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Abstract: For many proteins phosphorylation regulates their 1 
interaction with other biomolecules. Here, we describe an unexpected 2 
phenomenon whereby within a binding interface phosphate groups 3 
transfer non-enzymatically from one interaction partner to the other 4 
upon activation in the gas-phase. Providing that a high affinity exists 5 
between the donor and acceptor sites, this phosphate transfer is very 6 
efficient and the phosphate groups only ligate to sites in proximity to 7 
the binding region. Consequently, such phosphate transfer reactions 8 
may define with high precision the binding site between a 9 
phosphoprotein and its binding partner, and in addition reveal that the 10 
binding site in this system is retained in the phase transfer from 11 
solution to the gas-phase. 12 

The transfer of a phosphate group to a protein is a key 13 
regulator in protein function[1,2]. Phosphorylation can be a strict 14 
pre-requisite for protein interactions. This is exemplified by 15 
proteins containing SH2 domains. In these, the SH2 domain is 16 
crucial for interactions with phosphorylated tyrosine residues 17 
regulating signaling in receptor tyrosine kinase pathways[3]. 18 
Another example is E3 ligase substrates that harbor 19 
phosphodegrons, whereby when the degron sequence is 20 
phosphorylated the substrate interacts with the ligase, becomes 21 
ubiquitinated, and is targeted to the proteasome for degradation[4]. 22 
Although the frequency of phosphorylation-mediated interactions 23 
in cells is high, fundamental knowledge is often lacking as to how 24 
phosphorylation governs this interaction. 25 

One, less characterized interaction, is that between the 26 
peptidyl-prolyl cis-trans isomerase (PPIase), Pin1 and its 27 
phosphoprotein substrates. Pin1 comprises two domains; a N-28 
terminal WW domain and a C-terminal PPIase domain[5]. The 29 
presence of a WW domain in Pin1, a protein module which 30 
facilitates binding to phosphorylated motifs, makes it unique 31 
within the PPIase family[6]. Thus, Pin1 catalyzes the cis-trans 32 
isomerization of specifically phosphorylated Ser/Thr-Pro bonds. 33 
This isomerization in turn can regulate protein dephosphorylation 34 
since many phosphatases only act on substrates comprising a 35 
specific prolyl peptide bond conformation[7]. Pin1 is involved in the 36 
regulation of transcription and pre-mRNA processing[8]. Here, 37 
Pin1 binds to the phosphorylated C-terminus of RNA polymerase 38 

(RNAP CTD), modulating its phosphorylation status and thus its 39 
ability to transcribe genes[9]. Pin1 also regulates transcription in 40 
response to TGF-beta signaling through its interaction with 41 
phosphorylated Smad3[10,11]. Recently, Pin1 dysfunction has also 42 
been linked to Alzheimer’s disease progression [12] and Asthma[13]. 43 
Therefore, it is critical to investigate the mechanism by which Pin1, 44 
in a phosphorylation-dependent manner, binds its interaction 45 
partners. 46 

Methods are needed to monitor when and under which 47 
conditions phosphorylation-dependent interactions occur. Ideally, 48 
these methods would monitor complex formation, the number of 49 
phosphorylation sites required for binding, and localize precisely 50 
the phosphorylation sites of interest[14]. Native MS, a technique 51 
whereby biomolecules are analyzed in their non-denatured 52 
state[15], provides this insight into phosphorylation-dependent 53 
non-covalent protein complex formation[14,16]. In combination with 54 
tandem MS, native MS can locate phosphorylation sites and 55 
reveal the stoichiometry of proteins within large macromolecular 56 
complexes and their interaction networks[17]. These experiments, 57 
however, rely on the products of dissociation in the gas-phase 58 
accurately reflecting the assembly partners in solution. Indeed, 59 
this has proven highly successful in the analysis of many large 60 
protein complexes such as V-type ATPases[18], ribosomes[19] and 61 
the 19S proteosome[20].  62 

