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 3 

 

Abstract  

 

In recent years, highly sensitive mass spectrometry-based phosphoproteomic analysis is beginning to be 

applied to identification of protein kinase substrates altered downstream of increased cyclic 

3’,5’adenosine monophosphate (cAMP).  Such studies identify a very large number of phosphorylation 

sites regulated in response to increased cAMP.  Therefore, we now are tasked with the challenge of 

determining how many of these altered phosphorylation sites are relevant to regulation of function in the 

cell.  This mini-review describes the use of phosphoproteomic analysis to monitor the effects of cyclic 

nucleotide phosphodiesterase (PDE) inhibitors on cAMP-dependent phosphorylation events.  More 

specifically, it describes two examples of this approach carried out in the authors’ laboratories using the 

selective PDE inhibitor approach.  After a short discussion of several likely conclusions suggested by 

these analyses of cAMP function in steroid hormone producing cells and also in T-cells, it expands into 

a discussion about some newer and more speculative interpretations of the data.  These include the idea 

that multiple phosphorylation sites and not a single rate limiting step likely regulate these and by 

analogy many other cAMP-dependent pathways.  In addition, the idea that meaningful regulation 

requires a high stoichiometry of phosphorylation in order to be important is discussed and suggested to 

be untrue in many instances.   These new interpretations have important implications for drug design, 

especially for targeting pathway agonists.    
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Significance statement – Phosphoproteomic analyses identify thousands of altered phosphorylation sites upon 

drug treatment providing many possible regulatory targets, but also highlight questions about which 

phosphosites are functionally important.  These data imply that multi-step processes are regulated by 

phosphorylation at not one, but rather many sites.  Most previous studies assumed single or very few rate-

limiting steps were changed by phosphorylation.  This concept should be changed.  Previous interpretations also 

assumed sub-stoichiometric phosphorylation was not of regulatory importance.  This assumption also should be 

changed.   
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 5 

 

Introduction – why use non-biased, phosphoproteomics to interrogate drug mechanisms?  This mini-

review stems from a symposium held in 2019 on “Phosphoproteomic Analysis of G protein-coupled 

Pathways”.
1
  Since the first descriptions of the cAMP second messenger system by Sutherland and colleagues, 

over 60 years ago (Sutherland and Rall, 1958), scientists have been trying to elucidate pathways by which this 

small second messenger works in the cell.  Over the years consensus has arisen that most effects of cAMP are 

secondary to interactions with cAMP-dependent protein kinases (PKAs) (Beavo and Brunton, 2002), exchange 

factors activated by cAMP (EPACs) (Wehbe et al., 2020), or cyclic nucleotide gated channels (CNGs) 

(Manoury et al., 2020).  More recently cAMP binding sites have been noted on Popeye Domain Containing 

proteins (POPDCs) that may also be cAMP effectors (Brand and Schindler, 2017).  Of these mechanisms, those 

downstream of PKA activation are thought to be quantitatively most important at least in the cell types explored 

in these studies.  However, all of these pathways likely have the ability to alter protein phosphorylation directly 

or indirectly and therefore cAMP-dependent phosphorylation events downstream of these effectors would be 

noted in phosphoproteomic studies.  Until recently nearly all studies on cAMP-dependent phosphorylation have 

picked a candidate kinase substrate and then investigated its functional roles in more detail.  However, recent 

advances in high-resolution mass spectrometry have allowed identification of thousands of phosphoproteins in 

most cells and equally importantly allowed relative quantitation before and after cellular manipulation.  

Therefore, this method is now being used to interrogate how different hormones and drugs can alter these 

phosphorylation events downstream of specific signal transduction pathways.  This mini-review focuses on the 

use of isozyme-selective, cyclic nucleotide phosphodiesterase (PDE) inhibitors as specific tools to elicit changes 

in cAMP that in turn alter phosphorylation of specific proteins.  However, the approach is not of course limited 

to this cellular manipulation.  While the approach does not by itself necessarily identify the pathway(s) between 

PDE inhibitor induced increases in cAMP and the phosphorylation response, it does provide new knowledge 

about a very large number of possible candidate regulatory sites.  More generally, the identification and 

                                                 
1 ASPET Axelrod Symposium 2019, Phosphoproteomic analysis of G-protein coupled pathways. Experimental Biology 

Meeting, Orlando, FL 
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quantification (in a relative way) of these phosphoproteins in response to specific drug manipulation provides 

an unbiased approach to identifying possible new mechanisms by which the drug and cAMP function in the 

cell.  All studies described were carried out without a phosphatase inhibitor present to avoid masking the 

response to the PDE inhibitors.  Analogous approaches are beginning to be used by a number of other 

investigators for other pathways coupled to G-proteins or cAMP (Deshpande et al., 2019; Liu et al., 2018; 

Makhoul et al., 2018; Schleicher and Zaccolo, 2020; Smith et al., 2016; Williams et al., 2016).  There are 

several other mini-reviews in this series that also address this general topic  (von Zastrow, 2020)  (Salhadar et 

al., 2020; Schleicher and Zaccolo, 2020) . 

 

For this review, two specific examples of the PDE inhibitor-modulated phosphoproteomic approach are 

presented along with a brief introduction to each topic.   First, the regulation of steroid hormone secretion by 

cAMP as modulated by PDE inhibitors selective for PDE4 and PDE8 is discussed.  The model used for these 

experiments is the MA-10 cell line derived from a mouse Leydig cell tumor.  Second, a shorter discussion is 

provided for similar studies on the regulation by cAMP of a Jurkat cell line used as a model of T-cell function.  

These studies used a similar approach except that different combinations of PDE inhibitors appropriate for the 

T-cells were utilized. The reader is directed to the mini-review in this series by Tasken and colleagues (Tasken 

et al, Mol Pharm Fast Forward 2021, in press) for more background on cAMP regulation of T-cell function.  

The phosphoproteomic analyses illustrated by these examples were carried out in the authors’ laboratories and 

have been published (Beltejar et al., 2017; Golkowski et al., 2016).   It is hoped that they also will be instructive 

for those studying other similar processes.  For additional background, we also have provided short historical 

sections on cAMP/PDE/PKA, and on cAMP regulated steroidogenesis to put the studies in context.   

 

General background for cAMP and cAMP-dependent phosphorylation as regulators of cellular 

metabolism.  Since the discovery of cAMP by Sutherland and colleagues in 1957, and of cGMP a few years 

later (Ashman et al., 1963), many scientists have worked to determine how these cyclic nucleotides are 

regulated and what they do mechanistically and functionally in the cell.  It soon became clear that cyclic 
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nucleotide synthesis was controlled by multiple adenylyl and guanylyl cyclases and their degradation was 

governed by multiple cyclic nucleotide PDEs.  The early literature on this topic and many more recent advances 

on cyclic nucleotide mechanisms and functions have been reviewed and readers are directed to these and other 

reviews (Beavo and Brunton, 2002; Chen and Yan, 2020; Hofmann, 2020; Maurice et al., 2014).  We now know 

that many of the effects of cyclic nucleotides are mediated directly or indirectly by changes in the 

phosphorylation of key proteins in each pathway.  The proximal kinase that is modulated by cAMP is PKA.  

However, modulation of kinase activity downstream of the cAMP binding protein, EPAC is also to be expected 

in most cells (Robichaux and Cheng, 2018).  Moreover, a series of different protein phosphatases can reverse 

these phosphorylations some of which can be modulated directly by cAMP-dependent phosphorylation (Leslie 

and Nairn, 2019; Osawa et al., 2020).  Finally, there are many different substrates for PKA, some of which are 

other kinases.  These substrates include many different types of regulatory proteins including enzymes, protein 

modulators of enzymes, structural or scaffolding proteins, transporters or ion pumps, and likely many others yet 

to be defined.  As mentioned, perhaps the greatest advantage of phosphoproteomic analysis is its sensitive 

unbiased nature.  Such studies are only just beginning for cAMP-mediated events and show great promise for 

elucidating many new and unexpected mechanisms by which cAMP affects cellular function.   

