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Abstract 
 

The cardiac ankyrin repeat protein (CARP) is induced in the heart to prevent the 

apoptosis of cardiomyocytes, by interacting with titin, the giant sarcomeric protein, at the N2A 

region. This anti-apoptotic interaction is also reported to be involved in the heart failure (HF)-

resistant pathway and studying this interaction will help to develop a new treatment for the HF. 

 

In order to understand the CARP/titin-N2A interaction, we structurally investigated the 

CARP/titin-N2A complex as well as single protein species, by using X-ray crystallography, 

NMR and other biophysical methods. To date, we have identified that the ankyrin repeat (AR) 

segment of CARP106-319 binds to dual-domain UN2A-Ig81. The structure of UN2A was 

revealed to contain a highly-helical structured central core flanked by less ordered N- and C-

terminus, while the Ig81 has a unique long BC-loop in the titin immunoglobulin (Ig) family. 

The central core of UN2A, the UN2A-Ig81 linker and the BC-loop of Ig81 were mapped as the 

CARP106-319 binding interface. Functional studies of CARP/titin-N2A interaction were also 

performed. We have identified a protein kinase A (PKA)-induced phosphorylation site at the 

linker of UN2A-Ig81 and confirmed that binding to CARP106-319 can prevent this modification. 

By collaborating with other research groups, we revealed a second binding partner of CARP106-

319 in the sarcomere: the actin filament. The actin/UN2A-Ig81 binding mediated by CARP106-

319 was identified in vitro and CARP/titin-N2A/actin co-localization was observed in vivo, 

indicating that the actin filament participates in the CARP/titin-N2A interaction to modulate 

the stiffness of the sarcomere.  

 

To sum up, we have constructed hypothesized models of UN2A-Ig81 and CARP106-

319/UN2A-Ig81 complex, based on the NMR guided ab initio model of UN2A central core, the 

crystal structure of Ig81 and the I-TASSER model of CARP106-319. Functionally, we 

investigated how CARP modulates the phosphorylation of titin-N2A. We established a new 

functional model of CARP/titin-N2A binding with actin filament involved. This new model 

suggests that the CARP/titin-N2A/actin interaction results in a shorter length of the titin that 

increase the titin-based contractile force and, therefore, directly alters the stiffness of the 

sarcomere, protecting the cardiomyocytes from stretch overload. 
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Zusammenfassung 
 

Das kardiale Ankyrin Repeat Protein (CARP) wird im Herzen ausgeschüttet um die 

Apoptose von Kardiomyozyten zu verhindern, indem es mit Titin, dem riesigen 

sarkomerischen Protein, in der N2A Region interagiert. Es wird berichtet, dass diese anti-

apoptotische Interaktion ebenfalls am Herzinsuffizienz (HF)-resistenten Signalweg beteiligt ist 

und das Erforschen dieser Interaktion dazu beitragen wird neue Behandlungsmöglichkeiten 

gegen Herzinsuffizienz zu entwickeln.  

 

Um die Wechselwirkung zwischen CARP und Titin-N2A zu verstehen, haben wir den 

CARP/titin-N2A Komplex sowie die einzelnen Proteinspezies strukturell mit Hilfe der 

Röntgenkristallographie, NMR und anderen biophysikalischen Methoden untersucht. Bisher 

haben wir festgestellt, dass das Ankyrin Repeat (AR) Segment CARP106-319 an die Dual-

Domain UN2A-Ig81 bindet. Die Struktur von UN2A enthält einen stark helikal strukturierten 

zentralen Kern, der von weniger geordneten N- und C-Terminus umgeben ist, während die 

Ig81-Domäne eine lange BC-loop besitzt, welche in der in der Titin immunoglobulin (Ig) 

Familie einzigartig ist. Der zentrale Kern von UN2A, der UN2A-Ig81 Linker und die BC-loop 

von Ig81 wurden als Bindungsstelle für CARP106-319 erfasst. Funktionelle Untersuchungen der 

CARP/Titin-N2A Interaktion wurden ebenfalls durchgeführt. Wir haben eine Proteinkinase A 

(PKA)- induzierte Phosphorylierungsstelle am Linker von UN2A-Ig81 identifiziert und 

bestätigt, dass die Bindung an CARP106-319 diese Modifikation verhindern kann. In 

Zusammenarbeit mit anderen Forschungsgruppen haben wir das Aktin Filament als zweiten 

Bindungspartner von CARP106-319 im Sarkomer identifizieren können. Die durch CARP106-319 

vermittelte Aktin/UN2A-Ig81 Bindung wurde in vitro nachgewiesen und die Co-Lokalisierung 

von CARP/Ttitin-N2A/Aktin wurde in vivo beobachtet. Das weißt darauf hin, dass das Aktin 

Filament mit Hilfe CARP/titin-N2A Interaktion dazu beiträgt, die Steifheit des Sarkomers zu 

regulieren. 

Zusammenfassend lässt sich sagen, dass wir hypothetische Modelle von UN2A-Ig81 und 

dem CARP106-319/UN2A-Ig81 Komplexes, basierend auf dem NMR ab initio Modell des 

zentralen Kerns von UN2A, der Kristallstruktur von Ig81 und dem I-TASSER Model von 

CARP106-319 konstruiert haben. Zudem haben wir untersucht wie CARP funktionell die 

Phosphorylierung von Titin-N2A überwacht. Des Weiteren haben wir ein neues 
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Funktionsmodell der CARP/Titin-N2A Bindung mit dem Aktin Filament etabliert. Dieses neue 

Model deutet darauf hin, dass die CARP/Titin-N2A/Aktin Interaktion in einer Verkürzung von 

Titin resultiert, was die Titin basierte kontraktile Kraft erhöht und damit direkt die Steifheit des 

Sarkomers verändert und die Kardiomyozyten vor einer Dehnungsüberlastung schützt.  
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1.1. CARP protects cardiomyocytes from HF 
 

1.1.1. CARP is an anti-apoptotic factor in the heart  

 

CARP is a member of muscle ankyrin repeat protein (MARP) gene family and it was 

firstly identified in 1995 (Chu et al., 1995; Zou et al., 1997; Jeyaseelan et al., 1997; Baumeister 

et al., 1997). CARP gene expression is up-regulated upon mechanical and toxic stress in 

cardiomyocytes. Accordingly, rapid and drastic upregulation of CARP gene expression was 

observed in rat cardiomyocytes after passive stretching in vitro, indicating that this protein 

might be involved in the adaptive response of the sarcomere to stretch (Miller et al., 2003). As 

stretch overload of cardiomyocyte has been reported able to trigger the apoptosis by inducing 

the tribbles 3 (TBR3) apoptotic regulator (Cheng et al., 2015), it is speculated that the stress-

induced CARP is related to an anti-apoptotic pathway in the cardiomyocytes. Further, high 

level of cardiomyocyte apoptosis is one of the main causes of HF (Kang and Izumo, 2000). 

CARP is, therefore, considered to play an important role in preventing the occurrence of HF, 

by acting as an anti-apoptotic factor in the cardiomyocytes. 

 

CARP is also believed to prevent the development of heart diseases which cause HF, 

such as DCM, HCM and ARVC (Mikhailov and Torrado, 2008; Zolk et al., 2002; Nagueh et 

al., 2004; Wei et al., 2009). Accordingly, an increasing of both CARP gene expression and the 

amount of the protein in cardiomyocytes was observed during various heart diseases (Table.1). 

CARP mutations were also identified in the patients with DCM and HCM (Moulik et al., 2009; 

Arimura et al., 2009; Duboscq-Bidot et al., 2009), indicating that functional defects of CARP 

can cause these diseases. Compared to the wild type mice, CARP-overexpressing transgenic 

mice showed less cardiac hypertrophy induced by the pressure overload (Song et al., 2012). 

Further, end-stage idiopathic dilated cardiomyopathy (IDCM) patients with high levels of 

CARP in the heart presented a higher survivability (Bogomolovas et al., 2015). Thus, CARP 

is considered to be employed to attenuate heart diseases, protecting the myocardium by 

increasing the resistance of cardiomyocytes to the apoptosis. 
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B. The sarcomere is divided into the Z-disk, I-band, A-band and M-line. Titin (orange and grey) spans 

half of the sarcomere, from Z-disc to M-line. The titin-N2A region locates at the I-band of the titin 

(red). The N2B element and the middle tandem Ig segments are not shown.  

 

 

The spring-like I-band titin serves as the passive tension provider and plays important 

roles in titin stiffness modulation and in titin mechanical sensing pathways (Brian and Henk, 

2012; Miller et al., 2004; Taylor et al., 2011). This region contains different elements that form 

a molecular spring: two tandem Immunoglobulin (Ig) segments (proximal and distal), a PEVK-

rich region (high proportion of Pro-Glu-Val-Lys residues) and one or two unique elements 

(N2A and N2B) based on the isoform (Miller et al., 2004; Taylor et al., 2011; Fig.4A). Upon 

pulling of the sarcomere, these I-band elements are stretched and, thereby, generate passive 

contractile force for the muscle.  

 

In the heart, the I-band titin segment has two main isoforms, named the N2B and N2BA 

(Labeit and Kolmerer, 1995; Fig.4A). The N2B isoform contains a specific N2B region with a 

short PEVK element while the N2BA isoform is containing not only the N2B segment, but also 

a N2A unique domain, a middle tandem Ig segment and a much longer PEVK element (Fig.4A). 

Both N2B and N2A are employed as important signalling nodes by recruiting titin binding 

partners onto them. Several modification sites, such as phosphorylation, are also located on 

both elements (LeWinter et al., 2007). Mechanically, the N2B isoform behaves stiffer than the 

N2BA and the alternation of N2BA/N2B ratio is considered to modulate the stiffness of the 

sarcomere in the heart (Cazorla et al., 2000; Trombitás et al., 2001). Accordingly, dogs with 

HF have a much higher N2B isoform amount in the left ventricular (LV) compared to the 

healthy animals and the titin-based passive tension is significantly increased (Wu Y et al., 2000; 

Wu Y et al., 2002; Granzier and Labeit, 2004). Further, in human LV, the N2BA/N2B ratio is 

~1.2 and the atria contains more N2BA titin (Cazorla et al., 2000). As a comparison, adult 

rodent LV consists dominantly N2B isoform (>95%) and its sarcomere is passively much stiffer 

than humans. 
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Fig.4 I-band titin isoforms and CARP/titin-N2A interaction 

A. The I-band titin contains two major isoforms, the N2B (upper) and the N2BA (lower). The unique 

sequences are shown in blue, the Ig domains are in red and the PEVK segment is in yellow.  The 

N2B isoform has an N2B elastic region with a short PEVK element. The N2BA isoform contains an 

extra middle tandem Ig segment, the N2A region and a much longer PEVK element. Figure is 

adapted from LeWinter and Granzier, 2010.  

B. Hypothesized CARP/titin-N2A binding and functional model. The titin-N2A region contains four 

Ig domains (Ig80-Ig83, red boxes) and a unique motif, UN2A (blue elliptic circle), flanked by Ig80 

and Ig81.  Figures are adapted from Lun et al, 2014. 

 

 

1.2.2. The titin-N2A region is a protein-protein interaction node  

 

The N2A region was shown to be both structurally and functionally essential to the I-

band titin. Structurally, the titin-N2A segment consists four Ig domains (Ig80, Ig81, Ig82 and 

Ig83) with a unique element (UN2A) that is flanked by the Ig80 and Ig81 (Fig.4B). 

Functionally, the importance of the N2A region was firstly demonstrated by the deletion of the 

Ig83 domain which led to sever muscle degeneration in muscular dystrophy and myositis 
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(mdm)-mutant mice (Garvey et al., 2002). Other studies have shown that this region is related 

to heart disease, as mutations on the titin-N2A have been identified as causative of HCM 

(Arimura et al., 2009).  

 

The N2A domain plays an important role in I-band titin as a protein-protein interacting 

node. SMYD2 (a lysine methyltransferase; Donlin et al., 2012) and P94/calpain3 (skeletal 

muscle-specific Ca2+-regulated cysteine protease; Hayashi C et al., 2008) have been reported 

to interact with this region. The former was reported to stabilize the I-band region of titin while 

the latter prevents titin from proteolysis. Specifically, upon stretch overload, the CARP/titin-

N2A binding largely increases (Witt CC et al., 2004). Considering that CARP functions as an 

anti-apoptotic factor to protect cardiomyocytes from damage, it is suspected that the 

CARP/titin-N2A interaction is an important damage resistance pathway in the heart. 

 

 

1.3. CARP/titin binding modulates the stiffness of the sarcomere 
 

During stretch overload, induced CARP mainly locates at the I-band of titin, where it 

interacts with the titin-N2A region. The CARP binding site on the titin-N2A region was 

initially identified as on the unique domain UN2A, based on yeast two-hybrid (YTH) and 

peptide array screening (Miller et al., 2003). A later study with BiYFP demonstrated similar 

results that CARP binds to titin-N2A via its C-terminal AR motif (residues: 105-319). The N-

terminus of CARP (residues: 1-122) showed no interaction to the titin-N2A region (Lun et al., 

2014). 

 

Functionally, the CARP/titin-N2A interaction is considered to modulate the stiffness of 

the titin by, partially, preventing the PKA-induced phosphorylation on the N2A region. The 

phosphorylation of titin I-band induced by PKA was reported to increase the compliance of the 

sarcomere. Accordingly, myofibrils from MARP family knocked-out mice have a higher 

phosphorylation level and an increased length, with the loss of rigidity (Barash et al., 2007). 

Later studies provided evidence that the UN2A segment can be phosphorylated by PKA and 

CARP can significantly reduce the phosphorylation level, indicating that the CARP/titin 

binding affects the phosphorylation pathway (Lun et al., 2014). On the other hand, the C-

terminal AR domain of CARP binds to the UN2A while its N-terminal tail interacts with each 
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Fig.5 Wild type constructs obtained previously 

The CARP106-319 and titin-N2A constructs obtained from Dr. Julius Bogomolovas. The D9472 at 

beginning of UN2A is considered as D1 to ease the annotation of the UN2A structure.  

 

 

The interaction between CARP and titin-N2A domain truncations were monitored using 

SEC. Only a modest co-segregation between CARP106-319 and UN2A was observed (Fig.6B), 

indicating a weak binding affinity and the flaking domain of UN2A is necessary to the CARP-

interaction. Accordingly, SEC showed that the interaction between UN2A-Ig81 and CARP106-

319 is robust, with a clear co-segregation of species allowing the isolation of the complex 

(Fig.6A). Hence, we suggested that Ig81 must contribute to the CARP binding. However, when 

we tested the complexation of CARP106-319 with Ig81, no co-segregation was observed, 

suggesting that Ig81 on its own does not detectably interact to CARP (Fig.6C). Thus, we 

concluded that Ig81 and UN2A collaborate to form a joint binding site for CARP.  
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Fig.6 Analysis of the complexation of CARP and titin-N2A species.  

