden verzameld. Dit kost echter teveel tijd en dus geld 

met huidige proteomics technieken. Daarom moet er op korte termijn veel geïnvesteerd 

worden in het verder ontwikkelen van proteomics in de biomarker richting. Er kan dan 

gedacht worden aan het verbeteren van massaspectrometers, het nog beter scheiden van de 

eiwitfragmenten waarvan de concentraties worden vergeleken zodat nog meer eiwitten 

tegelijkertijd gemeten kunnen worden, maar ook aan slimme technieken om een bepaalde 

klasse eiwitten beter te kunnen bestuderen omdat daarvan al bekend is dat ze van invloed zijn 

op het ontstaan of verslechteren van het ziekteproces. Dit proefschrift beschrijft twee 

verschillende invalshoeken voor het vinden van biomarkers voor cardiovasculaire ziekten. In 

het eerste deel word ‘chemical proteomics’ toegepast om heel specifiek naar een kleine set 

eiwitten te kijken en hoe die veranderen tijdens ontwikkeling van hartziekte. Ook word er 

ingegaan op hoe deze nieuwe techniek op een unieke manier bijdraagt aan het begrijpen van 

de achterliggende biologie van deze eiwitten. In het tweede deel wordt een grootschalige 

proteomics aanpak gepresenteerd om zoveel mogelijk harteiwitten tegelijkertijd in kaart te 

brengen en om tegelijkertijd de concentratie van elk te bepalen. Voor het samenstellen van 

deze eiwitbibliotheek zijn de grenzen opgezocht van de huidige proteomics technieken en 

hiermee kunnen potentieel ziekteverwekkende eiwitten worden geselecteerd voor nader 

onderzoek. 

Hoofdstuk 1 is een inleiding tot cardiovasculaire proteomics. Naast de gedetailleerde 

beschrijving van de meest gebruikte proteomics technieken is er aandacht voor hoe die zijn 

toegepast binnen het cardiovasculaire onderzoeksveld. Ook worden verschillende ‘chemical 

proteomics’ technieken beschreven. Deze techniek maakt gebruik van de specifieke 

 
 
150 



eigenschappen van een bepaald eiwit en een klasse van eiwitten om te binden aan kleine 

moleculen zoals bijvoorbeeld medicijnen of andere kleine natuurlijke moleculen. Als laatste 

worden een aantal verschillende proteomics methoden voor het vinden van nieuwe 

biomarkers beschreven. 

De werking van het hart is te herleiden tot een samenspel van verschillende eiwitten die 

gecoördineerd met elkaar samenwerken. Zo kan een signaal uit de hersenen via het bloed bij 

het hart worden omgezet in actie, zoals bijvoorbeeld het sneller laten kloppen. Deze 

chemische signalen vanuit de hersenen moeten in de cellen van de hartspier worden 

doorgegeven. Dit gaat onder ander via kleine signaalmoleculen cAMP en cGMP die weer 

binden aan de signaaleiwitten PKA en PKG. Signaalmoleculen en signaaleiwitten vertalen het 

signaal van buiten naar binnen en zijn dus uitermate belangrijk voor de functie van het hart. In 

hoofdstuk 2 worden PKA en PKG uitvoerig besproken. Beide eiwitten zijn kinases die 

andere eiwitten aan of uit kunnen zetten door een fosfaatgroep op deze eiwitten aan te 

brengen. Deze fosforilatie is als het ware de aan of uitknop voor deze eiwitten. Zo kan 

middels een signaalnetwerk van fosforileringen het signaal uit de hersenen op celniveau 

worden verwerkt tot bijvoorbeeld een snellere spiercontractie. Hoofdstuk 2 focust vooral op 

hoe massaspectrometrie in de afgelopen jaren heeft bijgedragen aan het onderzoek naar de 

functie van PKA en PKG. Er is aandacht voor zowel de structuren van de eiwitten als de 

context waarin ze opereren, dat wil zeggen de andere eiwitten waarmee ze samenwerken. 