 

Of the many different processes regulated by cAMP, some are present in all cells, but many will be specific to a 

given cell-type.  For this reason, phosphoproteomic studies will need to be carried out in many cell types with 

many different modulators.  Nearly all of these cAMP-regulated processes are mechanistically complex and 

contain multiple steps.  Often these steps are sequestered in functional compartments of the cell delineated by 

specific organelles or scaffolding proteins (Esseltine and Scott, 2013).  Commonly, the molecules being 

modified by the cellular process move from one compartment to the next, often in a reversible or cyclical 

manner.  In other cases, they move progressively along a scaffolding system. These attributes allow the cell an 

enormous diversity for sites of control.  Indeed, they require it.  Given the many control sites available for each 

process, wide scale phosphoproteomic analysis is one of the few currently available approaches able to address 

this issue. 
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Use of selective cyclic nucleotide phosphodiesterase inhibitors (PDEi) as a method for raising cAMP and 

probing the mechanism(s) of cAMP action in cells.  One of the few ways to selectively stimulate cAMP or 

cGMP-dependent processes in the cell, but not to stimulate other signaling pathways, is to inhibit one or more 

cAMP or cGMP selective phosphodiesterases.  Most cells express several different PDE genes and often 

different PDEs are enriched in separate compartments.  Eleven different gene families of PDEs exist and most 

families are encoded by several closely related genes.  These genes are expressed in cell-type selective manners 

to provide different isozymes of PDE, which exhibit unique localization, different cyclic nucleotide specificities 

and different regulatory features.  Mechanistically, this diversity is accomplished by utilizing alternate 

transcriptional start sites, alternate splicing, and/or alternate post translational processing.  Sometimes, 

individual compartments will contain the same PDE isozymes and in other cases a compartment will contain 

different PDEs (Chen and Yan, 2020; Maurice et al., 2014).  In general, our understanding of which 

compartments contain what PDEs is only just beginning to be elucidated.  Again, phosphoproteomic analysis 

allows a wide array of experimental design that can address these questions. 

 

Over the last few years scientists at both academic institutions and pharmaceutical companies have been 

identifying and characterizing compounds that are effective selective inhibitors of the various PDEs isozyme 

families (Chen and Yan, 2020; Lugnier et al., 2020; Zuo et al., 2019).  These compounds exhibit a wide variety 

of PDE isozyme selectivity.  Many of the early agents would inhibit most PDE isozymes, albeit with different 

affinities for each of them.  Until quite recently most companies have directed their discovery efforts towards 

identifying compounds that are highly selective (often more than 100-fold) for each PDE gene family.  While 

these efforts have been largely successful for identifying gene family selective agents, much less success has 

been reported for identifying compounds showing selectivity between members of any single PDE family.  

Nevertheless, these chemical agents have been very useful aids for identifying what processes in the cell are 

regulated by which PDE and for defining functional pools of cAMP within the cell.  Most recently, with the 

understanding that many cAMP-dependent processes are regulated at multiple steps by different combinations 
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of PDEs, there has been renewed interest in examining the efficacy of various combinations of PDE selective 

inhibitors as modulators of specific processes and pathways.  The studies described in this mini-review make 

use of selective PDE inhibitors, sometimes used in combination, as probes to alter cAMP-dependent 

phosphorylation in different functional compartments of the cell that regulate complex, multistep metabolic 

pathways. 

 

Cyclic AMP regulation of steroidogenesis: background and early studies.  It has been known for many 

years that agents that increase cAMP in most steroid producing cells can increase the output of steroid hormone 

both acutely and chronically (Sharma et al., 1974; Wong et al., 1986).  Acutely in this case means in the minute-

to-hour time frame and chronically means in the hour-to-day time frame.  Most studies have emphasized the 

conversion of cholesteryl esters stored in lipid droplets into the final steroid hormone.  Much of this process 

occurs in the mitochondria and endoplasmic reticulum and important regulatory steps involving the transport of 

cholesterol into the mitochondria via the StAR protein (Steroidogenic Acute Regulatory Protein) and possibly 

other proteins have been described.  Longer term cAMP-dependent induction of some of the P450 converting 

enzymes has also been established.  A general outline showing some of the regulated steps in this process is 

shown in Figure 1.   

 

Most textbooks state that free cholesterol entry into the mitochondria is dependent on the StAR protein and that 

this protein is a major one regulated by cAMP-dependent phosphorylation.  This step, therefore, has been 

assumed to be the most important “acute” cAMP-dependent regulatory point of the overall process.   However, 

some researchers have suggested that additional, multiple mechanisms and sites are likely to be involved in 

cAMP control of steroid production (Stocco et al., 2005).  For example, there are also many other longer-term 

cAMP-dependent changes in the steroidogenic machinery including TSPO (translocator protein, 18 kDa), 

various P450 enzymes involved in the transformation of the cholesterol molecule into the final steroid, and 

VDACs (voltage dependent anion channels) that are thought to be intimately involved in the regulation of 

steroidogenesis and therefore might be targets of cAMP-dependent changes (Manna and Stocco, 2005; Midzak 
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and Papadopoulos, 2016).  Similarly, changes in the endoplasmic reticulum (ER) cholesterol sensory machinery 

and especially in SREBP2 (steroid regulatory hormone binding protein 2), other StAR isozymes, and small G 

proteins are thought capable of playing important cAMP-dependent roles since much of the cholesterol that 

eventually ends up as hormone likely passes through the ER on its way to synthesis in the mitochondria 

(Shimizu-Albergine et al., 2016).  In all of these studies it was assumed that much, if not all of the regulation, 

was controlled by cAMP activation of PKA either directly or indirectly.  Nevertheless, there has been no, 

generally accepted, single mechanism or series of mechanisms that as yet fully explain all effects of increased 

cAMP in the steroidogenic cells.  Part of the problem has been that results have depended in large part on 

exactly how steroid output was measured, whether the measurements were done in vitro or in vivo, and whether 

the measurements were acute or chronic in nature.  Often only part of the steroidogenic pathway was 

investigated.  Especially lacking have been measurements of steroid output that include all of the transport and 

processing steps from extracellular LDL or HDL lipids to final synthesis in the ER and mitochondria. 

 

It is now generally agreed that the complete steroidogenic pathway involves the movement and transformation 

of cholesterol (in the form of lipoproteins; LDL or HDL depending on species) from the blood stream 

ultimately to an active steroid hormone secreted back into the blood.  This complete process involves many 

additional steps and probably several alternative pathways within the cell depending on the cell type and the 

amount of endogenous cholesterol stored within the cell. The analogy of the steroid substrate, cholesterol, 

moving through the cell like river water through a delta may be apt.  In theory, any or all steps in these transport 

processes, including LDL entry, packaging and transport into various vesicles, conversion of LDL cholesteryl 

ester into free cholesterol, storage in lipid droplets, mobilization from droplets, movement into and out of the 

endoplasmic reticulum and re-transport of the newly synthesized cholesteryl ester in the ER back to either the 

Golgi apparatus or lipid storage droplets could be important sites of regulation.  Regulation of each of these 

processes are not mutually exclusive.  Ultimately cholesterol must be moved into and out of the mitochondria 

where many of the important steroid hormone synthetic steps occur.  In some cases, different steroid hormone 
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intermediates must be transported out and back into the mitochondrial matrix to complete final hormone 

synthesis and secretion. 

 

Rationale for a phosphoproteomic approach to cAMP effects on steroid hormone synthesis.  With this 

history as background, we decided to directly test, in an unbiased manner, which proteins in a hormone 

responsive, highly steroidogenic cell have sites phosphorylated on them in a cAMP dependent manner.  We 

were also interested in determining if there might be different pools of cAMP that contributed to this regulation 

and if so which PDEs were regulating each of these pools.  Given that there were so many different possible 

steps in this complex process known to exist in different physical compartments, this approach seemed 

worthwhile.   However, it was also known that most cell types contain several different isoenzymes of PDE that 

are thought to coordinate the regulation of cAMP levels in different functional compartments in the cell.  We 

assumed that a selective inhibitor of any particular family of PDEs would acutely increase cAMP in each 

functional compartment in which the PDE resided and therefore the studies might also provide initial 

information of which PDEs subserved what function(s) in the cell.  In the case of steroidogenesis, it previously 

had been shown that in order to fully stimulate steroid hormone production by PDE inhibitors, a combination of 

PDE4 and PDE8 inhibition was required (Shimizu-Albergine et al., 2012; Tsai et al., 2011).  Either inhibitor 

alone was much less effective than the combination, presumably because more than one PDE regulates many of 

the functional compartments.   

 

Data availability and protocols for phosphoproteomic analysis of cAMP-dependent pathways.  Time to 

quenching is a major issue for studying all cAMP-regulated reactions since this cyclic nucleotide can turn over 

so quickly in the cell (Walseth et al., 1983).  Similarly, phosphorylation/dephosphorylation of many sites may 

occur within milliseconds of stimulus (Catterall, 2015).  All of the studies reported here were carried out at 

multiple time points after addition of the stimulus.  The reactions were quenched with either ice cold PBS and 

freshly prepared Tris-buffered 8M urea containing a protease and phosphatase inhibitor cocktail (MA-10 cells) 

or boiling 6M guanidinium hydrochloride (Jurkat cells).  Nevertheless, given that kinases, phosphatases, and 
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phosphodiesterases can be scaffolded together often in stoichiometric amounts with the cAMP, and that kinase, 

phosphatase, cyclase and phosphodiesterase activity must be quenched equally quickly, one is never quite sure 

if stimulus and quench conditions are sufficient.  Correspondingly, some of the interpretations of most 

phosphoproteomic results, including these, likely need to be understood with these caveats in mind.  This is 

particularly true for modulation of pathways that cycle rapidly.  Most of the data discussed in this review are 

recorded in public data bases.  The MA-10 data MS raw files and MaxQuant/Andromeda search results were 

deposited in the publicly available MS data repositories MassIVE (ID: MSV000079412; 

http://www.massive.ucsd.edu.offcampus.lib.washington.edu/) and ProteomeXchange (Accession#: 

PXD003280; http://www.proteomexchange.org/). 