Complexes of CARP106-319 and UN2A-Ig81 (A), UN2A (B), and Ig81 (C) mixed at 1:1 molar ratio studied by SEC using a same HiLoad Superdex75 16/60 

column (GE Healthcare) in 25 mM HEPES pH 7.5, 100 mM NaCl. Only UN2A-Ig81 yields a strong co-segregation with CARP106-319.
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The oligomeric state of CARP106-319, titin-N2A domain truncations and the CARP106-

319/titin-N2A complex were studied, by using size exclusion chromatography combined with 

multi-angle laser light scattering (SEC-MALLS). Analysis of CARP106-319 demonstrated that 

this construct forms dimers (Fig.7A; Table.2). This result indicates that the AR domain of 

CARP can dimerize itself without the contribution from the N-terminus. Both Ig80-UN2A-

Ig80 and UN2A are found to be monomeric (Fig.7B and 7C; Table.2).  

 

As CARP106-319 forms dimers but titin-N2A segments are monomeric, the stoichiometry 

of the CARP106-319/titin-N2A complex were investigated. To better resolve complexed and 

single species, the extended Ig80-UN2A-Ig81 were used. The analysis of the CARP106-319/Ig80-

UN2A-Ig81 yielded a result agrees to a 1:1 molar ratio (Fig.7D; Table.2). Thus, the CARP106-

319 dimer interface must be disrupted by its binding to titin-N2A.  

 

 
 

Fig.7 SEC-MALLS results  

The SEC-MALLS result of CARP106-319 (A), UN2A (B), Ig80-UN2A-Ig81 (C) and CARP106-319/ Ig80-

UN2A-Ig81 complex (D). The average molecular mass (MM) per volume unit (red) and the differential 

refractive index (blue) are shown. The theoretical mass of monomeric and dimeric (dashed line) states 

is indicated.  

 

 

 

 



http://bioinf.sce.carleton.ca/PCISS/start.php
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Fig.9 Analysis of the UN2A fold 

A.  Secondary structure prediction of UN2A from sequence data using the PCI-SS server (Green et al., 

2009). Boxed (blue) is a sequence segment in the central portion of UN2A with shared similarity to 

a helical motif from MyBP-C3.  
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structures will be elucidated, to provide experimental information about this interaction and its 

single components. The PKA-induced phosphorylation of titin-N2A will also be investigated 

to find out the exact phosphorylation site and the mechanisms of how CARP is involved. 

Ultimately, we aim to provide explanations and functional models of the CARP/titin interaction 

pathway. The availability of these data will support further functional investigations into the 

physiological role of titin targeting by CARP. 
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2. Methods 
 

2.1. Expression clones 
 

The expression constructs of CARP106-319 (UniprotKB: Q15327, residues: 106-319), 

UN2A (residues: 9472-9581), Ig81 (residues: 9582-9671) UN2A-Ig81 (residues: 9472-9671), 

Ig80-UN2A (residues: 9364-9581) and Ig80-UN2A-Ig81 (residues: 9364-9671) from titin 

(UniprotKB: Q8WZ42) were obtained from Dr. Julius Bogomolovas (Fig.5). Coding 

sequences were inserted into the pET-trx1a vector (EMBL collection, Fig.11) that adds a His6-

Tag, a thioredoxin domain and a tobacco etch virus (TEV) protease recognition sequence N-

terminal to the target gene. The UN2A variant UN2A34-110 (residues: 9505-9581) gene was 

produced by using polymerase chain reaction (PCR), where the gene was inserted into the pET-

trx1a vector using NcoI and KpnI restriction sites (Fig.12). UN2A34-110 was then used as 

starting point to generate the truncated variant UN2A34-73 (residues: 9505-9544), where the 

codon for residue Glu74 was mutated into a stop codon (TAA) using PCR according to the 

NEB (New England BioLabs®   Inc) Q5 site directed mutagenesis protocol.  

 

 
Fig.11 The vector used in the study 

The pET-trx1a vector used in the study, the GFP was substituted with the target gene.  
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Fig.12 New titin-N2A constructs cloned at University of Konstanz 

Two new titin-N2A constructs covers partially of the UN2A domain. The D9472 at beginning of UN2A 

is considered as D1 to ease the annotation of the UN2A structure.  

 

 

Table.3 Primers used for cloning  

 

Construct Forward primer  Reverse primer aTa 
UN2AK45E/E46K CGTGGATCCGgaaaagTATGAAAAATAC TTTTTCAGCAGTTCCATAATATC 60 ºC 

UN2AE48K/K49E GAAAGAGTATaaagaaTACGCACGCATG GGATCCACGTTTTTCAGC 61 ºC 

UN2AD43A/P44A GAAAAACGTGgctgcgAAAGAGTATG AGCAGTTCCATAATATCAATC 58 ºC 

UN2AK45A/E46A CGTGGATCCGgcagcgTATGAAAAATAC TTTTTCAGCAGTTCCATAATATC 58 ºC 

UN2AR61Q TACCGATTTTcaaGGTCTGCTGCAGG ATGCCATACATGCGTGCG 64 ºC 

UN2A34-110 AAACCATGGAGATTGATATTATGGAA

CTGCTGAA 

AAGGTACCCTATTCGGTCTGGC

TCAGACGC 

66 ºC 

UN2A34-73 ACAGAGCCAATAAGAGGAAACCC TTCAGCAGCTCAAATGCC 64 ºC 

UN2A-

Ig81K45E/E46K 

CGTGGATCCGgaaaagTATGAAAAATAC TTTTTCAGCAGTTCCATAATATC 60 ºC 

bUN2A-Ig81 
K45E/E46K/P140A/E141A 

CGTGGATCCGgaaaagTATGAAAAATAC TTTTTCAGCAGTTCCATAATATC 60 ºC 

 AATCAACTACgcggcaATTAAACTGAG TTGATGTCAATCTCAAACAC 58 ºC 

UN2A-

Ig81P140A/E141A 

AATCAACTACgcggcaATTAAACTGAG TTGATGTCAATCTCAAACAC 58 ºC 

UN2A-

Ig81N138A/Y139A 

CATCAAAATCgccgccCCGGAAATTAAA

CTGAGCTG 

TCAATCTCAAACACGGCATC 58 ºC 

UN2A-Ig81R61Q TACCGATTTTcaaGGTCTGCTGCAGG ATGCCATACATGCGTGCG 64 ºC 

 
aTa: Annealing temperature 
bThe UN2A-Ig81K45E/E46K/P140A/E141A were mutated from UN2A-Ig81K45E/E46K.  

 

 

 

 





















https://www.scc.uni-konstanz.de/
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each cluster was also measured. These values will be used to validate the model (< 2.0 Å as 

converged).  

 

 
 

Fig.14 The CS-ROSETTA working flowchart  

The CS-ROSETTA working scheme adapted from Shen et al., 2009 and Vernon et al., 2013. 
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chemical shift similarity of residues in these termini suggests that they are in a similar chemical 

environment and, thus, are indicative of disorder in these regions. 

 

 
 

Fig.17 Assignment of the NMR spectrum from UN2A 
1H-15N TROSY-HSQC spectrum of UN2A. Assigned peaks are marked. A. Full spectrum and B. zoom 

into the region selected in A (blue box). The annotated number regards the position of the residue in the 

sequence while the type of the amino acid is shown as one-letter code on the left. 
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Fig.19 Domains UN2A and Ig81 do not bind significantly to each other  

UN2A and Ig81 samples were produced independently and mixed post-production at a 1:1 molar ratio 

in 25 mM HEPES pH 7.5, 100 mM NaCl. The incubated mixture was subjected to SEC for co-

segregation monitoring. The SEC was performed on a HiLoad Superdex S75 16/600 column (GE 

Healthcare) and the result showed two separate peaks indicating isolated UN2A and Ig81 during the 

process.  

 

 

As NMR and HDX-MS data indicated certain disorder in UN2A, we investigated the 

overall shape of the proteins by determining its hydrodynamic radius, RH, from diffusion 

coefficient data obtained by NMR (data are processed by Prof. Michael Kovermann). The RH 

value describes the size of a protein by considering it as a hydrated sphere of radius RH 

(Macchioni et al., 2008). The diffusion coefficient measured for UN2A was D = (9.5±0.1)10-

11 m2s-1, corresponding to a RH = 25.5 Å (Fig.20). The theoretical RH of UN2A assuming a 
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globularly folded, spherical protein composed of 110 residues is 18.8 Å, with 32.2 Å being the 

value corresponding to a completely unstructured polypeptide chain of that MM. By 

comparison to these theoretical values, the experimental RH of UN2A indicates ~50% of the 

UN2A is disordered (~48% from the RCI-S2 value from assigned peak), supporting the view 

that this domain is partially disordered. This deduction agrees with the previous observation 

that the exclusion volume of UN2A (13.3 kDa) is noticeably larger than a globular protein of 

comparable molecular mass (Ig81: 10.6 kDa) (Fig.9D; Fig.19). The data are also in good 

agreement with sequence-based secondary structure predictions that proposed a best ordered 

central region (approx. residues 30 - 75) for UN2A but poorly ordered N- and C-termini 

(Tiffany et al., 2017). To sum up, all data available suggested that UN2A has a loosely folded 

structure, with an ordered helical central segment and largely unstructured N- and C-terminal 

sequences. 

 

 
 

Fig.20: Diffusion profile of UN2A 

Diffusion profile of UN2A obtained by integration of proton resonances ranging from 0.5 to 4.0 ppm. 

Fitting of a monoexponential decay to the experimental data leads to a diffusion coefficient of D = 

(9.5±0.1)10-11 m2s-1, corresponding to a RH = 25.5 Å (calculated as described in Methods). Data have 

been acquired at T = 298 K and at a protein concentration of 300 µM.  
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UN2A34-110 had 10659 decoys and a RMSD of 8.32Å. Interestingly, a comparison between the 

best decoy for UN2A34-73 and decoys for the segment UN2A34-110 showed that the modelling 

of the central core as a three-helix bundle structure had been achieved in a subpopulation of 

1746 decoys (RMSD < 3 Å). However, the decoy population for UN2A11-73 did not form a sub-

cluster with a central core similar to UN2A34-73. These results show that the correct modelling 

of the central core segment did not guide the modelling further. Not surprisingly, the attempt 

to calculate a model for full-length UN2A did not yield a define 3D-fold (RMSD of 13.2 Å) 

and a cluster analysis did not reveal agreement of decoy sub-populations (largest cluster 

contained 11113 models with a RMSD = 12.6 Å. Fig.22A; Fig.23C). These results are not 

unexpected as the convergence of the modelling can be adversely affected by long, disordered 

protein sequences (Shen et al., 2008). Taken together, NMR-guided modelling results suggest 

that UN2A contains a structured three-helix bundle central fold, flanked by poorly structured 

tail sequences that act as linkers to neighbouring domains. 
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Fig.22 NMR-guided modelling of other UN2A segments 

The CS-ROSETTA model of UN2A (A), UN2A34-110 (B) and UN2A11-73 (C). The top-ten model from 

32500 conformers are shown at left and the ten-best decoys from the largest cluster are displayed at 

right. 
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Notably, the architecture of the UN2A central region calculated in this study closely 

resembles that of the m-domain from MyBP-C3. The latter also folds into a small three-helix 

bundle, with flexible N- and C-terminal linker sequences that connect to flanking Ig domains 

(Howarth et al., 2012; Michie et al., 2016) (Fig.9B; Fig.24C). The structural similarity of 

UN2A34-73 and the MyBP-C3 m-domain agrees with the fact that these domains share high 

levels of conservation (37% sequence identity, Fig.9B; Fig.24). The models, however, were 

calculated independently, as the ROSETTA fragment library used in the computation of the 

UN2A34-73 model did not include the MyBP-C3 entry to avoid modelling bias.  

 

 
 

Fig.24 NMR-guided modelling of central core UN2A34-73 

A. The ten-best model from the 32500 models generated from CS-ROSETTA. 

B. The best model of UN2A34-73 from the largest group after Calibur clustering. 

C. The model of MyBP-C3 (PDB: 2LHU). The UN2A34-73/MyBP-C3 sequence comparison is shown 

below. The sequence are aligned by using T-COFFEE (http://tcoffee.crg.cat/). 

 

 

3.6. The crystal structure of Ig81 reveals individualized fold features 
 

The large number of Ig domains in the titin chain (>300) are highly homologous. 

However, certain Ig have achieved structural and functional differentiation, acting as specific 

target to recruit the sarcomeric proteins to titin. To investigate whether Ig81 presents unique 

features that able to support its specific role in CARP interaction, the atomic structure of it was 

elucidated using X-ray crystallography (Table.5; Fig.25). Ig81 crystals were obtained at 

University of Liverpool and diffraction data were collected at Diamond light source (Fig.10). 

Structure of Ig81 was determined by Dr. Jennifer Fleming. 
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Fig.26 NMR spectrum of UN2A free and complexed to CARP  

A. 1H-15N HSQC spectrum of the UN2A/CARP106-319 complex in a 1:2 molar ratio (red) compared to 

that of free UN2A (black). CARP106-319 was not isotopically labelled.  

B. Titration process of three representative residues (corresponding to the blue selection boxes in A). 

The CARP106-319/UN2A molar ratio is stated.  

C. The affected residues during CARP-interaction monitored by NMR titration are mapped on the 

UN2A34-73 model (red). The UN2A sequence is shown below with the UN2A34-73 sequence boxed 

and the CARP-contacting amino acids marked in red. 