Here, in an investigation focusing on Pin1-phosphopeptide 63 
complexes, we stumbled upon an unanticipated phenomenon, 64 
whereby the products of gas-phase dissociation no longer 65 
reflected the original constituents in solution. Instead, phosphate 66 
moieties moved from the original phosphopeptides to proximate 67 
acceptor sites on Pin1, providing information on the location of the 68 
binding site. We first observed this phenomenon in experiments 69 
whereby Pin1 was incubated with a doubly phosphorylated 70 
peptide mimicking its known protein binding partner, termed 71 
RNAP CTD (Table S1). As expected, based on earlier data[21,22], 72 
we observed a 1:1 Pin1:RNAP CTD complex (Figure 1, Figure 73 
S1A, D). The affinity estimated by native MS (Kd = 29 ±12 µM) is 74 
consistent with the reported affinity of RNAP CTD to the WW 75 
domain of Pin1[22]. Next, the Pin1-RNAP CTD complex was 76 
subjected to collisional induced dissociation (CID). We expected 77 
that in these CID experiments the non-covalent interaction would 78 
break resulting in the complex dissociating into its original 79 
constituents, i.e. Pin1 and the doubly phosphorylated RNAP CTD. 80 
However, the most dominant peaks observed correspond to Pin1 81 
with one or two phosphates covalently bound suggesting that 82 
phosphate groups have been transferred from RNAP CTD to Pin1 83 
(Figure 1, Figure S2A). In line with this observation, we also 84 
observed the complementary fragment ions corresponding to the 85 
singly phosphorylated and unphosphorylated RNAP CTD (Figure 86 
1, Figure S2A). The formation of phosphorylated Pin1 correlates 87 
well with the dephosphorylation of RNAP CTD, when monitored 88 
as a function of CID energy (Figure S3A). Thus, phosphate 89 

90 

[a] S. Tamara, Dr. R. A. Scheltema, Prof. Dr. A. J. R. Heck, Dr. A. C. 
Leney  

 Biomolecular Mass Spectrometry and Proteomics 
 Bijvoet Center for Biomolecular Research and Utrecht Institute for 

Pharmaceutical Sciences and Netherlands Proteomics Centre 
 Utrecht University, Padualaan 8, 3584 CH, Utrecht (The 

Netherlands) 
 E-mail: a.j.r.heck@uu.nl, a.c.leney@uu.nl 

 Supporting information for this article is given via a link at the end of 
the document. 



COMMUNICATION          

 
 
 
 

Figure 1. Native (tandem) MS spectra of the Pin1-RNAP CTD (CTD) complex (left) and its dissociation products (right). Phosphate moieties transfer from 
phosphorylated RNAP-CTD to Pin1 resulting in the formation of doubly- and singly-phosphorylated Pin1 and non-phosphorylated RNAP CTD. 

transfer fully precludes dissociation upon Pin1-RNAP CTD 1 
activation (Figure 1). 2 

Intrigued by our observations, we sought whether this 3 
phenomenon was peptide independent. Thus, another 4 
phosphorylated peptide was chosen corresponding to residues 5 
202-215 of Smad3 (Table S1) and incubated with Pin1. 6 
Comparable to data for the Pin1-RNAP CTD complex, a 1:1 Pin1-7 
Smad3 complex was observed with an estimated somewhat 8 
smaller dissociation constant of 57 ± 20 µM suggesting Smad3 is 9 
also bound to the WW domain of Pin1 (Figure S1B, D). Likewise, 10 
upon CID, phosphate transfer between phosphorylated Smad3 11 
and Pin1 was observed, albeit to a lesser extent (Figure S2B, 12 
S3B).  13 

To eliminate the possibility that the phosphate transfer had 14 
occurred already in solution prior to gas-phase analysis, the Pin1-15 
RNAP CTD complex was formed in solution and subsequently 16 
dissociated prior to MS analysis (Figure S2D). In these 17 
experiments, no phosphorylation was detected on Pin1. Thus, we 18 
conclude that phosphate transfer exclusively occurs upon gas-19 
phase activation of the Pin1-phosphopeptide complex and not in 20 
solution.  21 

We hypothesized that the extent of phosphate transfer upon 22 
CID (Figure S2) might correlate with binding affinity, thus 23 
occurring predominantly within high affinity, specific Pin1-24 
phosphopeptide complexes. To test this, RNAP CTD was 25 
incubated with cytochrome c (CytC); a protein with an alike MW 26 
as Pin1, but with no known specific interaction with RNAP CTD. 27 
Weak ion signals corresponding to a low abundant CytC:RNAP 28 
CTD complex were detected, likely formed by non-specific 29 
interactions that can occur during the ESI process[23,24] (Figure 30 
S1C, D). Consistent with our hypothesis, upon CID of this low-31 

affinity non-covalent complex no phosphate transfer was 32 
observed between CytC and RNAP CTD. Instead, we observed 33 
the predicted formation of CytC and phosphorylated RNAP CTD 34 
as product ions (Figure S2C, S3C). Thus, we conclude that 35 
phosphate transfer is likely specific to protein-phosphopeptide 36 
complexes whereby the phosphopeptide is bound tightly within 37 
the binding site. Consistent with our data, phosphate transfer has 38 
previously been observed in the gas-phase within 39 
phosphopeptides and during the dissociation of phosphopeptide 40 
dimers[25]. However, to our knowledge, this is the first instance of 41 
phosphate transfer within a non-covalent protein complex, our 42 
findings having significant implications on the analysis of 43 
structural biology-based MS experiments on phosphoprotein-44 
protein complexes. 45 