 

Leydig MA-10 cell results.  Using a SILAC (Stable Isotope Labeling by Amino acids in Cell culture) approach 

(Ong et al., 2002), we identified over 28,000 unique phospho-peptide sites (Golkowski et al., 2016).  Most 

importantly for the present discussion, of these sites, approximately 750 were consistently altered by the 

combination of PDE4/8 inhibitors used.  Individual inhibitors alone had a much smaller effect as seen for the 

effects of PDE inhibitors on steroid production (Shimizu et al, 2014).   Many of the 750 altered protein 

phosphosites contained a so-called “PKA consensus phosphorylation sequence” (Arg/Lys, Arg/Lys, X, SerP) 

and were therefore likely to be direct substrates of PKA.  However, many did not contain this sequence and 

since activation of cAMP/PKA can directly (and indirectly) regulate other kinases and also protein phosphatases 

of mixed specificity, it was expected that many non-consensus PKA sites would also be altered by the PDE 

inhibitors and that these also might be important to the cAMP response.  This is a strength of the 

phosphoproteomic approach.  As expected, some sites were increased in phosphorylation and others decreased 

depending on the time point measured.  Note that PKA can activate some phosphatases thereby providing a 

mechanism for PDE inhibitors to decrease phosphorylation on some sites.  All data from all sites identified are 

available to the public on the ProteomeXchange web site listed above. 
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We were initially rather surprised that so many total phosphorylated peptides were identified and particularly 

that so many (~750) were directly (or indirectly) altered by the combination of PDE inhibitors, agents that are 

thought to act only by direct effects on local cAMP levels.  For illustration purposes, a list of some of the 

proteins showing the largest reproducible increases in a consensus PKA sites are shown in Tables 1 and 2.  The 

sequence of each site is given as well as the fold increase in response to the PDE inhibitors.  Gene symbols 

identified in bold underlined type are particularly relevant to the steroidogenic pathway.  Others may be 

involved in other processes in the cell or modulate unknown pathways related to steroidogenesis.  The full list 

of phosphosites is too long for this short mini-review but is available on line and in the original publication 

(Golkowski et al., 2016).  Even this abbreviated list of 60 altered consensus proteins is very large and one 

immediately wonders which if any might be important sites for regulation of cAMP-stimulated steroid hormone 

production.  This was particularly true since only two of these sites, Lipe (hormone sensitive lipase) and Plin 

(perilipin) had been widely reported to be regulators of steroid production.  Some of the other proteins 

phosphorylated have been associated in previous studies with aspects of steroid handling or synthesis.  Many, 

however, had not previously been associated with this process.  Nevertheless, since these phosphosites 

reproducibly responded to cAMP, the most straight-forward interpretation of the data was that several and 

perhaps many of these altered protein phosphosites were likely to be involved in either the rapid or long term 

increases in steroid hormone biosynthesis by these cells in response to cAMP. 

 

At a minimum, the data showed that many phosphorylation events can and do occur at many places along the 

steroidogenic handling pathway and could, therefore, also be important to regulation of hormone production.  

This conclusion also is consistent with more recent data in the same cells using a different approach (Golkowski 

et al., 2020).  One possible model illustrating how several of the multiple sites identified in the 

phosphoproteomic screen might act to alter steroid hormone production is shown in Figure 2.  The 

phosphoproteins shown are taken largely from the list of proteins having PKA consensus sites (Tables 1 and 2) 

and having the greatest increased phosphorylation in response to the PDE inhibitor treatment.  Unexpectedly, a 

great many of them were known or highly implicated as being important to either vesicle formation/transport or 
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are regulators of microtubule function (Figure 2).  Since many vesicles are thought to move via microtubules 

the processes are likely connected.   

 

However, most of the sites identified usually have not been thought of as regulators in PKA-dependent steroid 

hormone synthesis.  For example, several small G-proteins of the Rab family are well established as regulators 

of vesicle formation and fusion (Homma et al., 2020; Lamber et al., 2019).  Of note are the large number of 

small G-protein Gefs (guanine nucleotide exchange proteins) and Gaps (guanine nucleotide protein activation 

factors) among the identified phosphoproteins that appear to be PKA substrates.  Therefore, it apparently is not 

the G-proteins themselves that are PKA targets, but rather their regulatory partners.  A few studies of regulation 

of Gefs or Gaps by phosphorylation have been published in other systems (Adame-García et al., 2019; Guidetti 

et al., 2013; Kulasekaran et al., 2015; Lutz et al., 2013; Nagy et al., 2015; Novick, 2016; Yang and Terman, 

2013).  However, neither Gefs nor Gaps previously have been considered to be important regulators of 

steroidogenesis.  Nevertheless, they fit very well with the idea that the transport and availability of cholesterol 

substrate to the mitochondria may be an important general control process for steroid hormone production by 

the cell and that this process is regulated at multiple steps along the pathway from cell surface to the final 

synthetic step.   

 

A large number of the other proteins phosphorylated are involved in microtubule transport (Tables 1 and 2, 

Figure 2).  More generally, the data illustrate the likely importance of vesicle formation, processing, and 

transport via microtubules as a cAMP-regulated process that helps to control steroid hormone production.  

Many of the identified phosphoproteins are known to modulate these processes.  By analogy one might expect 

many of the other identified proteins could also be modulators.   

 

This hypothesis is strengthened when one considers all of the sites altered by the PDE inhibitors, not just PKA 

consensus sites.  An independent way to analyze protein phosphorylation function uses the method of Gene 

Ontology analysis (GO analysis) on the 750 modulated sites (Pomaznoy et al., 2018); some of these sites 
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increase in phosphorylation and some decrease.  Figures 3 and 4 illustrate some of these associations.  Two GO 

terms stand out, “Endocytosis” and “Vesicle Transport”.  GO analysis only suggests that an association 

somehow exists between the proteins in question and the GO process (based on literature citations).  But 

coupled with the changes in phosphorylation in response to a specific stimulus, it further connects the observed 

changes in phosphorylation with regulation of the process.  Gene ontology analysis of course does not make any 

prediction about how the GO term, e.g. endocytosis, relates to the larger process of cAMP regulated steroid 

production. However, it does make use of literature correlations from many different laboratory groups 

investigating a large number of different cell systems.   

 

Arguments for importance of cholesterol entry and transport “mini-cycles” as regulators of steroid 

hormone production.  It has been known for some time that external cholesterol availability can limit steroid 

hormone biosynthesis (Capponi, 2002).  Therefore, the argument that a relatively small shift in phosphorylation 

of a regulatory protein involved in the rate at which a cycling transport system operates could lead to profound 

changes in the speed or efficacy of at least part of the cycle seems reasonable.  For example, the data in Tables 1 

and 2 show that Gpr107 and Ldlrap1, each increase in phosphorylation in response to a combination of PDE4/8 

inhibitors. Both of these proteins are known to be important regulators of initial, clathrin-assisted internalization 

of LDL containing vesicles (Soutar and Naoumova, 2007; Zhou et al., 2014), as shown in Figures 2 and 3.  

CLA1 (a human homolog for SR-B1) has also been shown to induced by PKA (Imachi et al., 1999).   Once 

formed, the endocytic vesicles re-organize and move via microtubules toward more internal regions of the cell.  

Here they are transformed eventually into cholesteryl ester loaded endosomes.  This occurs with the assistance 

of several regulatory small G-proteins, including Rab5 and Rab7.  Although phosphopeptides for Rab5 and 

Rab7 are not seen in the data, both Gefs that regulate these Rabs and Gaps that also regulate them, are changed 

in their phosphorylation status by the PDE inhibitors.  Similarly, Ckap5 and Clip1/2 are microtubule associated 

proteins known to be important for their polymerization function.  In fact, Clip1/2 consistently showed the 

greatest increase in phosphorylation of all phosphopeptides in these data sets.  Finally, we know that once 

formed, part of the endocytic vesicles containing, for example the LDL receptor, are returned to the membrane 
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so that they can be re-used.  This return step is known to be a Rab35 dependent process (Chaineau et al., 2013).  