 

 

To investigate the binding interface in more detail, we studied CARP binding by the dual 

domain construct UN2A-Ig81 using HDX-MS by analyzing differences in RFDU between the 
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free and complexed proteins. The result showed that, the CARP contact region comprises the 

central segment UN2A34-73 (in agreement with NMR titration data), a fraction of the linker 

sequence to Ig81 and the BC-loop in Ig81 (Fig.18; Fig.27). Interestingly, in the UN2A34-73, a 

sequence segment was found to have decreased RFDU (residues: 38 - 53, sequence: 

LLKNVDPKEYEKYARM ), while another showed increased values (residues: 60 - 67, 

sequence: YGITDFRGLLQAFE). The decreased RFDU can be interpreted as a protection of 

the sequence by the direct binding of CARP, while the increased value suggests that the second 

sequence element becomes displaced and more exposed upon CARP binding. Thus, the data 

suggests that CARP induces a certain conformational change in UN2A. In Ig81, the CARP 

binding site was mapped to the BC-loop (residues: 133 - 146, sequence: IDIKINYPEIKLSW), 

which in this Ig is a uniquely extended feature (Fig.18; Fig.25; Fig.27D). Our finding agrees 

with the view that individualized features in repetitive titin Ig domains have evolved to support 

the recruitment of sarcomeric partners to specific location of the titin filament (Zacharchenko 

et al., 2015).  

 

 
 

Fig.27 The RFDU of the CARP106-319 binding area on UN2A-Ig81  

The RFDU difference of the CARP-binding residues on UN2A-Ig81 with (red) and without (blue) 

CARP106-319. The error bar is shown in black. 
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mimicking the AR of CARP. Therefore, we have compared the structure between UN2A34-73 

and CARP106-319, using Chimera (Pettersen et al., 2004). The result showed a structure 

similarity between the CARP-binding area on UN2A (sequence: 

DIMELLKNVDPKEYEKYARMYG) and one AR in CARP106-319 (sequence: 

TPLHDAVRLNRYKMIRLLIMYG ), supporting our hypothesis (Fig.29).  

 

 
 

Fig.29 The structure compare between CARP and UN2A 

The UN2A34-73 has a structural similarity to the CARP ankyrin repeat. The sequence alignment using 

T-COFFEE (http://tcoffee.crg.cat/) is shown below. 

 

 

3.9. CARP106-319 locates at the linker between UN2A and Ig81 
 

As the structure of central core UN2A34-73 and the Ig81 were determined, we are aiming 

to build an artificial model of whole UN2A-Ig81 to better visualize the CARP binding 

interface. To investigate the relationship between UN2A and Ig81 that guides the model 

building, we studied the overall molecular features of UN2A and UN2A-Ig81 using SAXS 

(work is carried out by Dr. Barbara Franke; Fig.30; Table.6). The MM estimates showed that 

both samples are mostly monomeric in solution, agreeing with SEC-MALLS data above 

(Table.2; Fig.7). The experimental radius of gyration (Rg) and maximal particle size (Dmax) 

values indicated to elongated molecular shapes for both proteins. Specifically, the Rg and Dmax 

values of UN2A (21.7 Å and 9.0 nm, respectively) were approximately twice to a globular 

protein of this size (13.5Å and 3.5nm, respectively), which has a good agreement to the RH 

value (25.5 Å) from the diffusion NMR. The elongated shape of these samples was also 
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Fig.31 CARP106-319/UN2A-Ig81 binding model 

A. The model of UN2A-Ig81, in which the structured part (UN2A34-73 and Ig81) are shown as solid and 

the artificial part (disordered or without NMR data) are shown as transparent. The HDX-MS mapped 

CARP binding interface are in orange. 

B. The model of CARP106-319/UN2A-Ig81 complex built from the UN2A-Ig81 artificial model and 

CARP I-TASSER model (golden).  

 

 

3.10. Validation of the CARP/titin-N2A binding interface 
 

In order to validate the CARP/titin-N2A binding interface identified by using HDX-MS 

and NMR, we investigated the binding of CARP106-319 to truncated forms of UN2A. Namely, 
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we additionally tested UN2A, UN2A34-110 and UN2A34-73. As CARP106-319 changes its 

oligomeric state upon titin-N2A binding from dimer (in isolation) to single subunit (in complex 

with UN2A), interaction measurements using analytical methods (such as biolayer 

interferometry and isothermal titration calorimetry) proved to be uninterpretable. Thus, we 

used here analytical gel-filtration. The results indicated that full-length UN2A and UN2A34-110 

bind to CARP106-319 comparably, confirming that the N-terminal sequence is not needed for the 

interaction. However, UN2A34-73 and CARP106-319 co-segregated in the column only partially, 

indicating that they form a weaker complex and confirming the involvement of the C-terminal 

sequence in CARP106-319 binding (Fig.32).  
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Fig.32 Monitoring of CARP/titin -N2A binding  

The binding measurement between CARP106-319 and UN2A (A), UN2A34-110 (B), UN2A34-73 (C) and UN2AK45E/E46K (D). The binding was monitored by SEC 

using a HiLoad Superdex 75 16/600 column (GE Healthcare) in 25 mM HEPES pH 7.5, 100 mM NaCl and 1 mM Tcep. Both UN2A and UN2A34-110 co-

segregated with CARP106-319 during the gel-filtration. The UN2A34-73 forms much weaker complex with CARP and two separated peaks were observed. The 

mutation UN2AK45E/E46K showed a weaker CARP106-319 binding affinity, as the UN2AK45E/E46K are not presented at the beginning of the complex peak. 
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Fig.34 Validation of the fold integrity of UN2A K45E/E46K using CD measurements  

The CD spectra of UN2A (red) and UN2AK45E/E46K (blue) were recorded on a J-815 spectrometer 

(JASCO, Easton, MD, USA) in 20 mM phosphate pH 7.5. 

 

 

The data obtained in this study suggest that the CARP/titin-N2A contact interface is 

broad and strong as to be resistant to mutations. We explored single nucleotide polymorphisms 

(SNPs) on the CARP106-319/UN2A-Ig81 binding interface: forty-three non-synonymous single 

nucleotide variants were identified in gnomAD v2.1.1 (Figure.35). Of these twelve were 

assigned as disease causing by Meta-SNPs (Capriotti et al., 2013) and six of these were located 

in CARP binding areas identified during this study. The SNPs were performed by Dr. Jennifer 

Fleming. 

 



3. Results 

76 
 

 
 

Fig.35 The SNPs identification 

A. The model of UN2A-Ig81, in which the structured part (UN2A34-73 and Ig81) are shown in solid and 

the artificial part (disordered or without NMR data) are shown transparent. The HDX-MS based 
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was blocked in the complex and confirming the engagement of this sequence segment in CARP 

binding. Subsequently, the phosphorylation site was identified by tryptic digest MS as being 

located at residue S107, which lies close to the C-terminus of UN2A in the linker sequence to 

the subsequent domain, Ig81. Taken together, it is possible that the CARP prevents the PKA-

induce phosphorylation by blocking the modification site on the UN2A-Ig81. 

 

 
 

Fig.36 Phosphorylation of UN2A-Ig81 and its relation to CARP binding 

A. The Phos-TagTM page and full MS determination for phosphorylation checking of UN2A-Ig81 (left) 

and CARP106-319/UN2A-Ig81 complex (right). The phos-tag PAGE and the full MS determination 

indicating whether the protein is phosphorylated. The phosphorylation site on the UN2A-Ig81 is 

shown below. 

B. The CARP106-319/ phos-UN2A-Ig81 binding was monitored by using SEC on a HiLoad Superdex 75 

16/600 column (GE Healthcare) equilibrated in 25 mM HEPES pH 7.5, 100 mM NaCl and 1 mM 

Tcep. Phos-TagTM SDS-PAGE results (phos-UN2A-Ig81 and CARP106-319/phos-UN2A-Ig81 

complex) are also shown (right).  
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To find out whether the phosphorylation on the UN2A-Ig81 can, in reverse, abolish the 

CARP binding, the interaction between CARP106-319 and phosphorylated UN2A-Ig81 (phos-

UN2A-Ig81) was measured. However, phosphorylation of free UN2A-Ig81 did not affect the 

CARP complexation (Fig.36B), so that the possible physiological significance of this 

phosphorylation event remains unclear.  As CARP106-319 has multi-binding area on the UN2A-

Ig81, in which the central core UN2A34-73 contributes mostly to the binding, it is possible that 

monitoring one site on the UN2A-Ig81 linker cannot affect the interaction in a way that can be 

observed by SEC. 

 

 

3.12. CARP binds to actin and mediates actin/titin-N2A interaction 

 

Beside the phosphorylation, the CARP/titin-N2A binding is also considered able to direct 

alter the stiffness of the sarcomere. Previous (Lun et al., 2014) studies hypothesized that CARP 

cross-linked between titin molecules to directly modulate the stiffness of the muscle. This 

model indicates that the N-terminal tail of CARP contributes to its dimerization, while the C-

terminal AR motif should be monomeric. However, we have found that the AR domain of 

CARP forms dimers without the present of the N-terminal region. This indicates that the current 

functional model may be less representative and a new model is needed to describe the function 

of the CARP/titin-N2A interaction. 

 

Notably, the architecture of the UN2A central region calculated in this study closely 

resembles that of the m-domain from MyBP-C3 (PDB: 2LHU). The latter also folds into a 

small three-helix bundle, with flexible N- and C-terminal linker sequences that connect to 

flanking Ig domains (Howarth et al., 2012; Fig.9B; Fig.24C). The structural similarity of 

UN2A34-73 and the MyBP-C3 m-domain agrees with the fact that these domains share a level 

of conservation (~37%). The models, however, were calculated independently, as the 

ROSETTA fragment library used in the computation of the UN2A34-73 model did not include 

the MyBP-C3 entry to avoid modelling bias. The m-domain from MyBP-C3 has been shown 

to contribute to actin (Shaffer et al., 2009) and calmodulin binding (Lu et al., 2012; Michie et 

al., 2016). An NMR study showed that calmodulin binding involved residue Trp322 in the first 

helix of the m-domain from MyBP-C3 and residues in the C-terminal linker sequence joining 
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the m-domain to the subsequent Ig-C2 domain (Lu et al., 2012). These calmodulin binding 

features, however, are not conserved in titin-N2A (Met in titin while Trp in MyBP-C3 and the 

C-terminal linker of UN2A-Ig81 is much shorter) and a similar interaction is not to be expected. 

Further, a previous research has reported no binding between titin-N2A (Ig80-UN2A-Ig81-

Ig82, residue 9273-9770) and actin filament (Linke et al., 1997).  

 

To confirm that both UN2A and UN2A-Ig81 cannot bind to actin, the binding of them to 

actin with and without calcium (as Ca2+ is suggested for titin-N2A/actin binding) and CARP106-

319 were tested using co-sedimentation, by collaborating with Prof. Belinda Bullard. As 

expected, no binding of both UN2A and UN2A-Ig81 to actin could be identified (Fig.37A; 

Fig.37B), suggesting that the function of UN2A and the MyBP-C3 is not conserved despite 

their close resemblance. The lack of UN2A and UN2A-Ig81 binding to actin agrees to the 

previous study (Linke et al., 1997). Surprisingly, CARP106-319 has shown a strong binding to 

the actin with and without the presence of Ca2+ (Fig.37C; Fig.38B). Interestingly, both UN2A 

and UN2A-Ig81 were observed in the pellet with CARP106-319 and actin (Fig.37D; Fig.37E; 

Fig.38A), indicating the formation of CARP/titin-N2A/actin complex. As the binding between 

titin-N2A and actin is considered able to increase the stiffness of the sarcomere (Nishikawa et 

al., 2012; Powers et al., 2014), it is speculated that CARP alters the stiffness of the sarcomere 

by mediating the binding of titin-N2A to the actin. 
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Fig.37 The actin co-sedimentation  

The binding of actin to UN2A-Ig81 (A), UN2A (B), CARP106-319 (C), CARP106-319/UN2A-Ig81 (D) and 

CARP106-319/UN2A (E). The supernatant is referred as S while the pellet is referred as P. Actin was 

prepared from rabbit back muscle (Spudich and Watt, 1971). G-actin was centrifuged at 100000 g for 

30 min and the supernatant was polymerised in 50 mM NaCl, 20 mM MOPS pH 7.0 and 5 mM MgCl2, 

with proteolytic inhibitors supplemented. CARP106-319, UN2A-Ig81, UN2A, CARP106-319/UN2A-Ig81  

and CARP106-319/UN2A complex (20 µM) were added to actin (10 µM) in a total volume of 100 µl in a 

buffer containing 50 mM NaCl, 20 mM MOPS pH 7.0, 5 mM MgCl2 and 1 µM CaCl2 or 1 µM EGTA. 
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To further investigate whether the binding of actin/CARP/titin-N2A happens in vivo that 

indicates the biological importance of this interaction, we collaborated with Prof. Stephan 

Lange to test the CARP/titin-N2A/actin co-localized in vivo using co-immunoprecipitation (co-

IP) and LC-MS/MS. The identification of CARP interacting proteins by MS was done by 

immuno-precipitating endogenous CARP from whole cardiac lysates of muscle LIM protein 

(MLP) knockout or CARP knockout mice. MLP hearts were chosen as it displayed high levels 

of CARP protein expression (Lange et al., 2016), while CARP knockout hearts served as a 

negative control. The results of full length CARP-IP from lysates MLP and CARP knockout 

hearts showed that actin is associated with CARP in vivo (Fig.39).  

 

 
 

Fig.39 The co-IP and LC-MS/MS of CARP from MLP and CARP-knockedout heart 

The input and IP pellet of CARP and MLP knockout heart on the SDS-PAGE are shown on left and the 

LC-MS/MS identified CARP-associated proteins are shown on right. Briefly, heart tissues were lysed 

in 300 mM NaCl, 20 mM Tris-HCl pH 8, 1% Triton X-100, 0.1% SDS, 1x protease inhibitor cocktail 

(Roche) and 2 mM DTT, by sonicating on ice for 2 minutes. Soluble proteins were separated from 

insoluble cellular debris by centrifugation. The supernatant was pre-cleared with Protein-G linked 

magnetic beads (Dynabeads, Life Technologies) for 1 hour at 4ºC. After removal of beads, 1µg of 
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CARP antibody (polyclonal rabbit, Ankrd1-1; Myomedix, Germany) was added to the lysates and 

incubated over night at 4ºC. Protein-G coupled magnetic beads were then added to the lysate and 

incubated for 3 hours at 4ºC. Beads were washed 3 times with ice-cold 1 x PBS, supplemented with 

0.2% NP-40, followed by 2 washes with ice-cold 10mM Tris-HCl pH8, and 2 washes with ice-cold 

distilled water. Beads with bound complexes were analyzed by LC-MS/MS with nanospray ionization, 

which was performed using a QSTAR-Elite hybrid mass spectrometer (ABSCIEX) interfaced to a 

nanoscale reversed-phase high-pressure liquid chromatography (Tempo) using a 10 cm-180 ID glass 

capillary packed with 5-µm C18 ZorbaxTM beads (Agilent). The buffer compositions were as follows: 

Buffer A contains 98% H2O, 2% ACN, 0.2% formic acid, and 0.005% TFA; Buffer B consists 100% 

ACN, 0.2% formic acid, and 0.005% TFA. Peptides were eluted from the C-18 column into the mass 

spectrometer using a linear gradient of 5% - 60% Buffer B over 60 min at 400 µL/min. LC-MS/MS 

data were acquired in a data-dependent fashion by selecting the 6 most intense peaks with charge state 

of 2 to 4 that exceeds 20 counts, with exclusion of former target ions set to "120 seconds" and the mass 

tolerance for exclusion set to 100 ppm. Time-of-flight  MS were acquired at m/z 400 to 1800 Da for 0.5 

seconds with 12 time bins to sum. MS/MS data were acquired from m/z 50 to 2000 Da by using "enhance 

all" function and 24 time bins to sum, dynamic background subtract, automatic collision energy, and 

automatic MS/MS accumulation with the fragment intensity multiplier set to 6 and maximum 

accumulation set to 2 s before returning to the survey scan. Peptide identifications were made using 

Mascot (Matrix Sciences) and paragon algorithm executed in Protein Pilot 3.0 (ABSCIEX).  