Een grove schatting zegt dat PKA in een enkele cel wel 50 verschillende taken heeft, met 

andere woorden meer dan 50 verschillende fosforilaties moet uitvoeren. Om ervoor te zorgen 

dat deze functies elkaar niet storen en alleen het juiste doel word gefosforileerd, bind PKA 

aan een grote groep verschillende eiwitten die we AKAPs noemen. Deze AKAPs zorgen 

ervoor dat PKA op de juiste plek op het juiste moment is. Inmiddels zijn er 28 verschillende 

AKAPs bekend (Tabel 1 in hoofdstuk 2). Van PKA bestaan twee verschillende vormen, type I 

en type II. Deze hebben verschillende functies die waarschijnlijk door binding aan 

verschillende AKAPs kunnen worden gereguleerd. Er is echter voor veel AKAPs niet bekend 

aan welke vorm van PKA ze binden. In hoofdstuk 3 is een chemical proteomics methode 

beschreven die hierbij kan helpen. Verschillende geïmmobiliseerde analogen van cAMP 

bleken verschillende affiniteiten voor PKA type I en type II te hebben. 8-AHA-cAMP en 2-

AHA-cAMP bleken min of meer gelijke affiniteit voor PKA te hebben, terwijl 2’OMe-

8AHA-cAMP een ongeveer 4-5 voudig hogere affiniteit voor type I had. Deze 

geïmmobiliseerde analogen werden gebruikt om de verschillende PKA vormen samen met de 

daaraan bindende AKAPs te vangen. Door middel van kwantitatieve massaspectrometrie de 

8-AHA-cAMP fractie te vergelijken met de 2’OMe-8AHA-cAMP konden de specificiteiten 

van twaalf verschillende AKAPs worden bepaald. Hierbij konden 3 nieuwe specificteiten 

voor AKAP2, AKAP12 en AKAP14 worden bepaald. 
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Het vinden van biomarkers voor cardiovasculaire ziekten door het vergelijken van ziek met 

gezond weefsel heeft reeds een aantal biomarkers voor bijvoorbeeld gedilateerde 

cardiomyopathie opgeleverd. Haast al deze eiwitten behoren tot de meest geconcentreerden in 

het hartweefsel. De veranderingen in deze eiwitten lijken echter eerder een gevolg van de 

ziekte, dan een oorzaak. Om meer oorzakelijke biomarkers te vinden zouden de 

signaaleiwitten een veelbelovende klasse eiwitten kunnen zijn, echter hebben deze over het 

algemeen een veel lagere concentratie en zijn dus moeilijker te meten met 

massaspectrometrie. Van enkele spelers in de PKA en PKG singaalpaden is bekend dat ze 

veranderen onder myopathische condities. Daarom is de chemical proteomics techniek 

beschreven in hoofdstuk 2 en 3 gebruikt in hoofdstuk 4 om juist verschillen in die eiwitten te 

bepalen met massaspectrometrie. Uit de bepalingen in dit hoofdstuk bleek dat chemical 

proteomics een veelbelovende techniek is om heel specifiek veranderingen in PKA/PKG 

signaalpaden aan te tonen. Zo werden bestaande veranderingen teruggevonden, zoals de lichte 

daling in aanwezigheid van PKA, maar werden ook een heel aantal nieuwe verbanden 

gevonden, zoals het sterk toenemen van de concentratie van PKG en phosphodiesterase 2 

(PDE2). Door bestudering van de AKAPs kon worden aangetoond dat PKA zich anders 

verankerd aan AKAPs in het gezonde en in het zieke hart, iets wat met andere technieken zeer 

moeilijk te bestuderen is in het humane hartweefsel. 

In hoofdstuk 5 is op een andere manier naar signaaleiwitten van het humane hart gekeken. 

Door alle moderne massaspectrometrietechnieken in parallel toe te passen op de analyse van 

een stukje humaan hart is getracht een zo groot mogelijke bibliotheek van aanwezige eiwitten 

te genereren. Na een intensieve analyse (260 runs) konden ruim 3500 humane eiwitten in 

kaart worden gebracht. Omdat bij deze techniek de eiwitten in kleine stukjes worden geknipt 

die vervolgens gesequenced worden met de massaspectrometer zou je kunnen zeggen dat het 

aantal stukjes wat je van een eiwit terugvind correleert met de hoeveelheid van dat eiwit in het 

weefsel. Op deze manier hebben we met behulp van de zogenoemde ‘spectral counting’-

techniek tot in detail van ruim 2200 eiwitten de concentratie kunnen bepalen. Binnen deze 

groep van 2200 eiwitten zijn vervolgens alle relevante signaaleiwitten in kaart gebracht, met 

een speciale focus op kinases, fosfatases en GTPases. Door het in kaart brengen hiervan 

konden nieuwe spelers in de signaaltransductie van het hart worden gevonden. Deze zijn 

uitermate interessant voor nadere bestudering in de context van hun functie in het hart. 
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