Again, Rab35 phosphopeptides are not found in the data set, but Dend1a (a Rab35 Gef) and Tbc1d (a Rab35 

Gap) both show increased phosphorylation in response to the PDE inhibitor treatment.  Thus, all aspects of the 

cycling (or recycling) of this part of cholesterol entry and movement machinery have multiple cAMP dependent 

phosphorylation events.   It would appear that in order to speed up overall cholesterol delivery into the cell, the 

rate at which the cycle operates must be increased.  A diagram illustrating how of such a regulatory “mini-

cycle” involving these proteins might operate is illustrated in Figure 5.   

 

General implications of multi-site phosphorylation.  If we assume that at least several of the many identified 

phosphorylation sites are important to the control of cAMP-regulated steroid hormone production, then we need 

to consider the likelihood that there are multiple regulatory sites throughout this pathway/process.  In fact, the 

concept that cAMP/PKA regulates only a single or small number of “rate-limiting” steps does not seem viable.  

Upon reflection, if indeed much of the machinery for overall steroid biosynthesis and release resides in 

compartments or on scaffolds, and especially if it involves speeding up of transport cycles, it seems more likely 

that regulation must occur in a coordinated manner at multiple locations.  The purpose of regulated reversible 

phosphorylation at multiple sites would be to “coordinate” these steps.  While the concept of regulation at single 

or a limited number of “rate-limiting” steps may work satisfactorily for solution based biochemical enzymatic 

reactions, it has much less appeal for explaining the regulation of such directional, compartmentalized and 

scaffolded pathways. 

 

Issues of interpretation of these and other phosphoproteomic studies – does a low level of 

phosphorylation stoichiometry alter this conclusion?  One general problem with the mass spectrometry 

approach described is that as usually implemented, it only gives correlative data relative to a “biological” 

control condition.  This makes it difficult to assign a causal mechanistic relationship to any given 

phosphorylation event (see Figure 6). Usually, the method gives little information on the quantitative aspects of 

the identified phosphorylation event (unless a control peptide for each site can be included as a standard).  This 
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is because each value obtained from the mass spectrometer is determined relative to the biological control for 

the experiment since the “yield” of phosphopeptide varies greatly among individual peptides. Therefore, any 

results are necessarily relative to the same peptide in the biological control and not to an absolute control 

sample.  In this case, it is a comparison of the results with and without cAMP PDE inhibitors.  For example, a 

10-fold increase in phosphopeptide might be from 0.001 to 0.01 mol per mol or it might be from 0.1 to 1.0 mol 

per mol (i.e. complete phosphorylation).  At least one study has begun to address this issue experimentally by 

applying a non-specific phosphatase treatment arm to the phosphoproteomic protocols (Wu et al., 2011).  

However, in general, this type of experiment has not yet been widely adopted. 

 

Nevertheless, for many years it has been a common assumption that a “trace” phosphorylation is not likely to be 

of regulatory significance.  This assumption was initially put forward in a review of PKA-dependent reactions 

published over 40 years ago (Krebs and Beavo, 1979).  See Figure 6.   As alluded to in the previous paragraphs 

however, given our current understanding that most regulatory steps are highly compartmentalized, that many 

proteins participate in multiple pathways, and that most cellular systems are not fully synchronized at the time 

of measurement, this assumption is likely to be inappropriate for many biological processes and should be re-

evaluated.  Therefore, the common objection of using relative values, that might reflect very low 

phosphorylation stoichiometry, for interpretation of phosphoproteomic results also may not be applicable. 

 

It is true that with most phosphoproteomic experiments, we do not know the phosphorylation stoichiometry for 

any of the sites identified nor do we know the possible effect(s) of phosphorylation (at the identified sites) on 

activity of these proteins.  Nevertheless, given the cellular functions of the proteins identified and the fact that 

the major process regulated by cAMP in these cells is an increase in steroid hormone output, it is highly 

suggestive that some and perhaps each of these sites could be important for hormone regulation.  This 

conclusion is strengthened by the consistent large fold increases in phosphorylation seen for many of the key 

sites.  Importantly, since there are many molecules of each of these proteins in each cell and they reside in 

multiple places in the cell, only a few might be expected to be at the same stage of 
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phosphorylation/dephoshorylation at any one time.  What is important to the cell is to speed up the process or 

make it more efficient in response to the surge in cAMP.  The only way to do this is to either initiate more 

cholesterol transport “events” or to make each cycle go faster some way (for example to recruit more LDL 

receptors to start more transport cycles.)  Again, this argues for multiple sites of regulation and for 

phosphorylation/dephosphorylation at many different parts of each cycle. 

 

If phosphorylation increases the speed or efficacy for each of the functions of these phosphoproteins, we might 

expect the cAMP response to be balanced by an increase in phosphatase activity in order for the cycle to operate 

more rapidly.  Again, this argues for less than full stoichiometry of phosphorylation at any given time even at 

full agonist stimulus if only for the reason that any individual molecule will likely be at a different part of the 

cycle.  In fact, if phosphatase activity is also increased by cAMP, one might expect to see cAMP-dependent 

decreases in phosphorylation of some sites at some time points (see Figure 3) and this is what is seen for many 

sites (data not shown here but presented in (Golkowski et al., 2016)).   

 

In summary, full stoichiometric phosphorylation of any particular site is not required for the idea that many 

regulatory signaling processes can be regulated at multiple sites by cAMP.   It is also of note that any given 

protein in the cell can be involved in several completely disparate processes.  For example, all tubulin 

molecules undoubtedly are not dedicated to moving Rab5 vesicles around the cell nor are all Rab5 molecules 

likely to be dedicated only to this same process.  So, if compartmentalization of cAMP occurs, and it 

undoubtedly does (Bock et al., 2020), then when measured at the whole cell level, one might expect only a 

partial stoichiometric phosphorylation response for most substrates.  A 10% or even 1% phosphorylation 

response at the whole cell level may reflect a much greater response in a given functional compartment.  

 

Other processes in MA-10 cells influenced by cAMP.  The large number of phosphosites detected suggest 

that there are many other processes in MA-10 (and other cells) that also are likely to be regulated by 

cAMP/PKA.  Several of the proteins also have a transport component or even a cyclical nature.  For example, 
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lipolysis likely occurs in several compartments as cholesteryl esters make their way through these cells.  

Hormone sensitive lipase (HSL/Lipe), a substrate known to be regulated by PKA in other cells, turns out to be 

the same protein initially known as one of the cholesteryl ester hydrolases (CEH).  Indeed, CEH was one of the 

first identified substrates of PKA (Krebs and Beavo, 1979). 

 

Similarly, the ER carries out several functions relating to the handling of the cholesteryl esters used as substrate 

for steroid hormone biosynthesis as well as lipid handling and protein synthesis and transfer (Fryer et al., 2014; 

Gao et al., 2019; Ortiz Sandoval and Simmen, 2012; Pfisterer et al., 2016; Progida, 2019; Sewer and Li, 2008; 

Volkmar et al., 2019; Wilhelm et al., 2017).  These include regulation of de-novo cholesterol synthesis, re-

synthesis of cholesteryl esters from free cholesterol that arrives at the ER, sensing of free cholesterol levels in 

the cell, and transport of newly synthesized cholesterol ultimately to the mitochondria or lipid storage droplets, 

transfer of cholesterol synthetic proteins via the Golgi apparatus, and many others.  The ER also performs some 

of the final enzymatic steps of steroid hormone biosynthesis. There are close contacts between the ER, Golgi, 

plasma membrane, and mitochondria.  A number of the regulatory proteins known to be involved in these 

processes are changed in their phosphorylation status upon treatment with PDE inhibitors or other agents that 

increase cAMP.  They include some of the Gefs and Gaps that likely regulate the process.  For example, the 

CopI arm of the vesicular transport system between the ER and the Golgi is thought to be regulated by the small 

G-protein, Arf, and the Cop2 arm by Sar1.  The GTPase activity of Arf is regulated by both the Gefs and Gaps 

(ArfGef1/2 and Arf Gap1/17) for these G-proteins.  Each of these proteins are phosphorylated on PKA sites in 

response to the PDE inhibitors (see Figure 2).    

 

One of the proteins transported by the ER is SREBP2 (Sterol Response Element Binding Protein 2).  This 

protein is transported to the Golgi after interaction with SCAP1 (SREBP Cleavage Activating Protein 1).  

SCAP1 acts as a sensor for free cholesterol levels in the ER.  Upon binding to SREBP2, the complex is 

translocated to the Golgi where SREBP2 goes through a series of cleavages to form an active Helix Loop Helix 

transcription factor that in turn is transported back to the nucleus where it activates transcription of several key 
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proteins in the cholesterol biosynthetic pathway.  SCAP1 is phosphorylated in the WD domain in response to 

increased cAMP.  Much of this data, plus descriptions of several other protein phosphorylation reactions likely 

to be important to steroid hormone biosynthesis have been described (Shimizu-Albergine et al., 2016).  