 

 

Further, immunofluorescence staining of CARP, CARP106-319, UN2A and Ig80-UN2A-

Ig81 to the actin filament were performed in C1C12 cells (works were performed by Prof. Stephan 

Lange; Fig.40). The co-localization of CARP/Ig80-UN2A-Ig80, CARP/UN2A and CARP106-

319/ Ig80-UN2A-Ig80 to actin was observed, indicating that binds to actin is involved in the 

CARP/titin-N2A interaction in vivo. Neither CARP nor titin-N2A single species interact to the 

actin in isolation in vivo. 
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Fig.40 The co-localization of CARP, titin-N2A and F-actin 

Immunofluorescence staining of F-actin against Cherry-CARP, Cherry-CARP106-319, GFP-Ig80-UN2A-

Ig81 and GFP-UN2A. The F-actin is shown in blue, the CARP constructs are in red and the titin-N2A 

segments are in green. In short, Cloning of CARP, CARP106-319, UN2A and Ig80-UN2A-Ig81 into 

mammalian expression vectors was done as described previously (Lun et al., 2014). Constructs were 

transfected into C2C12 cells (Yaffe and Saxel, 1977) using Lipofectamine 2000 (Thermo Fisher) as 

previously described (Lange et al., 2012). Following three days of expression, cells were fixed with 4% 

PFA in PBS for 5 minutes at room temperature. Cells were permeabilized using 1x PBS supplemented 

with 0.2% Triton X-100 for 5 minutes and subsequently stained with DAPI and Alexa-647 Phalloidin 

(Thermo Fisher) dissolved in gold buffer (20 mM Tris-HCl, pH 7.5, 155 mM NaCl, 2 mM ethylene 

glycol tetraacetic acid, 2 mM MgCl2, 5% bovine serum albumin) for 1 hour. Cells were washed for 3 

times with 1x PBS, cells were mounted in mounting medium (DAKO) and processed for imaging on 

an Olympus Fluoview 1000 confocal microscope or Leica SP5 confocal microscope.  

 

 

All of the results above were either reported as publications (Zhou et al., 2016; Adams 

et al., 2019) or prepared to be published (Zhou et al., 2020, in preparation). 
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loop (Mrosek et al., 2007). These shared features indicate that titin has a general molecular 

strategy to form mechanosensory complexes. 

 

The PKA-induced phosphorylation of the titin-N2A region has been reported to be 

important for modulating the mechanical properties of the sarcomere and CARP acts as a 

mediator in this pathway (Lun et al., 2014). Our studies confirmed that the UN2A-Ig81 is 

phosphorylated by PKA in vitro, at the linker region (S107) and this modification is prevented 

by CARP binding. As the linker of UN2A-Ig81 contacts to CARP during the interaction, the 

PKA-binding segment on the UN2A-Ig81 is blocked by CARP binding and, therefore, prevent 

adding phospho-group onto the UN2A-Ig81. Further binding measurements showed that the 

phosphorylation on the UN2A-Ig81 cannot abolish CARP binding. With the fact that the CARP 

binding area spans largely the UN2A-Ig81, the interaction might not be significantly affected 

by blocking one binding site. Accordingly, the reverse charge mutated UN2AK45E/E46K showed 

a weaker interaction to CARP but the existence of Ig81 will rescue the binding and result in a 

strongly formed complex. Further, CARP-binding is unable to remove the phospho-group on 

the UN2A-Ig81. To sum up, CARP prevents the phosphorylation on titin-N2A by 

competitively blocking the PKA binding site on UN2A-Ig81.  

 

CARP is considered to be able to directly alter the mechanical properties of the sarcomere 

(Lun et al., 2014). Previously it was suggested that CARP forms a cross-linker between titin 

molecules to physically increase the stiffness of the sarcomere (Lun et al., 2014; Fig.4B). 

However, we have found that CARP106-319 dimerized without the N-terminal CC motif, which 

disagrees with this model. Thus, this hypothesized model maybe less representative and more 

functional studies for a new model is needed. Beside titin-N2A, we have identified a new 

CARP binding partner in the sarcomere: the actin filament. CARP-mediated titin-N2A/actin 

interaction was also observed. The CARP/titin-N2A/actin co-segregation is reminiscent of 

other studies, in which the increasing of sarcomere stiffness induced by titin-N2A/actin binding 

was suggested (Nishikawa et al., 2012; Powers et al., 2014; Fig.41). Early studies have 

observed no binding between Ig80-UN2A-Ig81-Ig82 and actin (Linke et al., 1997). However, 

a recent research with longer constructs which cover the Ig83 have reported actin/titin-N2A 

binding, suggesting that the Ig83 contributes to actin binding (Dutta et al., 2018). Mechanically, 

during sarcomeric stretching, the I-band titin elements, such as the proximal and distal Ig 

tandems, the PEVK segment and the titin-N2A region will be pulled and generate contractile 

force (Powers et al., 2014; Fig.41B). While fixing onto the actin, the titin-N2A and the 



4. Discussion and future perspectives 

89 
 

proximal Ig domain will not be stretched during the pulling of the sarcomere. Thus, only the 

PEVK region and the distal Ig segment act as the contractile force provider (Fig.41C). This 

will lead to a shorter titin length with a stronger passive force that is predicted to be double 

compared to the non-actin-binding titin (Powers et al., 2014). The stiffness of the sarcomere is 

therefore elevated. Thus, as CARP-mediated titin-N2A/actin binding was observed, it is 

possible that the CARP serves as a mediator that cross-links the titin-N2A onto the actin and, 

therefore, mechanically increase the stiffness of the muscle (Fig.41D). 

 

Further, the modulation of the N2BA/N2B isoform ratio is an important way to control 

the stiffness of the cardiomyocytes during stress overload and heart diseases (Cazorla et al., 

2000; Trombitás et al., 2001). Accordingly, the N2B isoform is dominantly presented in the end 

stage HF of the dog LV (Wu Y et al., 2000; Wu Y et al., 2002; Granzier and Labeit, 2004). 

However, exchanging I-band titin isotypes is a time consuming process and it may not possible 

to swiftly respond to the stretch overload. Therefore, the CARP/titin-N2A/actin binding may 

serve as a rapid way to decrease the compliance of the sarcomere and, thereby, give the heart 

enough times to alter the N2BA/N2B isoform ratio. 
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Fig.41 The function model of titin-N2A/actin binding 

A. The I-band titin contains the proximal Ig segment, distal Ig segment, PEVK element (grey) and N2A 

region (red, the N2B region and the middle tandem Ig segment are not shown). 
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B. Upon pulling of the sarcomere, all of the I-band elements will be stretched and generate passive 

contract force, with an active length of La. 

C. While titin-N2A is binding to actin, only the PEVK region and the distal Ig domain will be stretched 

during the pulling, result in an active length of Lb (La>Lb). The contractile force from the I-band titin 

will increase due to the short length and result in a stiffer sarcomere. The model is adapted from 

Powers et al., 2014. 

D. In the sarcomere, CARP (yellow) will interact both with actin filament and titin-N2A. This 

interaction will cross-link the titin-N2A onto the actin. During the pulling of the sarcomere, the titin 

will show a shorter behaviour and generate much stronger contractile force and, thereby, increase 

the stiffness of the muscle.  

 

 

4.2. Future perspectives 
 

To date, we have established a hypothesized functional model of CARP/titin-N2A/actin 

interaction. However, no experimental evidence of the sarcomeric contractile force changing 

induced by either titin-N2A/actin binding nor CARP/titin-N2A interactions have been reported. 

Thus, further research is needed to test this suggested function model, such as measuring the 

stiffness of the sarcomere with and without CARP. 

 

Further, in vivo studies using animal models with a similar N2B/N2BA ratio to human, 

such as pigs and dogs, is needed to further investigate the function of CARP involved in the 

resistance of the HF. 
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The TwcK was expressed, purified and crystallized with staurosporine and peptides by 

Anika Elimelech (bachelor student, supervised by Dr. Rhys Williams). My contributions in this 

project include diffraction data collection and protein structure determination. 
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6.2. Introduction 
 

The twitchin kinase (TwcK) is a titin-like kinase involved in the signalling pathways for 

muscle to response mechanical stretch (Lange et al., 2005; Moerman et al., 1988; Forbes et al., 

2010). The activity of TwcK is auto-inhibited as the ATP binding pocket, the substrate binding 

arm and the hinge region of the kinase domain are occupied by its flanking extensions. These 

N- and C-terminal tails will be displaced during mechanical stretch, restoring the activity of 

TwcK (Mayans et al., 1998). This feature allows TwcK to transfer mechanical inputs into 

biochemical signals and, therefore, to play a role in sarcomeric mechanical response. 

Accordingly, TwcK was reported to inhibition of muscle activity in vivo and Caenorhabditis 

elegans (C. elegans) with mutations that eliminate the TwcK activity behaved much more 

active compare to the wild type (Matsunaga et al., 2017). Based on protein kinase assays, the 

ideal peptide substrate of TwcK was identified as the residue 11-23 from the chicken smooth 

muscle myosin light chain (kMLC11-23; sequence: KKRARAATSNVFS) (Heierhorst et al., 

1996). The Arg15 is preferred by the TwcK. Further, titin-like kinases in human have low 

conservation compared to nematodes and insects (von Castelmur et al., 2012). Thus, study the 

TwcK of nematodes and insects may help us to develop potential treatments for parasitic, 

infectious nematodes and insects. 

 

Despite the importance of TwcK, studies to date is not sufficient to represent the 

TwcK/substrate interaction in detail. Therefore, we aim to structurally characterize the TwcK 

kinase domain (from C.elegans) complexed with its peptide substrate, by using X-ray 

crystallography. The detailed Twck-peptide complex structure will help us to develop new 

treatments for the infection of parasitic, infectious nematodes and insects, by impairing their 

titin-like kinases. 

 

 

6.3. Methods 
 

6.3.1. X-ray crystallography 

 

Crystallization of C.elegans TwcK in complex with staurosporine (a ligand that binds to 

the ATP pocket of the kinase) and peptides (10 and 13 amino acids long) were performed by 
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7. Annex: structure determination of 19F labelled 
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7.1. Author contributions 
 

Protein samples 4-19F-Phe-BsCspB and 4-19F-Trp-BsCspB were produced by Hannah 

Welte (supervised by Prof. Michael Kovermann). My contributions in this work include protein 

crystallization, diffraction data collection and protein structure determination. 
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7.2. Introduction 
 

Determination of protein structure is important to understand the structure-function 

relationship of biomolecules. Classic methods allow structure solving of macro-biomolecules 

in vitro. However, protein in living cell normally experienced a macromolecule-crowded 

environment, with a total protein concentration of ~400mg/ml (Zimmerman and Trach, 1991; 

Mika and Poolman, 2011). Therefore, the conformation of protein in vivo may different to the 

structure obtained in vitro. In-cell nuclear magnetic resonance (NMR) is a method that provides 

structure information of a protein up to atomic level at physiological condition (Inomata et al., 

2009; Theillet et al., 2016; Tanaka et al., 2019). To avoid interfering by other in-cell 

components, the in vivo measurement requires specific labels on the target, such as 

paramagnetic groups. Here, we produced two cold shock protein (BsCspB) samples with 19F 

labelling: 4-19F-Phe-BsCspB and 4-19F-Trp-BsCspB. As the 19F-residue is non-nature, this atom 

can serves as NMR target for in vivo studies (Danielson and Falke, 1996; Frieden et al., 2004). 

However, whether 19F labelling induces structural changes to the protein is unclear. Thus, we 

solved the crystal structure of both 4-19F-Phe-BsCspB and 4-19F-Trp-BsCspB to investigate the 

structure similarity of the modified variants to the wild type. 

 

 

7.3. Methods 
 

7.3.1. X-ray crystallography 

 

Protein samples 4-19F-Phe-BsCspB and 4-19F-Trp-BsCspB were concentrated to 20 

mg/mL in 20 mM sodium cacodylate pH 7.0 and 100 mM NaCl (obtained from Hannah Welte) 

and crystallized using a Gryphon liquid dispenser (Art Robbins instruments) on 96-well Intelli-

plates (Art Robbins instruments) employing the sitting drop method at 18 ºC. Crystals of 4-
19F-Phe-BsCspB grew from 100 mM CHES pH 9.5, 1 M Sodium citrate tribasic. Crystals of 4-
19F-Trp-BsCspB grew from 0.1 M BIS-TRIS propane pH 7.0, 1.2 M Sodium citrate tribasic 

dehydrate. Drop consisted of a 150:150 (nL) protein:precipitate ratio. For X-ray data cryo-

collection, crystals were vitrified in LN2 in mother liquor supplemented with 25% [v/v] 

glycerol. X-ray diffraction data were collected at the Swiss Light Source synchrotron (Villigen) 

and processed using XDS/XSCALE (Kabsch, 2010). Phasing was by molecular replacement 
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The cardiac ankyrin repeat protein (CARP) is up-regulated in the myocar-
dium during cardiovascular disease and in response to mechanical or toxic
stress. Stress-induced CARP interacts with the N2A spring region of the titin
Þlament to modulate muscle compliance. We characterize the interaction
between CARP and titin-N2A and show that the binding site in titin spans
the dual domain UN2A-Ig81. We Þnd that the unique sequence UN2A is not
structurally disordered, but that it has a stable, elongateda-helical fold that
possibly acts as a constant force spring. Our Þndings portray CARP/titin-
N2A as a structured node and help to rationalize the molecular basis of
CARP mechanosensing in the sarcomeric I-band.