In the reported crystal structure of the Pin1-RNAP CTD 46 
complex, the phosphoserine at Ser5 on RNAP CTD interacts 47 
strongly to Pin1 through hydrogen bonding to Ser16, Arg17 and 48 
Tyr23[22]. If such a structure would be largely retained in the gas-49 
phase, we would expect the phosphate group on Ser5 to most 50 
likely migrate to one of these aforementioned Pin1 acceptor 51 
residues. To validate this hypothesis, further top-down 52 
fragmentation (i.e. MS3) was performed on the doubly 53 
phosphorylated Pin1 fragment ions (Figure S4A). Fragments 54 
were observed throughout the entire Pin1 sequence enabling us 55 
to accurately pin-point the phosphorylation sites within the WW 56 
domain. Short singly-phosphorylated fragments exclusive for the 57 
WW domain together with long doubly-phosphorylated fragments 58 
spanning across both domains locate the phosphorylation sites in 59 
Pin1 to residues in between 16-23 (Figure S4B). Upon 60 
comparison of all possible transfer sites within the Pin1 sequence, 61 
we found that all these possible phosphosites on Pin1 are within 62 
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10 Å of pSer5 in the crystal structure. Interestingly, Ser16, Arg17 1 
and Tyr23 in Pin1 are the closest residues to pSer5 and 2 
consistently display in our data a high number of characteristic 3 
phosphorylated fragments (Figure 2), thus these are the most 4 
likely transfer sites on Pin1. For the transfer of the second 5 
phosphate (pSer2), it is likely that the phosphate migrates to 6 
multiple sites within the binding region since this side chain is 7 
more flexible and less stabilized in the crystal structure.  8 

  9 

Figure 2. Crystal structure of Pin1-RNAP CTD (PDB entry: 1f8a) color coded 10 
corresponding to the intensity-weighted number of observed phosphorylated 11 
fragments. RNAP CTD is shown in grey. The interaction of pSer5 (CTD) with 12 
Tyr23, Arg17, and Ser16 (Pin1) is displayed in the inset. The dotted line 13 
corresponds to residues absent in the crystal structure.  14 

In summary, we show that phosphate groups within a non-15 
covalent complex can transfer from one to the other binding 16 
partner upon gas-phase activation. This phosphate transfer 17 
occurs in tightly interacting complexes whereby the phosphate 18 
group is located at the binding interface and crucial for the 19 
interaction. Since phosphate transfer only occurs to phosphate 20 
receptor residues in close proximity, location of these phosphate 21 
receptor sites in combination with the location of the original 22 
phosphosite can together provide valuable information on protein-23 
protein interaction interfaces. We anticipate that this finding is not 24 
unique to Pin1 and could have broader implications in the context 25 
of other high affinity phosphorylation-dependent biomolecular 26 
interactions.  27 

Experimental Section 28 

For complex formation, Pin1/CytC was incubated with a 5-fold excess of 29 
either a phosphopeptide mimicking the C-terminal domain of RNA 30 
polymerase or SMAD3. Binding affinities were calculated at different ligand 31 
concentrations and non-specific binding corrected for using the reference 32 
protein method[23]. Mass spectra were acquired by direct infusion using a 33 
nanoESI source coupled to either and Orbitrap EMR or Orbitrap Fusion 34 
Lumos mass spectrometer. To monitor the phosphate transfer reactions, 35 
the most abundant charge state (8+) corresponding to the Pin1-36 
phosphopeptide complex was selected and subjected to higher-energy 37 

collisional induced dissociation (a type of CID specific to the Orbitrap 38 
system) using a normalized collision energy of 5-30. For phosphate 39 
transfer-site localization, the singly and doubly phosphorylated Pin1 40 
fragment ions formed following CID were mass selected and further 41 
subjected to EThcD fragmentation. All Pin1 fragments were assigned 42 
using an in-house developed data analysis software[16]. More details are 43 
available in the Supporting Information. 44 
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Phosphate groups transfer non-enzymatically from one interaction partner to another 
during gas-phase activation. In high affinity complexes, this phosphate transfers 
within the binding site revealing the interaction interface between the protein-
phosphopeptide complex.   
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