 

Finally, in analysis of the results, one needs consider whether or not the apparent complete absence of a protein 

phosphorylation site has any significance.  Absence of a particular protein phosphosite signal might mean that 

the protein (and therefore the process that it catalyzes or regulates) is not present in the cell type.  However, it 

also might just mean that this particular peptide was degraded by the proteases used in generating the mass 

spectrometry sample, that it was not recovered during the initial fractionation steps, or that it was “hiding” 

under some other larger phosphopeptide peak.  So, lack of a signal does not necessarily mean that there is not an 

important phosphorylation regulatory step at a particular site.  A good example in the present case may be S195 

of the StAR protein which has been shown in many other studies to be an important regulatory phosphosite but 

was not detected in these studies. 

 

How does one determine the effects of phosphorylation on function?  Classically one of the problems in 

determining the importance of phosphorylation on any given site to regulation of a process has been the 

difficulty in correlating the effect of the phosphorylation on function, i.e., in this case on steroid hormone 

production (See Figure 6).  In this case if we assume that regulation of steroid hormone production consists of a 

series of mini-cycles or steps, each mini-cycle handing off substrate (cholesterol) to the next, then this suggests 

a different approach for determining function of a phosphorylation event.  That is, one needs to quantify each of 

the “partial reactions” of the process, as close to the site and as close in time to the phosphorylation as possible.  

For example, if one can test the effects of phosphorylation on Gef or Gap function directly (ideally at the exact 

location of the event) and measure a response to this part of the process, then this would go a long way towards 

critically testing the hypothesis that Rab5 Gef or Gap activity is an important regulator.  The trick is to be able 

to measure a small part of the process, say production of endocytic vesicles, rather than the overall process of 

steroid output.  One might not expect to be able to show an effect of this phosphorylation on overall steroid 
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hormone production regardless of stoichiometry because later steps in the cycle likely would still limit overall 

flux in the system.  But, if one can figure out how to measure the various “partial reactions”, it should be 

possible to make a correlation of phosphorylation with function.  The beauty of a small soluble molecule like 

cAMP that responds to specific hormone stimuli in a cell type specific manner, is that it is perfectly designed to 

coordinate the regulation of a large number of different proteins that in turn act together to regulate many 

different steps of a cellular process.   

 

Genetic approaches - Gene disruption and gene editing as another possible approach for determining 

phosphosite function.  Practically speaking, it is difficult for any single laboratory to have the expertise and 

facilities available to test partial reactions for each of the steps in a multi-step regulatory pathway, or even 

several of them.  In the last several years, using various forms of CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats) gene editing, it has been possible to selectively modify expression of, or edit nearly 

any gene in a cell type selective manner (Banan, 2020).  For the last several decades one of the most successful 

methods for determining the role(s) for any protein in a cellular process has been to selectively alter the activity 

of that protein either with drugs or genetic manipulation.  While selective activators can be used to measure 

rates of partial reactions, interpretation of data from use of selective inhibitors (or gene knock-out) is more 

problematic since a decrease in any critical step of a process would necessarily limit the overall rate of the 

process.  However, using CRISPR technology it is increasingly possible to genetically manipulate DNA in 

almost any cell type.  These methods include disruption of the gene either in the germ line or in a cell type 

specific manner.  More interesting for the present discussion has been the possibility in most cell types to alter 

single amino acids in any protein, including substitution of serine for an alanine (inability to phosphorylate a 

site) or for a glutamic acid (often acting as a phospho-mimetic).  An advantage of an alanine mutation knock-in 

is that one can potentially study only the effect of being unable to phosphorylate a specific site whereas a whole 

gene knockout tells one only that the protein is obligatorily required for the pathway.  One study from the 

authors’ laboratories has evaluated steroidogenesis in this manner (Shimizu-Albergine et al., 2016).  In this 

study, SCAP1 was knocked out in the MA-10 cell line and as predicted decreased production of key 
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steroidogenic proteins.  The appropriate phosphorylated serine was also changed to alanine or glutamic acid.  

However, this approach illustrated one of the major problems with this approach, i.e. no major changes in 

overall steroid hormone production could be demonstrated (unpublished data).   Unfortunately, what is most 

commonly seen in this type of study is a very small or no effect on the overall process being measured since 

measuring partial responses is usually not attempted.  It is likely that in the case of SCAP1, the fact that partial 

reactions could not be evaluated influenced the outcome.  As a result, it is difficult to decide if the lack of effect 

is due to the process not being regulated at this step, or if the step is just one of many regulatory steps none of 

which individually have a large effect on the overall process unless paired with other regulatory steps upstream 

and/or downstream of the step being investigated.  This is a real concern especially given the very large number 

of phosphorylation sites usually measured due to changes in cAMP.  Even for the experiment of looking for a 

putative increase in function by knocking-in a glutamic acid (phospho-mimetic substitution), it is not likely that 

a single phospho-mimetic substitution would have a large effect on overall steroid production.  Again, if one 

can measure the effect of such a knock-in on formation of product immediately downstream of the step being 

manipulated, then one might expect a much larger percentage effect. While multiple knock-ins of glutamic 

acids on multiple proteins in a pathway are technically possible, difficulties in interpretation of such studies 

accrue with each genetic manipulation, particularly with regard to what control to use.  Clearly more work 

needs to be done in this regard that will likely require collaborations among multiple laboratories. 

 

Several studies have evaluated the effects of disruption of kinase genes using phospho-proteomic approaches 

for G protein-modulated pathways.  One recent study examined the effect of deletion of PKA on vasopressin V2 

receptor-mediated phosphorylation responses (Datta et al., 2020).  Another approach utilized KINObeads 

(kinase inhibitors bound to Sepharose beads) to enrich all kinases and their binding partners in MA-10 cells 

(Golkowski et al., 2020).  Only these latter studies were immediately relevant to cAMP-dependent 

steroidogenesis and they implicated many of the same pathways discussed in this review.  Similar studies using 

different kinases and different KINObeads are quite possible in principle and the field looks forward to the 
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results of such experiments.  See Figure 7 for a further general discussion of how to evaluate the functional 

significance of any particular phosphorylation.   

 

Various combinations of CRISPR mediated knock-out and knock-in models can in theory also be used to 

evaluate function of individual PDEs, particularly if conducted in a conditional manner.  However, all of the 

caveats relating to knock-out and knock-in of protein kinase substrates also apply to this approach.   

 

Results in Jurkat cells.  Most of the data described in this short review are presented for only one cell type.  

Other mini-reviews in this volume describe similar phosphoproteomic analyses for G-protein coupled pathways 

in different tissues and cell types.  In each of those studies, many different proteins are phosphorylated in 

response to a stimulus.  As would be expected, for each cell type and each stimulus a different pattern of 

phosphorylation is elicited.  One additional cell type studied in the authors’ laboratories is the Jurkat T-cell line 

(Beltejar et al., 2017).  In this cell type, a different combination of PDE inhibitors showed cAMP-regulated 

phosphorylation occurring on components of many different pathways including, RNA processing and 

transport, actin and microtubule cytoskeletal organization, DNA repair, histone methylation and T-cell 

selection.  PKA is well known as a major regulator of T-cell function (see chapter by Tasken and colleagues in 

the series, (Mol Pharm, in press), but exactly how many regulatory mechanisms are modulated by cAMP 

remains to be determined.  Phosphoproteomic analysis is therefore a good approach to answering this question 

and several other groups have begun to study the system using a phosphoproteomic approach (Giansanti et al., 

2013; Ross and Cantrell, 2018; Wehbi and Taskén, 2016). 

 

As with the MA-10 Leydig cells, in Jurkat cells many different proteins were phosphorylated in response to the 

increase in cAMP elicited by the PDE inhibitors.  Using a non-labeled phosphoproteomic protocol, over 13,000 

phosphopeptides in ~3400 proteins were identified.  Of these ~600 phosphopeptides, distributed among 340 

proteins were substantially regulated by different combinations of PDE inhibitor treatment (Beltejar et al., 

2017).  Shown in Table 3 is a sample of some of the consensus PKA phosphosites increased by different 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 11, 2021 as DOI: 10.1124/molpharm.120.000197

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 24 

combinations of PDE inhibitors.  As with the MA-10 cells most of these sites had not previously been reported 

as potential downstream targets of cAMP action in these cells although some, e.g. DGK2, are known control 

sites for regulation of T-cell function (Yang et al., 2019).  As might be expected in a cell as complex as a T-cell, 

the phosphoproteins were distributed among a large number of different pathways that likely benefit from 

coordination by cAMP/PKA.  Note that different combinations of PDE inhibitors gave different quantitative 

changes in phosphorylation.    

. 