Keywords: circular dichroism; recombinant proteins; SEC-MALLS; small-
angle X-ray scattering; X-ray crystallography

The muscle protein titin (> 38 000 residues) is a central
player in cardiovascular health and disease [1,2]. Titin
contributes to maintain the mechanical properties of
muscle and to the functional integration of sarcomere
signaling. Two important signaling hubs have been
identiÞed in the elastic I-band region of titin: the N2A
and the N2B elements [1,3,4]. N2A is functionally
essential and is present in both cardiac and skeletal
isoforms of titin, whereas N2B is found exclusively in
the heart. N2A interacts with the calcium-dependent
proteases, calpains [5,6], and with MARPs, a family of
muscle-speciÞc ankyrin repeat proteins [7,8]. The
importance of the N2A element is demonstrated by a

deletion that truncates domain Ig83 and which causes
severe muscular degeneration inmdm (muscular dys-
trophy and myositis)-mutant mice [9]. Here, calpain-3
binding is abolished [5] and MARP binding is abnor-
mally up-regulated, pointing to the central role of
N2A in modulating both signaling pathways [10].

The MARP gene family comprises three members:
the cardiac-speciÞc CARP/Ankrd1, Ankrd2/Arpp, and
the diabetes-associated DARP [7]. While MARPs are
not generally essential [11], the CARP isoform is
particularly relevant as its expression in the heart is
consistently up-regulated during heart failure. Initially,
CARP was identiÞed as a nuclear regulator of

Abbreviation
AR, ankyrin repeats; BiYFP, bimolecular ßuorescence complementation of yellow ßuorescent protein; CARP, cardiac ankyrin repeat protein;
CD, circular dichroism; DRI, differential refractive index; DSF, differential scanning ßuorimetry; MM, molecular mass; NRMSD, normalized
root-mean-square deviation; Rg, radius of gyration; SAXS, small-angle X-ray scattering; SEC-MALLS, size exclusion chromatography with mul-
tiangle laser light scattering; TEV, tobacco etch virus.
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the Nkx2.5 pathway [12,13], but subsequent studies also
demonstrated extranuclear roles, including a stress-in-
duced targeting of the sarcomere, e.g., in response to
mechanical overload [7,14]). CARP is also deregulated
in heart failure of diverse origins, including dilated car-
diomyopathy, hypertrophic cardiomyopathy, and
arrhythmogenic right ventricular cardiomyopathy [15–
18]. In all cases, its presence correlates with disease pro-
gression allegedly as a result of playing a role in disease
resistance [19]. Thus, CARP is currently viewed as a
stress response factor in the heart, where it appears to
increase the resistance of cardiomyocytes to apoptosis,
protecting the myocardium against damage.

Upon its stress induction, CARP localizes largely to
the sarcomeric I-band, where it interacts with titin
N2A [7,11]. As the N2A segment is an elastic spring of
titin, its interaction with CARP is thought to modulate
muscle compliance. Such modulation might be induced
partly by a direct alteration of the stretch response of
the spring and partly by the protection of N2A against
phosphorylation. N2A is phosphorylated by PKA (or
PKG), which increases titinÕs compliance and reduces
passive force in the sarcomere [8,20]. Accordingly,
myoÞbrils from knockout mice of CARP, MARP, and
DARP show high levels of phosphorylation and
become more compliant as the length of the myoÞbril
increases [21], supporting the view that CARP can con-
trol the stiffness of titin by blocking N2A phosphoryla-
tion. In addition, it has been hypothesized that CARP
acts as a cross-linker of titin Þlaments, providing
stretch resilience to the sarcomere [8]. As stretch over-
load causes apoptosis of cardiomyocytes, leading to
heart failure [22], it is speculated that the CARP : N2A
interaction might have an antiapoptotic role in muscle.

At the molecular level, CARP consists of N- and C-
terminal domains. The N-terminal fraction (~ 115 resi-
dues) is predicted as structurally disordered [8].
However, it contains a short coiled-coil motif that
induces the antiparallel dimerization of CARP, accord-
ing to bimolecular ßuorescence complementation of yel-
low ßuorescent protein (BiYFP) and pull-down assays
[8,23]. CARPÕs C-terminal region (~ 200 residues) is
predicted to fold into various ankyrin repeats (AR; 4–6
repeats variably predicted; [8,24,25]). This AR domain
has been shown to bind titin N2A [8]. The latter con-
sists of a unique sequence and four Ig domains (Fig.1).
Data from yeast two-hybrid screens indicated that the
elastic unique sequence between Ig80 and Ig81, UN2A,
is the site of interaction with CARP [7].

Despite the importance of CARP-N2A signaling in
heart physiology, little is known about the molecular
basis of this interaction. Here, we characterize bio-
physically the CARP : N2A complex and its

components and provide an experimental foundation
that can support future studies on the function of this
association.

Methods

Expression clones

CARP106–319 (UniProtKB Q15327) and the domain vari-
ants of titin N2A (UniProtKB Q8WZ42; Fig. 1) were
cloned into the pET-trx1a vector. This vector fuses a His6-
tag, a thioredoxin domain, and a tobacco etch virus (TEV)
protease cleavage site to the N terminus of the inserted
gene. All plasmids were conÞrmed by sequencing.

Recombinant protein production

Proteins were expressed inE. coli Rosetta (DE3; Merck Milli-
pore, Billerica, MA, USA) cultivated in Luria –Bertani media
supplemented with 25l g mL� 1 kanamycin and 34l g mL� 1

chloramphenicol at 37°C until OD 600 = 0.6. Protein expres-
sion was induced with 0.5 mM isopropyl-b-D-1-thiogalacto-
pyranoside and cultures grown further overnight at 18°C.
Cells were harvested by centrifugation and lyzed with a pres-
sure homogenizer in 25 mM HEPES pH7.5, 300 mM NaCl in
the presence of an EDTA-free protease inhibitor cocktail
(Roche Applied Science, Penzberg, Bavaria, Germany) and
1 mg DNAse (Sigma-Aldrich, St. Louis, MO, USA). The
lysate was clariÞed by centrifugation. The puriÞcation of all
proteins from supernatants followed Ni2+ -NTA afÞnity
chromatography, tag removal by TEV protease digestion,
reverse afÞnity chromatography, and size exclusion chro-
matography – the latter in 25 mM HEPES pH7.5, 100 mM

NaCl. PuriÞed samples were stored at 4°C until further use.
CARP : titin complexes were produced by mixing puri-

Þed samples at 1 : 1 molar ratio in 25 mM HEPES pH7.5,
100 mM NaCl.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on an 1100
CD spectrometer (JASCO, Easton, MD, USA). Samples

Ig80 Ig81 Ig82 Ig83UN2A

9381 9671 N2A

9472 9581

9472 9671
9381 9671

9377 9581

N2A
UN2A-Ig81
Ig80-UN2A

9472 9581

9582 9671
UN2A
Ig81

Fig. 1. Domain composition of the N2A region of titin. The
composition of the various constructs used in this study is shown.
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were studied in 20 mM sodium phosphate pH7.5 at a con-
centration of 0.18 mg mL� 1 for CARP 106–319 and
0.29 mg mL� 1 for UN2A. The spectral range wask = 185–
260 nm and a 1 mm cell (cell type 110-QS; HELLMA,
M  ullheim, Germany) was used. Spectra were acquired three
times and averaged. TheCDSSTR program [26] in Dichroweb
(http://dichroweb.cryst.bbk.ac.uk) was used to estimate sec-
ondary structure content. The Þt between experimental and
reconstructed spectra was evaluated by their normalized
root-mean-square deviation (NRMSD) (NRMSD > 0.05
signiÞes a nonacceptable Þt).

For thermal denaturation, CARP106–319 was assayed in
the temperature range 25–80 °C and UN2A between 20°C
and 95 °C. In both cases, the temperature increase rate was
1 °C min� 1 with an incubation time of 90 s at each integral
degree. Each spectrum was collected twice and averaged.
Thermal denaturation curves were calculated at
k = 208 nm for CARP106–319 (as this was the region of lar-
ger spectral change) andk = 220 nm for UN2A, and the
melting temperatureTm obtained from the Þrst derivative.

Size exclusion chromatography with multiangle
laser light scattering

The molecular mass (MM) of protein samples was deter-
mined by size exclusion chromatography with multiangle
laser light scattering (SEC-MALLS) on an �AKTA pure (GE
healthcare, Little Chalfont, UK) connected to a MALLS
detector and a differential refractive index (DRI) detector
(DAWN HELEOS-II and Optilab TrEX; Wyatt Technology,
Santa Barbara, CA, USA). The proteins were in a 25 mM
HEPES pH7.5, 100 mM NaCl solution that had been three
times Þltrated (0.22l M Þlter) and degassed. All measure-
ments were on a HiLoad Superdex75 10/300 column (GE
healthcare) running at a 0.75 mL min� 1 ßow rate. The total
amount of protein injected was~ 1 mg (at an approximate
concentration of 2 mg mL� 1). The system was calibrated
using bovine serum albumin prior to the measurements.

NMR spectroscopy

2D TOCSY (mixing time 40 ms) and NOESY (mixing time
100 ms) spectra from unlabeled UN2A sample at
15 mg mL� 1 were collected at 298K in 25 mM HEPES
pH7.5, 100 mM NaCl, 3 mM b-ME, 5% [v/v] 2H2O on an
Avance III 600 MHz spectrometer equipped with CryoP-
robe (Bruker, Karlsruhe, Germany). Spectra were processed
with TopSpin (Bruker) and referenced to the external stan-
dard trimethylsilylpropanoic acid.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were collected at
the B21 beamline of the Diamond Light Source syn-
chrotron (Didcot, UK) using the integrated SEC-SAXS

setup including the HPLC device Agilent 1260C (Santa
Clara, CA, USA). Protein samples (45l L volume) at a
concentration of 13.3 mg mL� 1 UN2A, 13.4 mg mL� 1

UN2A-Ig81, 14.9 mg mL� 1 CARP : UN2A-Ig81 were
injected onto a pre-equilibrated Shodex KW403 column
(25 mM HEPES pH7.5, 100 mM NaCl) and SEC performed
at a ßow rate of 0.16 mL min� 1. Frames were collected for
the entire eluate using an exposure time of 3s per frame
and a sample cell thermostated to 20°C. X-ray scattering
was recorded on a Pilatus 2M detector (Dectris, Baden-
Daettwil, Switzerland) at a sample to detector distance of
3.9 m and a k = 1 �A. Data processing usedSC�ATTER [27].
Scattering curves were analyzed withSC�ATTER and PRIMUS

[27,28] to determine the radius of gyration (Rg), the maxi-
mum dimension (Dmax), the pair distribution function P(r),
and the experimental MM. Low-resolution ab initio models
were calculated without the imposition of symmetry
restraints using DAMMIF [29]. Twenty independent models
were generated and averaged withDAMMAVER [30] and sub-
jected to Þnal reÞnement inDAMMIN [31].

Crystal structure determination of domain Ig81

Domain Ig81 was crystallized using a nanovolume dis-
penser robot (Innovadyne, Santa Rosa, CA, USA) on 96-
well Intelliplates using a sitting drop setting at 19°C.
Crystals grew from solutions containing 0.2M MgCl 2,
0.1 M Tris pH 8.5, 30% [w/v] PEG 4000. Ig81 was at a
concentration of 38.5 mg mL� 1. The precipitant : protein
drop ratio was 200 : 100 nL. Crystals were vitriÞed in
LN 2 in cryo-protection medium (20% [v/v] ethylene gly-
col, 20% [v/v] isopropanol, 0.2 M MgCl 2, 0.1M Tris
pH8.5) and used in data collection. X-ray diffraction data
were processed usingXDS/XSCALE [32] (Table 1). Phasing
was by molecular replacement inPHASER [33] using Ig10
from titin (PDB 4QEG) as search model. The model of
Ig81 was created with automatic model building in ARP/
WARP [34] and manual rebuilding in COOT [35]. Model
reÞnement usedPHENIX .REFINE [36].

Results

The ankyrin repeat domain of CARP forms
dimers with high helical content

CARP binds titin N2A via its C-terminal AR domain
[8]. To study this interaction, we created an N-termin-
ally truncated CARP construct corresponding to the
titin-binding domain, CARP 106–319. The overexpression
of CARP 106–319 in E. coli yielded 7 mg of puriÞed
sample per 1 L culture (Data S1). Analysis of
CARP106–319 by SEC-MALLS resulted in a measured
MM of 48.6 kDa (Table 2; Data S2), indicating that
CARP106–319 forms dimers (MM calculated from
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sequence is 24.1 kDa). This result was unexpected as
CARP106–319 lacks the N-terminal coiled-coil motif
thought to be indispensible for CARP dimerization [8].
Our Þndings reveal now that the AR domain can
contribute to the N terminus-led dimerization of
CARP.

Next, we estimated the secondary structure content
of CARP 106–319 using CD spectra. These calculations
indicated that CARP106–319 contains approximately
41% helical and 13% b-turn elements (NRMSD =
0.03; Fig. 2C). The result is in excellent agreement
with secondary structure predictions performed using
PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/; [37]),
Jpred4 (http://www.compbio.dundee.ac.uk/jpred; [38]),
and PCI-SS (http://bioinf.sce.carleton.ca/PCISS/start.
php; [39]). Predictions consistently suggested the

presence of 12 short helices indicative of the existence
of six AR motifs, amounting to ~ 40% helical content.
AR motifs contain ~ 33 residues that fold into two
short a-helices linked by a tight turn, forming a helix-
loop-helix a-hairpin structure where each adjacenta-
helix is arranged in an antiparallel fashion [40]. AR
units pack consecutively into an array, being linked by
a loop of variable length that projects outward from
the helices at a 90° angle. Upon stacking of the
repeats, the fold adopts a slightly concave shape.
Although there is no strict sequence conservation in
AR motifs, their composition approximates the con-
sensus ÔG-TPLHhA---G-h[-]hh-h--GA-h-A[+]Õ, where
h indicates a hydrophobic residue and [� ] and [+] neg-
atively and positively charged residues, respectively
[41]. Prominent features are the conserved TPLH
sequence in the Þrsta-helix that is involved in a tight
network of hydrogen bonds of structural importance
and the LL–GA motif at the end of each individual
AR. The TPLH feature is clearly recognizable in each
of the six predicted AR in CARP106–319 (Fig. 2A).
Thus, taking CD data and identiÞable sequence motifs
together, we concluded that the C-terminal domain of
CARP contains six AR motifs. In agreement, a repre-
sentative 3D-model of CARP106–319 calculated inde-
pendently with I-TASSER [42] contained six AR motifs
(Fig. 2B).