Figure 8 shows a STRING/GO analysis of the phosphoproteins modulated by PDE inhibitor treatments 

(Szklarczyk et al., 2019).  A major conclusion from these analyses is that many different sites, potentially 

regulating a number of different processes, are phosphorylated in response to the increase in cAMP levels.  As 

with steroidogenesis, it appears that not one, but rather multiple sites within a pathway or process are regulated.  

However, all of the same concerns and caveats discussed in relation to cAMP control of steroidogenesis are 

relevant to this cell type including proof of the effects of phosphorylation on function.  Phosphoproteomic raw 

data from these studies have been deposited with the Mass Spectrometry Interactive Virtual Environment (Mass 

IVE) maintained by the Center for Computational Mass Spectrometry (CCMS) in the Computer Science and 

Engineering Department of the University of California, San Diego (accession no. MSV000081115).  

 

Implications of data for mechanisms of drug action and drug design.  If one accepts that many metabolic 

processes and signaling pathways really are regulated by the actions of cAMP/PKA at multiple (perhaps many) 

different sites, then this concept has important implications for understanding the actions of many drugs.  

Perhaps most importantly, it suggests that in order to stimulate a process with an agonist, one must target either 

a regulatory signaling pathway that coordinates multiple regulatory sites, or possibly one could stimulate the 

last step of the pathway if enough substrate is available.  Even this latter approach likely will not work if the 

previous steps of the pathway already limit the final output of the process.  This would be true for either drug or 

genetic manipulation.  Of course, an antagonist can make any step in the process rate limiting and regulatory.  

Perhaps it is no wonder that most current drugs are antagonists, not direct pathway agonists.   
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To what metabolic and regulatory pathways do the phosphoproteomic studies and analyses described in 

this minireview most relate?  Almost all of the data selected for examples in this minireview have been taken 

from metabolic or regulatory pathways and processes that are carried out on intracellular organelles, for 

example the endosomes, endoplasmic reticulum, Golgi, etc.  In part this was because many of the sites with the 

greatest changes in phosphorylation occurred in peptides associated with these pathways.  However, such 

unbiased studies are equally useful for analyses of more “classical” pathways many of which are located in 

other organelles such as the nucleus or on the ribosome or are thought to be “soluble” in nature.  Of particular 

relevance are those likely to be organized into discrete functional compartments by anchoring proteins or other 

mechanisms.  For example, in the MA-10 cell studies, over 700 different phosphosites were modulated by one 

or more PDE inhibitors.  In the Jurkat cells, over 600 sites were modulated, albeit by different PDE inhibitors.  

Moreover, most of these sites were different than seen in the MA-10 cells as might be expected for a different 

cell type.  Eventually, when more studies have been carried out using the same standard stimuli and the same 

mass spectrometry protocols it will be of interest to determine if there are sets of phosphosites common to each 

PDE inhibitor (or combination of inhibitors).  Similarly, it will be of great interest to see how many sites are 

common among different cell types stimulated by the same drugs.  At present, there are just not enough 

published data to evaluate these questions properly. 

 

Summary - It is hoped that this short review encourages the reader to consider use of stimulus driven 

phosphoproteomic analysis of the signaling and metabolic pathways that they are most interested in 

understanding.  It is also hoped that the discussions of the advantages and difficulties of this approach will 

inform future studies, not just on cAMP and PDE regulation of cellular function, but also on many other 

regulatory processes.  From the initial phosphoproteomic analyses performed in our and other laboratories, the 

authors have proposed that many metabolic processes do not have single, rate limiting steps.  This is 

particularly true when many of the pathways identified are cyclical in nature or are compartmentalized or 

scaffolded.  Rather, the cell appears to have chosen to coordinate regulation of many, many steps along the 
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pathway.  The use of wide scale, unbiased phosphoproteomic analysis has allowed a first step in identifying 

some of these previously unidentified regulatory steps.  It is gratifying that initial studies have already detected 

a large number of new candidate regulatory sites.  It is now our responsibility to determine which of these sites 

are really most important for cellular regulation.  It may be that many of the steps in many pathways are rate 

limiting until changed in their phosphorylation state by kinase or phosphatase activity. 
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FIGURE LEGENDS –  

 

Figure 1 – Model depicting parts of the classic cAMP-dependent, hormone stimulated steroid secretion 

pathway.  In this case the hormone is luteinizing hormone (LH) binding to the LH receptor.  Receptor 

activation causes a G-protein dependent activation of cAMP synthesis.  The cAMP diffuses to many different 

compartments in the cell where it interacts with cAMP-dependent protein kinase (PKA).  The cAMP 

concentration is also modulated by several different cyclic nucleotide phosphodiesterases (PDEs).  Once 

activated, PKA will phosphorylate and activate several specific proteins in the steroidogenic pathway.  One of 

the best studied is hormone sensitive lipase (HSL/Lipe), also originally known as cholesterol ester hydrolase 

(CEH), which acting with PAT proteins such as perilipin (Plin) stimulates the production of free cholesterol 

from cholesteryl esters stored in lipid droplets.  Another important PKA target is steroidogenic acute regulatory 

protein (StAR) which assists cholesterol entry into the mitochondria where much of the conversion of 

cholesterol to hormone occurs.  On a longer timescale, PKA also stimulates the synthesis of several other 

steroidogenic enzymes including P450 c17 (steroid 17 alpha-monooxygenase) and 17b-HSD (17β-

hydroxysteroid dehydrogenase). Many other enzymes and steps are required for synthesis and may be regulated 

but are not depicted in this classical model. 

 

Figure 2 – Phosphoproteomic identification of sites increased by cAMP in MA-10 cells.  Model showing 

some of the proximal cAMP-dependent phosphorylation events occurring in cells treated with a combination 
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PDE4 and PDE8 inhibitors.  Arrows indicate movement of cholesterol and cholesteryl esters to provide 

substrate for the eventual mitochondrial synthesis of steroid hormone.  Each protein listed in red type is 

consistently increased in phosphorylation at a PKA consensus site by treatment with the combination of PDE 

inhibitors.  Of note is the fact that many of these proteins modulate small G-protein dependent events and 

therefore are likely to be important regulators of cholesterol handling.  Many of these processes involve 

formation or movement of micro-vesicles along microtubules. CCV = clathrin coated vesicle; LDL = low 

density lipoprotein; HDL = high density lipoprotein; SR-B1 = scavenger receptor B1; Gol = Golgi apparatus; 

ER = endoplasmic reticulum; mito = mitochondria.  Other acronyms are gene symbols or names.  

 

Figure 3 – Endocytosis in MA-10 cells.  Gene ontology analysis of phosphoproteomic data showing protein 

phosphorylation events modulated in cAMP-dependent control of endocytosis.  Note that the PDE inhibitors 

caused a decrease in phosphorylation on several of these phosphosites, possibly by activating a phosphatase.  

Also note the large number of potential regulatory proteins involved.  Few have been previously implicated as 

being regulatory sites for cAMP control of steroid hormone secretion (Original data from Golkowski et al 

2016). 

 

Figure 4 – Vesicle transport in MA-10 cells.  Gene ontology analysis of phosphoproteomic data showing 

protein phosphorylation events possibly involved in cAMP-dependent control of vesicle transport in MA-10 

cells.  Note that the PDE inhibitors caused a decrease in phosphorylation on several of these phosphosites, 

possibly by activating a phosphatase.  Also note the large number of potential regulatory proteins involved.  

Few have been previously implicated as being regulatory sites of cAMP control of steroid hormone secretion 

(Original data from Golkowski et al. 2016). 

 

Figure 5 – Cholesterol transport mini-cycle.  Model for one of the first “mini cycles” involved in the 

provision of cholesterol substrate for steroid hormone biosynthesis.  The model illustrates some of the initial 

steps of cholesterol uptake, in this case from LDL, and its initial vesicular transport and processing.  Once at the 

endosome, the cholesterol is further transported to other organelles in the cell including lipid storage droplets, 

endoplasmic reticulum, and mitochondria. Upper panel shows cycle going slower in absence of PDE inhibitors; 

lower panel shows cycle going faster in presence of PDE inhibitors due to increased phosphorylation at many of 

the proteins indicated in red type.  Analogous cycles operate at several steps further downstream in the steroid 

hormone biosynthetic process. 

 

Figure 6 – Criteria for determining phosphorylation function.  A series of criteria developed over 40 years 

ago helped guide our thinking about the physiological relevance of a phosphorylation event (Krebs and Beavo, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 11, 2021 as DOI: 10.1124/molpharm.120.000197

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 34 

1979).  These criteria were based largely on what was known about regulation of metabolic cascades at that 

time.  The subject was revisited in 2009 with emphasis on the use of mass spectrometry as a tool to address 

these criteria (Rider et al., 2009).  More recently, our increased understanding that many metabolic and 

signaling pathways are compartmentalized and often cyclic in nature has raised questions about the generality 

and usefulness of these criteria.  In particular, the improved sensitivity and resolving power of the mass 

spectrometer has improved vastly since 2009, greatly increasing the number of known phosphosites.  The 

identification of thousands of phosphorylation sites on many different proteins suggest that an expanded, more 

nuanced set of criteria for the importance of any phosphorylation site needs to be established.   While most of 

the original criteria are still quite relevant, our newer understanding that many cellular processes are 

compartmentalized and cycling in nature requires a new set of guidelines.  These new, revised criteria, 

therefore, do not include requirements for stoichiometric phosphorylation nor do they refer only to enzymatic 

reactions.   It is realized that in many cases, measurement of the most immediately affected step/reaction will 

be challenging, particularly at scale.  As with the original criteria, the expanded/revised criteria need to be 

shown for each phosphosite on the protein in question.  

 

Figure 7 – Approaches for determining phosphorylation function.  A number of experimental approaches 

for determination of the function of a phosphorylation event at any specific site on a protein are listed in this 

figure.  Included is a brief discussion of each approach and some of their limits. 

 

Figure 8 - Vesicle transport in Jurkat cells.  Gene ontology analysis of phosphoproteomic data showing 

protein phosphorylation events likely involved in cAMP-dependent control of vesicle transport.  Note that the 

combination of PDE inhibitors indicated caused a change in each of these phosphosites.  Only a few have been 

previously implicated as being regulatory sites for cAMP control of the processes listed.  The filled circles 

indicate the process likely being regulated.  The boxes indicate the gene/protein being altered.  Original data 

from (Beltejar et al., 2017). 
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Table 1 - List of protein phosphosites in MA-10 cells that are increased by a combination of the PDE4 

inhibitor, rolipram and PDE8 inhibitor, PF-04957325.   
 

 Fold 

Incr. Protein Name/Function 

Gene 

Symbol P04 sequence 

 

1   18.7 CAP-Gly domain-containing linker protein 1/2; Clip1/2/Restin _KIS(ph)GTTALQEALK_ 

2 12.8 Regulator of microtubule dynamics protein 2 Fam82a1 _KFGS(ph)LTLPEESHSAQ 

3 12.3 Rho guanine nucleotide exchange factor 11 Arhgef11 _KVS(ph)LLPGGGVGAAK_ 

4 12.2 Transcoblamin uptake receptor (CD320 antigen) Cd320 _ESLLLSERKTS(ph)LI_ 

5 12.2 DNA-binding protein A Csda _RRRS(ph)RPLNAVSQDGK 

6 12.1 Acyl-CoA-binding domain-containing protein 5 Acbd5 _GERWGS(ph)RGSLNEQIA 

7 11.2 Phosphatidylinositol 4-kinase beta Pi4kb _RRLS(ph)EQLAHTPTAFK_ 

8 11.0 Interferon regulatory factor 2-binding protein-like Irf2bp2/Irf2bpl _RQS(ph)CYLCDLPR_ 

9 9.8 Nesprin-2 (Nuc envel spectrin-repeat proteins)  Syne2 _RRES(ph)EEPTSPQSLCHL 

10 9.8 Bcl-2-related ovarian killer protein Bok _RS(ph)SVFAAEIMDAFDR 

11 9.8 RAF proto-oncogene ser/thr-protein kinase Raf1 -IVQQFGYQRRAS(ph)DDG 

12 9.0 Carbamyl phosphate synthetase 2 Cad _RLS(ph)SFVTK_ 

13 9.0 Bcl-2-related ovarian killer protein Bok _RSS(ph)VFAAEIMDAFDR 

14 8.9 Serine/threonine-protein kinase WNK1 Wnk1 _KFS(ph)APGQLCVPMTSN 

15 8.2 Cytoplasmic protein NCK1 Nck1 _RKPS(ph)VPDTASPADDS 

16 7.9 182 kDa tankyrase-1-binding protein Tnks1bp1 _RFS(ph)EGVLQPPSQDQE 

17 7.9 Inositol 1,4,5-trisphosphate receptor type 3 Itpr3 _KQS(ph)VFGASSLPAGVG 

18 7.7 Ras-spec guanine nuc-release factor RalGPS2 Ralgps2  _KS(ph)SAAAAAAAAAEGA 

19 7.4 Heat shock protein HSP 90-beta Hsp90ab1 _RLS(ph)ELLR_ 

20 7.3 Zinc finger FYVE domain-containing protein 16 Endofin _RCS(ph)KPVCDLISDMGN 

21 7.3 Protein GPR107 Gpr107 _KVS(ph)NGAVEPQGSWE 

22 7.1 Horm-sensitive lipase/Cholest ester hydrolase Lipe _RSS(ph)QGVLHMPLYTSPI 

23 6.8 Phos b kinase reg subunit alpha, liver isoform Phka2 _GHRKS(ph)LNLVDSPQPL 

24 6.8 Endoribonuclease Dicer Dicer1 _KIS(ph)LSPFSASDSAYEW 

25 6.7 Ras-specific guan nuc-release factor RalGPS2 Ralgps2 _KSS(ph)AAAAAAAAAEGA 

26 6.5 SH3 and PX domain-containing protein 2A Sh3pxd2a  _RGS(ph)ADIIPLTATTPPCV 

27 6.2 Carbohydrate-responsive element-binding protein ChREBP _RLS(ph)GDLNSIQPSGALS 

28 5.8 Oxysterol-binding protein-related protein 11 Osbpl11 _RPS(ph)QNAMSFFNVGH 

29 5.8 Serine/threonine-protein kinase WNK1 Wnk1 / Osr1 _LQKSIS(ph)NPPGSNLR_ 

30 5.7 Liprin-beta-1 Ppfibp1 _RRPS(ph)DENSITPSEVQ 

 

Sites are ranked 1-30 based on fold response to the PDE inhibitor treatment.  The underlined gene symbols in 

bold type face represent some of the phosphoproteins shown in Figures 2 - 4.  Each PDE inhibitor has an 

isozyme selectivity of at least 30-fold if used at an appropriate concentration.  Data is from the 1-hour time 

point (Golkowski et al., 2016).  
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Table 2 – Continuation of list from Table 1 of protein phosphosites in MA-10 cells that are increased by a 

combination of PDE4 and PDE8 inhibitors.   
 

 Fold 

Incr. Protein Name/Function 

Gene 

Symbol P04 sequence 

31 5.7 Gamma-taxilin - ATF4/Creb2 binding protein Txlng _KHS(ph)LEGDEGSDFITK_ 

32 5.6 Serine/threonine-protein kinase SIK3 Sik3 / QSK _RFS(ph)DGAASIQAFK_ 

33 5.4 Neuron navigator 1 Nav1 _KTS(ph)LDVSNSVEPGFLA 

34 5.4 cAMP-regulated phosphoprotein 19 Arpp19  DHIPTPQDLPQRKPS(ph)L 

35 5.1 Autophagy-related protein 16-1 Atg16l1 _RLS(ph)QPAGGLLDSITNI 

36 5.1 Protein ETHE1, mitochondrial Ethe1 _RLS(ph)QQSASGAPVLLR 

37 4.9 Perilipin-1 Plin1 _RLS(ph)TQFTAANELACR 

38 4.7 ADP-ribosylation factor GTPase-activating prot 1 Arfgap1 _RSS(ph)DSWDVWGSGSA 

39 4.7 SLAIN motif-containing protein 2 Slain2 _LS(ph)LQGHPTDLQTSNV 

40 4.7 TBC1 domain family member 10B Tbc1d10b _RAS(ph)AGPVPGAVVIAE 

41 4.6 A-kinase anchor prot 1, mitochondrial - Dakap1 Akap1 _RLS(ph)EEACPGVLSVAPT 

42 4.5 RNA polymerase II nuclear localization protein  Slc7a6os _KTS(ph)DPDVILCNSVELIR 

43 4.4 TBC1 domain family member 25 Tbc1d25; _RSS(ph)LTTAALPFTQSILS 

44 4.4 Vesicle-trafficking protein SEC22b Sec22b _NLGS(ph)INTELQDVQR_ 

45 4.2 Low affinity cationic amino acid transporter 2 Slc7a2 _NLS(ph)LPFILHEK_ 

46 4.1 Golgin subfamily A member 5 Golga5 _KS(ph)EPDDELLFDFLNSS 

47 4.0 CAP-Gly domain-containing linker protein 2 Clip2 _RYS(ph)LIDPASPPELLK_ 

48 4.0 Nuclear factor related to kappa-B-binding protein Nfrkb / INO80 _KGS(ph)LAALYDLAVLKK_ 

49 3.9 Pleckstrin homol domain family F m 2 (Phafin2) Plekhf2 _RIS(ph)IVESCFGAAGQPL 