The stability of the CARP106–319 fold was then esti-
mated by thermal denaturation. For this, changes in
the CD spectrum upon temperature increase were used
to calculate the melting temperature (Tm) of the
domain. This yielded a Tm value of 43 °C (Fig. 2D).
The result was conÞrmed using differential scanning
ßuorimetry (DSF), which exactly reproduced the value
(Data S3).

The unique titin N2A domain has a helical and
thermally stable fold

In titin, the unique sequence UN2A has been reported
as the CARP-binding site [8]. UN2A is believed to be
intrinsically disordered (e.g., [8]). In support of this
view, the disorder predictor PONDR-Þt [43] suggested
notable portions of disorder in the N- and C-terminal
fractions of UN2A, with only a small central region
proposed as structured. In contrast, disorder predictors
DISEMBL [44], GLOBPLOT 2 [45], and PREDICT PROTEIN [46]
did not consistently identify any areas of signiÞcant
disorder. The latter agrees with secondary structure
predictions from PSIPRED [37], Jpred4 [38], and PCI-
SS [39] that estimate that UN2A has an a-helix rich
secondary structure (approximately 60–70% helical
content; Fig. 3A).

Table 1. X-ray data processing statistics and model reÞnement
parameters. EDO, ethylene glycol; IPA, isopropanol.

Ig81

PDB code 5JOE
Space group P6522
Cell dimensions

a, b, c (�A) 115.31, 115.31, 52.23
a, b, c (°) 90, 90, 120
Solvent content (%) 43
Matthews coefÞcient ( �A3/Da) 2.4
Copies in asymmetric unit 1

X-ray data
X-ray source DIAMOND I04-1
Detector PILATUS 6M-F
Wavelength (�A) 0.9282
Resolution (�A) 28.83–2.0 (2.05–2.0)
Unique reßections 14 310 (993)
Multiplicity 11.47 (11.67)
Completeness, % 99.8 (98.6)
<I/r (I)> 23.28 (2.87)
Rsym (I) 10.4 (87.9)
CC (1/2) 99.9 (86.5)

ReÞnement
No. of reßections

Working/test set
14 290/430

Protein atoms/waters 765/179
Ligands EDO 9 2, IPA 9 1
Rfactor/Rfree, % 0.1775/0.2184
RMSD bond length, �A 0.003
RMSD bond angle, ° 0.71

Table 2. Molecular mass analysis of CARP and N2A samples.

Sample
Sequence
(MM; kDa)

SEC-MALLS
(MM; kDa)

Oligomeric
state

CARP106–319 24.1 48.6 Dimer
N2A 33.9 36.0 Monomer
UN2A 13.3 13.1 Monomer
CARP106–319 : N2A 58.0 59.4 1 : 1
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To test these predictions, we produced UN2A
recombinantly in E. coli (yield: ~ 30 mg per 1 L cul-
ture; Data S1). SEC-MALLS analysis measured
UN2A MM as 13.3 kDa. This value is in excellent
agreement with its theoretical MM (13.1 kDa), con-
Þrming that UN2A is monomeric (Table 2; Data S2).
Next, we estimated the secondary structure content of
UN2A using CD. Spectra conÞrmed that this is a
highly helical protein (calculated helical content of
~ 62%; NRMSD = 0.01; Fig. 3C). Supporting this
result, we found similarity between a central UN2A
portion (accounting for approximately one-third of its
sequence) and a fragment of the unique cardiac myo-
sin binding protein-C motif (40% identity; 71% simi-
larity) that forms a three-helix bundle [47] (Fig. 3B).

Furthermore, we carried out a preliminary study of
UN2A using 1H–1H NOESY and TOCSY NMR
experiments. The large number of sequential HN/H N

(Fig. 3D) and strong intraresidue HN/H a (Data S4)

cross-peaks observed in the 2D-NOESY spectrum con-
Þrmed that this is a highly helical protein. Addition-
ally, a large number of NOE cross-peaks were
observed between aromatic and aliphatic residues (6.6–
7.2 p.p.m. region; Data S4), suggesting that at least
some of the aromatic residues contact simultaneously
several aliphatic residues, which normally occurs in a
hydrophobic cluster. These NMR characteristics are
consistent with a mutual packing of helices stabilized
by hydrophobic interactions. No sharp backbone HN

signals were observed in the 2D TOCSY spectrum that
would indicate ßexible, unstructured regions in the
domain (Data S4). This led us to conclude that UN2A
helices are arranged in a 3D-fold rather than being a
dynamic chain of loose, transiently forming helices.
However, overall, NMR signals were signiÞcantly
broader than expected for a globular protein of this
size. A likely explanation is an elongated shape of the
UN2A molecule that reduces rotational correlation

A B

C D

Fig. 2. The fold of the C-terminal AR domain from CARP. (A) Secondary structure prediction from sequence data for CARP106–319 by the
PCI-SS server [39]. Sequence signatures typical of the ankyrin repeat motif are boxed; (B) Predicted 3D-model of the CARP106–319 fold
calculated using I-TASSER (estimated TM-score = 0.87 � 0.07; conÞdence score C-score = 1.13) [42]; (C) CD spectra of CARP106–319 recorded
in 20 mM sodium phosphate buffer pH7.5 at 25 °C (blue), exhibiting features typical of an a-helical protein, and at 80 °C (red) upon being
thermally denatured; (D) Thermal denaturation curve of CARP106–319 derived from the change in its CD spectrum at k = 208 nm.
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time. This deduction is strongly supported by the elu-
tion proÞle of UN2A in SEC, where UN2A elutes at
much lower exclusion volume than expected for a pro-
tein of this MM (Data S5), indicative of a highly ani-
sometric molecular shape. Taken together, NMR and
SEC data suggested at this stage that UN2A is likely
to adopt an elongated helical fold.

Finally, we estimated the stability of the UN2A fold
by CD-monitored thermal denaturation. Unexpectedly,
the temperature increase only yielded a small, nonco-
operative change in CD signal, which did not allow
calculating a Tm value for UN2A (Fig. 3C). We then
incubated UN2A samples at 95°C for 90 s and at
99 °C for 10 min. In both cases, UN2A retained high

levels of secondary structure (Data S6). This suggested
that UN2A has a stable fold and that its helices are
not merely transient formations.

CARP forms a robust complex with the dual
domain UN2A-Ig81 segment of titin

To validate UN2A as the CARP-binding locus of titin
N2A, we tested the binding of the recombinant
CARP106–319 and UN2A samples using SEC. However,
only a modest cosegregation of the samples could be
observed (Fig.4B), indicating that the complex forms
only weakly. We then extended the UN2A construct
to include its ßanking domains: constructs Ig80-UN2A

UN2A:   EIDIMELLKNVDPKEYEKY ARMYGITDFRGLLQAFELLKQSQ
E D+ E+L+ P EYE+ A +G+TD RG+L+ + +KQ +

MyBPC3: EEDVWEILRQAPPSEYERIAFQHGVTDLRGMLKRLKGMKQDE

A

B

C

D

Fig. 3. Analysis of the UN2A fold. (A) Secondary structure prediction of UN2A from sequence data using the PCI-SS server [39]. Boxed
(blue) is a sequence segment in the central portion of UN2A with shared similarity to a helical motif from MyBP-C3; (B) Sequence alignment
of the segment common to MyBP-C3 and UN2A where conserved groups are indicated. The NMR structure of the MyBP-C3 fragment
(PDB 2LHU) is shown and the hydrophobic residues conserved in UN2A explicitly displayed. The conservation of these groups suggest a
similar helical packing of this segment of UN2A; (C) CD spectra of UN2A recorded in 20 mM sodium phosphate buffer pH7.5 at 25 °C
(Ellipticity); (D) HN/HN region of 2D NOESY spectrum showing a large number of contacts between backbone H N protons characteristic of
helical secondary structure.
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55 56 58 59 60 61 63 65 66 67 68 69 70

55 56 57 58 59 60 61 63 65 67 69 70 71

55 56 58 60 61 63 64 65 66 67 68 69 70

CARP

UN2A

UN2A

CARP

CARP

Ig81

Ig81

56 60 61 62 64 67 71 75 78 79 80 81 83

55 59 63 69 73 77 78 79 80 81 82 83 84

55 56 57 58 59 60 61 63 65 67 69 70 71

CARP

CARP

UN2A-Ig81

UN2A-Ig81

53 54 55 56 57 58 59 60 61 63 65 67 69

55 56 57 58 59 60 61 62 63 64 65 66 67

55 56 57 58 59 60 61 63 65 67 69 70 71

CARP

A

C

B

Fig. 4. Analysis of the complexation of CARP and N2A species. Complexes of CARP106–319 and (A) UN2A, (B) Ig81, and (C) UN2A-Ig81
mixed at 1 : 1 molar ratio studied by SEC using a same Superdex75 16/60 column (GE Healthcare) in 25 mM HEPES pH7.5, 100 mM NaCl.
Only UN2A-Ig81 yields a strong cosegregation with CARP106–319.
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and UN2A-Ig81 were generated. Ig80-UN2A could
not be produced solubly in E. coli, but UN2A-Ig81
was obtained in a yield of 10 mg per 1 L culture (Data
S1). SEC showed that the interaction between UN2A-
Ig81 and CARP106–319 is robust, with a clear cosegre-
gation of species permitting the isolation of the com-
plex (Fig. 4A). Hence, we deduced that Ig81 must be
part of the CARP-binding site in titin. However, when
we tested the complexation of CARP106–319 with the
isolated Ig81, no cosegregation was observed suggest-
ing that Ig81 on its own does not interact detectably
(Fig. 4C). We thus concluded that Ig81 and UN2A
cooperate in forming a shared binding site for CARP.

Binding to titin disrupts the dimeric state of the
ankyrin repeat domain of CARP

As CARP106–319 forms dimers but N2A components are
monomeric (Table 2), we studied the stoichiometry of
the complex using SEC-MALLS. To better resolve com-
plexed and single species, we used an extended segment
of titin N2A comprising Ig80-UN2A-Ig81, here termed
N2A (Fig. 1). N2A was produced recombinantly with a
yield of 8 mg of pure protein per 1 L culture (Data S1).
The analysis of the CARP106–319 : N2A complex by
SEC-MALLS yielded a MM of 59.4 kDa (Table 2;
Data S2). As the theoretical MM of CARP 106–319 is
24.1 kDa and that of N2A is 33.9 kDa, the measured
MM is in excellent agreement with a 1 : 1 CARP106–319 :
N2A complex. This implies that the CARP106–319 dimer
interface must be disrupted by its binding to titin N2A,
so that N2A binding is in competition with AR-
mediated CARP dimerization.

Biophysical characterization of the CARP : titin
complex and its components

We studied the overall molecular features of UN2A,
UN2A-Ig81, and the CARP : UN2A-Ig81 complex
using SAXS (Fig. 5; Table 3). MM estimates indicated
that all samples are predominantly monomeric in solu-
tion, agreeing with SEC-MALLS data. The experimen-
tal Rg and Dmax values pointed to elongated molecular
shapes for all constructs, but specially UN2A and
UN2A-Ig81. SpeciÞcally, the Rg and Dmax values of
UN2A (21.7 �A and 9.0 nm, respectively) were roughly
twice those of a globular protein of same mass (13.5�A
and 3.5 nm, respectively, for a hydrated spherical pro-
tein particle of density 1.35 g cm� 3; Rg2 = 3/5.r2). The
elongated shape of these samples was also conÞrmed
by the overall appearance of the pair distance distribu-
tion function P(r) that deÞnes the frequency of dis-
tancesr joining two volume elements in the molecule.

The P(r) functions of UN2A and UN2A-Ig81 dis-
played a skewed appearance characteristic of elongated
structures, and exhibited a tail indicative of an
extended protrusion (Fig. 5). The marked tail of the
P(r) function further points to a modest internal
dynamics in these samples, as marked motions would
result in a disappearance or smearing of this feature.

The interpretation of SAXS data in terms of low-
resolution molecular shapes resulted in elongated
structures for UN2A and UN2A-Ig81 (Fig. 5), consis-
tent with deductions above. Theab initio model of the
CARP : UN2A-Ig81 complex suggested the binding of
CARP in transversal orientation at the junction of the
UN2A and Ig81 domains (Fig. 5), in agreement with
expectations.

The crystal structure of Ig81 reveals
individualized fold features

The numerous Ig domains along the titin chain
(> 300) share high levels of structural and sequence
similarity. Yet, certain Igs have achieved structural
and functional differentiation, acting as speciÞc loci
for the recruitment of sarcomeric proteins to titin. To
reveal whether Ig81 presents individualized features
that could support its speciÞc role in CARP binding,
we elucidated its atomic structure using X-ray crystal-
lography (Table 1).

The structure of Ig81 reveals a classical Ig-I fold,
characteristic of domains from titin. However, Ig81
has a divergent BC-loop at the N-terminal pole of its
fold that does not conform with the canonical features
of either of the Ig subtypes of titin: the ÔN-conservedÕ
and ÔN-variableÕ types [48]. The ÔN-conservedÕ type is
characterized by the presence of a long FGb-hairpin
hosting a NxxG motif, the prevalence of a PP motif
within the N-terminal b-strand A, and a modestly long
BC-loop rich in proline residues. The correlated con-
servation of these three attributes derives from their
tight mutual packing at the N-terminal pole of the fold
[48]. By contrast, the ÔN-variableÕ Ig subtype is deÞned
by shortened BC and FG loops that do not pack
against each other [48]. The loop structure is highly
conserved within each Ig subtype (Data S7), with the
divergence resulting from identiÞable sequence differ-
ences that alter both the length and composition of
these loops in each subtype. Ig81 shows features typi-
cal of the ÔN-variableÕ subtype (presenting a short FG
b-hairpin) but it displays an unusually long BC-loop—
these unique characteristics do not conform to either
subtype (Fig. 6; Data S7). The protruding BC-loop in
Ig81 is accessible, being a good candidate for the
mediation of interactions. Thus, it is conceivable that
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this loop, which is located at the UN2A-Ig81 interface,
might play a role in the recruitment of CARP to this
locus of titin.