50 3.9 Cytoskeleton-associated protein 5 Ckap5 _KYS(ph)DTDIEPFLK_ 

51 3.8 Cytospin-A Specc1l _KGS(ph)SGNASEVSVACL 

52 3.8 Kinesin-associated protein 3 Kifap3 / Kap3 _LSEVEQLLYYLQNRRDS(p 

53 3.8 GRB14 adapter protein Grb14 _RVT(ph)LPAITPIVLQK_ 

54 3.7 Rho guanine nucleotide exchange factor 2 Arhgef2 _S(ph)LPAGDALYLSFNP 

55 3.7 Phospholipase DDHD2 Ddhd2 _KNS(ph)VSINRPAM(ox)S 

56 3.5 Protein FAM54B Fam54b _AS(ph)FETLPNISDLCLK_ 

57 3.5 Rho family GTPase activator (Alsin) Als2 _RLS(ph)LPGLLSQVSPR_ 

58 3.5 Reg of microtubule dynamics prot 3 (PTPIP51) Fam82a2 _SHS(ph)LPNSLDYAQASE 

59 3.5 Serine/arginine repetitive matrix protein 2 Srrm2 _RSS(ph)SELSPEVVEK_ 

60 3.4 Low density lipoprot receptor adapter protein 1 Ldlrap1 / ARH _NQEGGDVPGTRRDS(ph) 

 

Sites are ranked 31-60 based on fold response to the PDE inhibitor treatment.  The underlined gene symbols in bold type 

face represent some of the phosphoproteins shown in Figures 3 and 4. 
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Table 3 - List of protein phosphosites in Jurkat cells that are increased by different combinations of PDE 

inhibitors.  
 

       Fold increase over control 

Gene Description Site# Sequence 
PGE2 

1nM 

Cil 

5µM 

Rol 

10µM 

IC, 

BRL 

PF8 

CIL & 

ROL 

IBMX

PF8 

50µM 

IBMX 

PF8 

200µM 

RANBP2 

 E3 Sumo-

protein ligase 

RanBP2 

1509 PRKQSLPA 1.67 1.15 2.43 2.20 4.51 5.01 5.21 

HIST1H1C HistoneH1.2 36 PRKASGPPV 1.31 1.15 2.28 1.23 4.05 3.23 3.88 

MAGED2 
Melanoma-asoc 

antigen D2 
200 ARRASRGP 1.43 1.15 1.88 0.68 3.84 1.02 1.53 

SEC22B 
Vesicle-trafficking 

protein SEC22b 
137 RNLGSINTE 1.26 1.15 1.47 1.44 3.36 3.45 3.50 

PWP1 
Periodic trypt 

protein 1 homolog 
485 ARNSSISGP 1.53 1.15 1.83 1.27 3.29 4.42 3.20 

STMN1 Stathmin 63 ERRKSHEA 1.16 1.15 2.16 0.42 3.25 1.57 1.59 

HIST1H1E Histone H1.4 37 KRKASGPP 1.63 1.15 1.60 1.94 3.17 5.58 5.42 

NUMA1 
Nuclear mitotic 

apparatus prot 1 
1955 LRRASMQP 1.26 1.15 1.40 1.49 2.91 3.59 3.59 

NFRKB 
Nuclear factor rel 

to kappa-B BP 
310 GRKGSLAA 1.40 1.15 1.69 1.28 2.88 2.17 2.33 

CAD 
CAD protein - 

Dihydroorotase 1343 GRRLSSFVT 1.31 1.15 1.54 1.41 2.87 5.24 4.13 

MKI67 Antigen KI-67 538 TKRKSLVM 1.03 0.99 1.27 1.14 2.53 3.25 3.02 

DGK2 
Diacylglycerol 

kinase zeta 
163 LRRASSHL 1.12 1.59 1.56 0.92 2.56 1.86 1.80 

  

The fold response of different inhibitors or combinations of inhibitors on the same site in each protein is shown.  All but 

one protein has a good consensus PKA site.  PGE2 = prostaglandin E2; Rol = rolipram, a PDE4 selective inhibitor; Cil = 

cilostamide, a PDE3 selective inhibitor; IC = ITI-078, a PDE 1 selective inhibitor; PF8 = PF-04957325, a selective PDE8 

inhibitor; BRL = BRL50481, a PDE 7 selective inhibitor; IBMX = isobutyl-methyl-xanthine, a non-selective inhibitor that 

targets all PDEs except PDE8.  Each PDE inhibitor has an isozyme selectivity of at least 30-200-fold if used at 

appropriate concentrations.  From (Beltejar et al., 2017).  
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Criteria for Establishing Functional Roles of a Protein Phosphorylation

1979 Phosphorylation Relevance Criteria – paraphrased from (Krebs and Beavo, 
1979)

• Demonstration that a protein can be phosphorylated 
stoichiometrically and dephosphorylated by protein phosphatases.

• Demonstration that functional changes correlate with the degree of 
phosphorylation.

• Demonstration that phosphorylation/dephosphorylation occurs in an 
intact cell system with accompanying functional changes.

• Demonstration that the levels of protein kinase/phosphatase effectors 
correlate with the extent of phosphorylation in the cell type being 
studied.

New Expanded/Revised Criteria for Relevance of a Phosphorylation 
Event.

• Does the stoichiometry and rate of 
phosphorylation/dephosphorylation of a site make sense for the 
regulation of the physiological process(es) postulated for the site? 
(Note this does not require a complete 1:1 stoichiometric event and 
should be appropriate to the time course of the response).

• Does an increase or decrease in the “immediate function” of the 
protein being phosphorylated occur as a result of phosphorylation in 
a reconstituted system (i.e. in vitro)?  Immediate function likely does 
not mean the overall process being examined, but rather just the step 
altered/catalyzed by the protein being phosphorylated.

• Does the phosphorylation occur in an intact cell system with an 
appropriate “immediate functional” change?   (Again, the emphasis is 
on immediate function not overall process).

• Does the increase or decrease in phosphorylation correlate 
appropriately to the stimulus being given? 

• Is the phosphorylation/dephosphorylation time dependent in an 
appropriate manner?

• Does genetic conversion of the phosphorylation site (e.g. serine to an 
alanine or glutamic acid) alter the immediate function of the protein in 
an appropriate manner?

Figure 6



Approaches for determining functional role(s) of a phosphorylation event

In vitro approaches –
• The classic in vitro approach has been to measure alterations in enzyme activity upon
phosphorylation. This approach is still relevant if the phosphoprotein function can be
measured in a reconstituted system. However, many phosphosites are on proteins of
unknown function or affect processes not testable using in vitro systems. Similarly, since
phosphorylation can alter stability, localization, protein interactions and other properties, in
vitro assessment is often challenging.
•Changes in structure, conformation, or susceptibility to proteolysis/denaturation can be
measured as an indirect index that a phosphorylation event might change function (Schopper
et al., 2017; Zhao and Xiao, 2019). Generally, these methods serve to reduce the size of the
initial list of phosphosites to further test.

• Informatic approaches are beginning to be applied to prediction of phosphorylation function.
For example, artificial neural networks like SAPH-ire (Dewhurst and Torres, 2017) and machine
learning algorithms (Ochoa et al., 2020) have shown increasing promise in narrowing down
which of the more than 200,000 phosphorylated sites identified to date in phosphoproteomic
studies are likely to be functionally important to the organism. Again, exact function is
usually lacking.

In vivo/in situ approaches –
• Measurement of the overall effect of a phosphorylation event on a specific function of the
cell, is the classic approach. For example, measurement of steroidogenesis in a steroid
producing cell. As discussed, in most cases this approach will need to be applied to
measurement of the exact step catalyzed by the phosphoprotein and not the overall
process. The problem remains how to set up these measurements.

• Genetic approaches, are showing great promise, especially if the partial reaction can be
measured. One example uses CRISPR techniques to ablate the kinase purported to the
event, for example (Datta et al., 2020). A second utilizes this method to either knock-out the
purported kinase substrate or change the putative phosphorylation site into an alanine or
glutamic acid, see for example (Shimizu-Albergine et al., 2016). Both methods require cell lines
without multiple copies of chromosomes and assays that can measure the most immediate
step catalyzed by the phosphoprotein. Genetic techniques can also be applied to whole
animal germline manipulation but with more work involved in the knock-out/knock-in
process.

• Antibody immunoprecipitation and phosphoantibody arrays (Brumbaugh et al., 2011; Xiao et al.,
2010) applied to cell culture or in vivo models can confirm that phosphorylation occurs in an
intact cell in response to stimuli. Generally, this method requires prior knowledge of the
phosphorylation site(s) sequence, but arrays of increasing specificity and complexity are
becoming available. Occasionally the phosphorylation event causes a shift in gel mobility
which can then be used to assess relative stoichiometry. If the function of the
phosphoprotein can be assessed on the immunoprecipitated solid phase antibody, then
measurement of the function may also be established.

Figure 7 
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