Finally, we explored whether the elongated BC-
loop in Ig81 affected the stability of its fold. We
derived the Tm of Ig81 by thermal unfolding moni-
tored by DSF, which yielded a value of 67°C (Data
S3). This value indicated that Ig81 has a robust fold.
The high Tm of Ig81 correlates with the thermostabil-
ity of UN2A, and together with SAXS data, suggest

that the UN2A-Ig81 doublet is a structurally stable
locus of titin.

Discussion

N2A is a small linker located at the junction of the two
main springs of titin: the poly-Ig tandems that extend at
low force and the PEVK-rich region that extends at high
force [1 and references within]. The current view is that
N2A is a largely unstructured region that extends upon

A B C

UN2A

UN2A-Ig81

CARP:UN2A-Ig81

D

Fig. 5. SAXS data andab initio models of the CARP/titin complex and its components. (A) Experimental scattering is displayed as dots with
error bars, while the curves computed from the ab initio models are given as continuous lines; (B) Distance distribution functions; (C)
ab initio sphere models. Bringing conÞdence to the calculations, it can be observed that shapes of larger constructs reproduce and expand
the features of the smaller segments. Comparison of UN2A and UN2A-Ig81 envelopes suggest that UN2A has an N-terminal protrusion that
contributes to its acutely elongated shape. The extension on the right side of UN2A-Ig81 Þts an Ig domain within. The envelope of the
CARP : UN2A-Ig81 complex shows a transversal enlargement, whose dimensions agree with those of the I-TASSER model of CARP106–319

that Þts within; (D) Schematical interpretation of the CARP : UN2A-Ig81 complex.
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stretch, generating passive force. Unexpectedly, our
data indicate that UN2A has an a-helical 3D-fold of
anisometric characteristics, which forms a structured
complex with CARP. It is known that secondary struc-
ture elements determine the mechanical unfolding
regime of proteins [49,50]. In helices, the main chain
hydrogen bonds align with the helical axis that, in turn,
commonly aligns with the force vector during pulling.
As a result, helices undergo longitudinal shearing, so
that their unfolding requires a force equivalent to the
force needed to rupture one bond multiplied by the
number of bonds in the helix. Thereby, helical motifs
behave as constant force springs, displaying a force pla-
teau while unfolding. This is contrary to entropic
springs in which the force rises with extension (following
HookeÕs law) [51–53]. Thus, helices work in a truly elas-
tic regime, undergoing rapid force-induced folding–re-
folding transitions, where little energy is dissipated so

Table 3. Molecular parameters calculated from scattering data.

MM calc

(kDa)
MM exp

(kDa) Rg (�A) Dmax (�A) v2

UN2A 13.3 13.0 21.71 � 0.11 90 1.38
UN2A-Ig81 23.6 19.0 27.06 � 0.19 120 1.28
Complex 47.7 37.5 27.87 � 0.22 108–112a 1.14

MM, Rg, Dmax denote the molecular mass, radius of gyration, and
maximal particle size, respectively. MM calc is the theoretical MM of
the samples calculated from sequence data. v2 is the discrepancy
between the experimental curve and those computed from ab initio
sphere models.
aIn the CARP : UN2A-Ig81 complex, the protrusions are
proportionally smaller than the bulkier core fold so their contribu-
tion to the P(r) function in the form of a tail is also relatively
smaller. We tested the veracity of the tail in the P(r) function by
exhaustively evaluating global Þts and ab initio models for Dmax

values in the range 100–112 �A. Larger Dmax values (108–112 �A)
yielded best results and ab initio models with more interpretable
features.

I1 I94 I81

BC

FG

A

B

Fig. 6. Crystal structure of Ig81. (A) Cartoon structures of representative Ig subtypes in titin: I1 belongs to ÔN-conservedÕ subtype and I94 to
the ÔN-variableÕ [48]. The subtypes have a different loop structure at their N-terminal pole. I81 has mixed features, with the extended
conformation of its longer BC-loop given by its packing against the N-terminal b-strand A; (B) Sequence alignment of a selected set of Ig
from titin. The ÔN-conservedÕ group is highlighted in blue. Theb-strand composition of Ig81 is indicated in green. (The BC-loop and FGb-
hairpin are indicated in A and B). Interestingly, Ig83 in the titin N2A region, which is truncated in mdm mice [9], has an unusual feature
somewhat comparable to that of Ig81; namely, an extended FG b-hairpin.

3107FEBS Letters 590 (2016) 3098Ð3110ª 2016 Federation of European Biochemical Societies

T. Zhou et al. Characterization of the CARP/titin interaction



that the complete mechanical energy absorbed in the
stretching cycle is released during relaxation. We specu-
late that the UN2A segment might act as a constant
force spring that serves as a mechanical buffer in the
sarcomeric I-band.

The stretch response of titin N2A is regulated by
CARP binding. Yet, CARP shuttles from its sarcomeric
localization in the I-band to the nucleus upon mechani-
cal stress [7]. The response to stretch of CARP together
with its ability to act as nuclear transcriptional regulator
[12,13] point to a role as possible translator of mechani-
cal signals into gene expression processes in muscle [7].
Our data suggest that CARP mechanosensing could
result from the dual domain nature of the UN2A-Ig81-
binding site. In such shared binding sites, an alteration
of the twist or hinge angles between domains by stretch
could sterically alter the afÞnity of the titin chain for the
binding protein, thereby making the interaction
mechanically sensitive [54]. In this respect, CARP :
UN2A-Ig81 is reminiscent of another mechanosensory
complex of titin, that of the E3 ubiquitin ligase MuRF1
with the tandem A168-A169-A170-TK in the sarcomeric
M-line [55–57]. Like CARP : UN2A-Ig81, MuRF1
requires at least two titin domains for binding: A168-
A169 [55], with no single domain able to bind MuRF1
in isolation [57]. As in Ig81, Ig domain A169 has indi-
vidualized features: a unique loop betweenb-strands A
and A0. The mutagenesis of this loop abolished MuRF1
binding [56]. These shared features indicate that titin
might use a general molecular strategy in the formation
of sensory complexes. As a whole, Þndings from this
work call now for an assessment of the mechanical resi-
lience of UN2A and the impact on sarcomere perfor-
mance of its binding to CARP.
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Abstract
The puri�cation of phosphorylated proteins in a folded state and in large enough quantity for biochemical or biophysical 
analysis remains a challenging task. Here, we develop a new implementation of the method of gallium immobilized metal 
chromatography (Ga3+-IMAC) as to permit the selective enrichment of phosphoproteins in the milligram scale and under 
native conditions using automated FPLC instrumentation. We apply this method to the puri�cation of the UN2A and M1M2 
components of the muscle protein titin upon being monophosphorylated in�vitro by cAMP-dependent protein kinase (PKA). 
We found that UN2A is phosphorylated by PKA at its C-terminus in residue S9578 and M1M2 is phosphorylated in its 
interdomain linker sequence at position T32607. We demonstrate that the Ga3+-IMAC method is e�cient, economical and 
suitable for implementation in automated puri�cation pipelines for recombinant proteins. The procedure can be applied both 
to the selective enrichment and to the removal of phosphoproteins from biochemical samples.

Keywords Phosphorylation�· FPLC protein puri�cation�· Titin�· PKA

Abbreviations
MS	� Mass spectrometry
IMAC	� Immobilized metal a�nity chromatography
MOAC	� Metal oxide a�nity chromatography
FPLC	� Fast protein liquid chromatography
IDA	� Iminodiacetic acid
IPTG	� Isopropyl �-D-1-thiogalactopyranoside
TCEP	� Tris(2-carboxyethyl)phosphine hydrochloride
PKAc�	� cAMP-dependent protein kinase.

1  Introduction

Phosphorylation of substrate proteins by protein kinases is 
a fundamental mechanism of cellular regulation [1]. Most 
phosphorylation studies aim to identify modi�cation sites 
in target proteins using high-resolution mass spectrom-
etry (MS) and proteomics techniques (reviewed in [2]). 

In phosphoproteome pro�ling, phosphoproteins are part 
of complex mixtures (commonly cell crudes or enriched 
broths), where incomplete phosphorylation adds to chemi-
cal heterogeneity and low protein abundance to trouble site 
identi�cation. Thus, phosphopeptide enrichment is key to 
proteomics and considerable e�orts have been directed to 
developing fractionation methodologies for this purpose. 
Immobilized metal a�nity chromatography (IMAC) is the 
most cost-e�ective and successfully applied procedure to 
this e�ect [3]. However, IMAC leads to a di�erential recov-
ery of peptides, having an enrichment bias towards multi-
ply phosphorylated species. To increase the sensitivity for 
monophosphorylated samples and, thereby, improve phos-
phopeptide coverage in proteomics, novel metal oxide a�n-
ity chromatography (MOAC) matrices have been developed 
(e.g. [4–6]), the tendency being towards the combined usage 
of IMAC and MOAC materials [5, 7]. IMAC systems have 
been reported that are based on Ga3+, Fe3+, Ti4+, Zn2+ and 
Al3+ ions (e.g. [8–13]) and include commercial products 
such as Fe3+-based PHOS-Select™ IMAC (Sigma) and, the 
now discontinued, Ga+ 3-IMAC PhosphoPro�le™ (Sigma). 
Traditionally, Fe3+ has been the preferred immobilized ion 
for phosphor-group capture, but Ga3+ has been shown to be 
superior in its binding speci�city of phosphorylated species 
[8, 9, 13, 14]. Beyond reaching a certain threshold of purity, 
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phosphoproteome pro�ling does not place requirements on 
high yield or the 3D-fold preservation of protein samples. 
In fact, IMAC protocols (as well as MOAC) are commonly 
performed in microscale column formats and on proteolized 
peptide mixtures using strongly denaturing chemical elu-
tants (e.g. acetonitrile, dihydroxybenzoic acid, ammonium 
hydroxide, tri�uoracetic acid, or phosphoric acid at highly 
acidic pH values; [8, 10–12, 15–18]) as this yields the best 
performance.

In contrast to proteome research, the fractionation of 
intact, non-denatured phosphoproteins has seen surprisingly 
little development. Such fractionation is key to biochemical, 
biophysical and structural research that aims to study the 
conformational and functional consequences of phosphoryl-
ation in the target proteins in analytical terms. These studies 
require natively folded proteins, in high state of purity and in 
high quantity (often mg scale). To achieve this goal, proteins 
are commonly produced recombinantly, isolated, and sub-
jected to phosphorylation in vitro using a known kinase. Yet, 
phosphotransfer reactions are often incomplete and captur-
ing the phosphorylated species in reaction mixtures remains 
challenging. Enrichment protocols as employed in proteom-
ics are here unsuitable and often cost-prohibitive. Thus, the 
production of phosphomimics via site-directed mutagenesis 
or via the introduction of non-natural phosphor-amino acids 
is pursued instead to achieve homogeneous sample prepara-
tions [19]. These procedures, however, su�er from their own 
limitations, with phosphomimics often exhibiting behaviours 
di�erent to those of natively phosphorylated proteins [2, 20].

For a phosphoprotein puri�cation technique to be applica-
ble to downstream applications in the �elds of biochemistry 
and biophysics, it must be highly selective, scalable up to 
the milligram range, non-destructive, and a�ordable. The 
most promising method to this e�ect is IMAC as these res-
ins are already introduced in biochemical laboratories, are 
available commercially in large column formats, compat-
ible with automated Fast Protein Liquid Chromatography 
(FPLC) instrumentation, rechargeable and reusable. Yet, 
only few studies have investigated the e�cacy of IMAC in 
native phosphoprotein enrichment. Machida and co-workers 
[9] described the microscale puri�cation of phosphoproteins 
from cell lysates using Ga3+-IMAC on iminodiacetic acid 
(IDA) resin and using phosphate bu�er for elution, indicat-
ing that Ga3+-IMAC has promise for intact phosphoprotein 
puri�cation. More recently, Ga3+-IMAC on Sepharose beads 
has been attempted in the puri�cation under native condi-
tions of the protein OPN [20], but selectivity for the phos-
phorylated protein was not achieved in that study, likely due 
to the unusually acidic character of that protein.

Here, we establish a procedure for the enrichment of 
natively folded phosphoproteins using Ga3+-IMAC resin, 
pre-packed columns and automated FPLC instrumenta-
tion. We also develop a protocol for the regeneration of 

the columns to allow reuse. We apply this method to two 
recombinant proteins as study cases -speci�cally the UN2A 
and M1M2 domain components of the myoprotein titin- and 
demonstrate that the procedure is e�ective on monophos-
phorylated species. Our results show the suitability of the 
method for the high-yield production of intact phosphopro-
teins for the study of protein structure and function.

2 � Materials and�Methods

2.1 � Protein Production

The expression clone of UN2A from titin (residues 
9472–9581; UniProtKB Q8WZ42) has been previously 
described [21]. The sequence coding for domains M1M2 
(residues 32490–32713; UniProtKB Q8WZ42) was cloned 
into the pOPINB vector (Oxford Protein Production Facility, 
UK), which adds a His6-tag and a protease 3C cleavage site 
N-terminally to the target sequence.

Recombinant overproduction of UN2A and M1M2 titin 
samples used E. coli Rosetta (DE3) cells (Merck Milli-
pore). Cells were cultivated at 37�°C in Terri�c Broth sup-
plemented with 25�µg/ml kanamycin and 34�µg/ml chlo-
ramphenicol. Protein expression was induced at OD600 = 0.9 
with 0.5�mM isopropyl �-D-1-thiogalactopyranoside (IPTG) 
and cultures further grown overnight at 18�°C. Cells were 
harvested by centrifugation and lysed by sonication in ice in 
25�mM HEPES pH 7.5, 300�mM NaCl, 1�mM dithiothreitol, 
in the presence of an EDTA-free protease inhibitor cocktail 
(Roche Applied Science). Lysates were clari�ed by centrifu-
gation and proteins puri�ed from the supernatant using Ni2+ 
a�nity chromatography on a HisTrap™ HP column (GE 
Healthcare), followed by protease mediated tag removal 
(Tobacco Etch Virus for UN2A and 3C protease for M1M2), 
subtractive a�nity chromatography and size-exclusion chro-
matography (HiLoad Superdex 75 column, GE Healthcare). 
Bu�ers used for UN2A puri�cation were as described [21], 
with the �nal sample bu�er being 25�mM HEPES pH 7.5, 
100�mM NaCl, 1�mM Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP). M1M2 puri�cation used 300�mM NaCl, 
50�mM Tris–HCl pH 7.5, except for the �nal size-exclusion 
chromatography that used 50�mM NaCl, 50�mM Tris–HCl 
pH 7.5. Puri�ed samples were stored at 4�°C until further 
use.

2.2 � Production of�PKA Kinase

Murine PKA catalytic subunit � (PKAc�) was cloned into 
the pET-30 Ek/LIC vector (Novagen), which yielded an 
N-terminally His6-tagged PKA sample. Expression was in 
E. coli Rosetta (DE3) cells (Merck Millipore), which were 
grown and harvested as described above for titin samples. 
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Cells were lysed in 25�mM HEPES pH 7.5, 300�mM NaCl 
and PKAc� puri�ed from the supernatant by metal a�nity 
chromatography in a HisTrap™ HP column (GE Health-
care). Binding to the HisTrap™ HP column was in lysis 
bu�er, but elution used 25�mM HEPES pH 7.5, 300�mM 
NaCl, 200�mM Imidazole. Eluted fractions were dialysed 
against 25�mM HEPES pH 7.5, 100�mM NaCl and subjected 
to size exclusion chromatography (Superdex S200 16/600 
column, GE Healthcare). Finally, 50% [v/v] glycerol was 
added to the puri�ed sample, which was then aliquoted at 
a concentration of 1�mg/mL (estimated by A280) and �ash 
frozen in LN2 in gel �ltration bu�er. The protein was stored 
at -80�°C until use.

2.3 � Bulk Scale Phosphorylation Assay

Puri�ed UN2A and M1M2 proteins were assayed for phos-
phorylation by PKAc�. Phosphorylation assays used ca. 
30�mg of sample protein (in a 15�mL volume corresponding 
to a protein concentration of 2�mg/mL) in their �nal bu�ers. 
To this, 1.5�mL 10x magnesium bu�er (100�mM MgCl2, 
500�mM Tris pH 7.5, 500�mM NaCl) was added. Reactions 
contained 6.6��g/mL PKAc� and were initiated by addition 
of ATP (at a �nal concentration of 1.33�mM and prepared 
in 50�mM HEPES pH 7.5). The mixture was incubated at 
37�°C and 150�rpm for 1�h, then gently mixed overnight 
at room temperature. Phosphorylation was con�rmed via 
Phos-Tag™ (Wako Pure Chemical Industries; [22]) applied 
to 12% SDS–PAGE.

The SDS–PAGE gels were imaged using a Gel Doc™ EZ 
Gel imager and the supplied software Image Lab™ 5.2.1 
(Bio-Rad). Gel densitometry was performed using Image 
Lab™ 5.2.1 by automatically detecting the gel bands at the 
default detection threshold. Relative abundance was then 
gathered from the lane pro�le generated by the software.

2.4 � Gallium-Based Phosphoprotein Puri�cation

Reactions mixtures from phosphorylation assays were sub-
jected to Ga3+-IMAC puri�cation. For this, a column was 
prepared by stripping a commercial 5�mL HisTrap™ HP col-
umn (GE Healthcare) from Ni2+ ions using 20�mM sodium 
phosphate pH 7.4, 0.5�M NaCl, 50�mM ethylenediaminetet-
raacetic acid (EDTA). The column was then charged with 
Ga3+ ions by �owing 3 column volumes (CV) of 200�mM 
gallium chloride (Sigma-Aldrich). The column was washed 
in water to remove excess ions and stored in 20% ethanol 
until use.

For puri�cation, protein mixtures from phosphorylation 
assays were loaded onto the column at a �ow rate of 1�mL/
min using an Äkta Start FPLC system (GE Healthcare). To 
minimize unspeci�c binding, the column containing the 
bound samples was washed with a high salt bu�er (UN2A: 

50� mM MES pH 5.5, 500� mM NaCl; M1M2: 50� mM 
Tris–HCl pH 6.0, 500�mM NaCl). Upon column washing 
(5CV), bound protein fractions were eluted using a gradient 
(5%-to-100%) of 500�mM sodium phosphate pH 6.0 (total 
5CV) at a �ow rate of 5�mL/min. Individual elution frac-
tions were evaluated using Phos-Tag™ (Wako Pure Chemi-
cal Industries [22]) in 12% SDS–PAGE.

In all cases, upon each usage, the Ga3+-IMAC column 
was cleaned with 50�mM citric acid pH 4.0 that eluted bound 
phosphate groups. The column was then used in subsequent 
puri�cation rounds. After ca. 10 usage cycles, the column 
was stripped of metal ions using EDTA and newly charged 
with Ga3+ ions (as described above) for continued use.

2.5 � Mass Spectrometry

UN2A and M1M2 samples were analyzed by reversed phase 
liquid chromatography (C18 resin; Acclaim PepMap100, 
Thermo Scienti�c) nanospray tandem mass spectrometry 
(LC-MS/MS) using an LTQ-Orbitrap mass spectrometer 
(Thermo Fisher) and an Eksigent nano-HPLC. After sam-
ple injection, the column was washed for 5�min with 95% 
phase A (0.1% formic acid) and 5% phase B (0.1% formic 
acid in acetonitrile), and peptides were eluted using a lin-
ear gradient of 5%-to-40% phase B, then 80% phase B at 
300�nL/min. The LTQ-Orbitrap mass spectrometer was 
operated in a data dependent mode in which each full MS 
scan (30 000 resolving power) was followed by �ve MS/MS 
scans where the �ve most abundant molecular ions were 
dynamically selected and fragmented by collision-induced 
dissociation (CID) using a normalized collision energy of 
35% in the LTQ ion trap. Dynamic exclusion was allowed. 
Tandem mass spectra were searched against the Swissprot 
human protein database using Mascot (Matrix Science) with 
“Trypsin/P” enzyme cleavage, static cysteine alkylation by 
iodoacetamide and variable methionine oxidation. Mass 
deconvolution was performed using mMass 5.5.0. The spec-
tra were smoothed using two cycles of the Savitzky-Golay 
method and a window size of 0.3�Da/z. Peaks were picked 
with a signal/noise threshold of 3.0, a picking height of 75 
and no deisotoping. Charges for the peaks were assigned 
manually. Monoisotopic deconvolution was performed with 
a peak grouping window of 0.01�Da/z.

2.6 � Circular Dichroism

Circular dichroism (CD) spectra were recorded on a J-815 
CD spectrometer (JASCO) using a quartz cuvette (Hellma) 
with a light path of 1�mm. Samples were studied in 50�mM 
NaH2PO4 pH 7.5 at a concentration of 0.44�mg/mL for 
M1M2; 1.06�mg/mL for pM1M2; 0.16�mg/mL for UN2A; 
and 0.26� mg/mL for pUN2A. The spectral range was 
� = 190–300�nm. Spectra were acquired �ve times at 18�°C 
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and averaged. The CDSSTR program [23] in the Dichroweb 
server [24] was used to calculate secondary structure con-
tent from spectra. The �t between experimental and recon-
structed spectra was evaluated by their normalized root-
mean-square deviation (NRMSD) (NRMSD > 0.05 signi�es 
a poor �t).

3 � Results

3.1 � UN2A and�M1M2 Components of�Titin are 
Phosphorylation Targets of�PKA

Titin is an intrasarcomeric, multi-domain protein of giant 
dimensions (> 3MDa) that orchestrates the response of 
muscle to mechanical and metabolic stress [25]. Titin is 
phosphorylated by a range of kinases that modulate, among 
other functions, its elastic properties. As study cases for the 
Ga3+-IMAC methodology in this work, we chose to test the 
phosphorylation of the UN2A and M1M2 components of 
titin by cAMP-dependent protein kinase (PKA). We selected 
PKA among those kinases known to be relevant to titin 
physiology [25] as predictions (NetPhos 3.1 Server [26]) 
suggested that it might phosphorylate both samples.

UN2A is a 110-residue unique sequence (13.4�kDa), 
part of the essential N2A element of titin in the sarcomeric 
I-band [27] (Fig.�1a). UN2A is the main receptor site of 
the anti-apoptotic MARP/CARP proteins in titin [21, 28]. 
The recent biophysical characterization of a recombinant 
UN2A sample revealed that this domain adopts a loose, 
helical fold with high internal �exibility [21, 29]. Phospho-
rylation assays of recombinant UN2A (Fig.�1b) in our cur-
rent study show that UN2A is phosphorylated by PKAc�. 
UN2A samples incubated with PKAc� were subjected to 
Phos-Tag™ SDS–PAGE [22]. The Phos-Tag™ gel contains 
a phosphate-binding acrylamide tag that causes phosphoryl-
ated proteins to migrate more slowly, resulting in additional 
SDS–PAGE bands that correspond to the level of phospho-
rylation of the migrating species. The Phos-Tag™ gels of 
PKAc�-incubated UN2A exhibited one extra band indicative 
of the presence of one phosphorylation site (Fig.�1d). This 
result was con�rmed by full-mass determination mass spec-
trometry (MS) (Fig.�1d). Subsequently, the phosphorylation 
site was identi�ed by tryptic digest MS as being located in 
residue S9578, which lies close to the C-terminus of UN2A 
in the linker sequence to the subsequent domain, Ig81. The 
UN2A-Ig81 domain interface has been recently shown to 
form the complete binding site of CARP in titin [21]. Future 
studies will be required to establish whether UN2A phos-
phorylation is physiologically relevant and whether it a�ects 
the titin/CARP interaction.

M1M2 (25,7� kDa) is a dual-Ig component of titin 
located immediately C-terminal to the titin kinase domain, 

in the sarcomeric M-line (Fig.�1a). The kinase region of 
titin is a multi-domain sca�old that recruits the turn-over 
factors MuRF1, MuRF2, Nbr1 and p62 to titin [25]. It 
is unknown whether the immediately adjacent M1M2 
domains might participate in the sca�olding functions of 
this region. M1 and M2 are separated by a 32-residue long 
linker that is unstructured according to our sequence-based 
predictions: predictions of secondary structure used the 
Jpred4 server [30] and disorder was analyzed using the 
meta-server MetaDisorder [31]. Predictions were further 
con�rmed with I-TASSER [32]. The length of the inter-
domain linker in M1M2 (and in titin’s M-band in general) 
contrasts notably with linker lengths in the rest of titin, 
where domains are connected by short linkers 0–4 residues 
in length [33]. The functionality of the extended linkers in 
M-line titin is unknown. In this work, we expressed recom-
binantly M1M2 as a soluble protein product. The protein, 
however, had a complex polydisperse chromatographic and 
electrophoretic behaviour, with SDS-resistant oligomers 
being observed in gels (Fig.�1c). We found that M1M2 is 
a target of PKAc�, with Phos-Tag™ SDS–PAGE analysis 
and full-length MS revealing the presence of one phospho-
rylation site in this segment (Fig.�1e). Site identi�cation 
using tryptic digest MS revealed the targeted residue to be 
T32607 (Fig.�1e), which is located in the linker sequence 
joining M1 and M2. Remarkably, in twitchin from Myt-
illus galloprovincialis (the bivalve homologue of titin), 
the equivalent M1M2 linker sequence binds to myosin, 
with the binding being released upon phosphorylation of 
the linker by PKA [34, 35]. This PKA-dependent myosin/
twitchin interaction is responsible for tension maintenance 
in the “catch” state of muscle in that animal group—a state 
where muscular tension is maintained for long periods of 
time with little energy consumption thanks to physical 
linkages between actin, myosin and twitchin. The M1M2 
linker of vertebrate titin and bivalve twitchin do not share 
sequence conservation (Fig.�2) and vertebrate striated 
muscle does not adopt a “catch” state. However, since titin 
is an important sca�old in the sarcomere, it is tantalizing 
to envision that PKA phosphorylation at this locus might 
a�ect titin interactions with M-line associated proteins.

As negative controls in this study, the multi-domain 
titin kinase (A170-kinase-M1; Fig.�1(a) and the ankyrin-
repeat domain of the protein CARP (binding partner of 
UN2A-Ig81) were also assayed for PKAc� phosphoryla-
tion. Neither protein was found to be a substrate of PKAc� 
(despite weak positive predictions; NetPhos 3.1 Server 
[26]), pointing to a possible speci�city of the sites identi-
�ed in UN2A and M1M2.
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3.2 � Puri�cation of�Monophosphorylated UN2A 
and�M1M2 Samples

Reaction mixtures from phosphorylation assays contained 
both phosphorylated and unphosphorylated species due 
to incomplete phosphotransfer. Based on Phos-Tag™ 
SDS–PAGE densitometry we estimated that UN2A and 
M1M2 reactions mixtures contained approx. 56% pUN2A 
and 65% pM1M2 phosphorylated species, respectively 
(Fig.�3d, f). To enrich the phosphorylated fractions, we 
subjected the reaction mixtures to Ga3+-IMAC. For this, a 
Ga3+-IMAC column that was compatible with automated 
FPLC equipment was produced by repurposing a pre-
packed, commercial, metal a�nity 5�mL HisTrap™ HP 

column (GE Healthcare) (as described in Methods). Ga3+ 
a�nity chromatography was then performed on UN2A and 
M1M2 reaction mixtures using an Äkta Start FPLC sys-
tem (GE Healthcare), with proteins being bound during 
in-column �ow with no previous incubation or prolonged 
exposure to the resin. The large column format and its 
compatibility with FPLC instrumentation allowed here up-
scaling the puri�cation procedure, so that approx. 30�mg 
total protein (~ 15�mL total volume) was applied to the 
IMAC column for each sample. In both cases, bound frac-
tions were eluted with sodium phosphate bu�er at near 
physiological pH (pH 6.0). Upon usage, the column was 
cleaned from bound phosphate groups by washing with 
citrate bu�er pH 4.0 that protonated and eluted bound 
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Fig. 1   Phosphorylation of UN2A and M1M2 by PKA (a) Schematic 
composition of the N2A element and the M-line multi-domain kinase 
region of titin. Shadowed are domains under study in this work; 
(b) and (c) gel �ltration chromatogram and associated Coomassie-
stained SDS–PAGE of puri�ed samples. The molecular mass of the 
N2A construct used in this study is 13.4�kDa and that of M1M2 is 
25.6� kDa. M1M2 migrates in SDS–PAGE with a lower apparent 
molecular mass. This is consistent with the observation of the dimeric 

form of the sample in the gels and with our conclusion that the sam-
ple is partly resistant to denaturation by SDS. All bands in the gels 
of UN2A and M1M2 were con�rmed to correspond to the proteins 
under study using MS protein identi�cation analysis; (d) and (e) 
Phos-Tag SDS–PAGE, full-mass MS analysis and sequence segments 
showing the phosphorylated residue for each sample. Throughout, 
UN2A results are shown on the left and M1M2 data on the right



186	 M.�Adams et al.

Fig. 2   Sequence alignment of M1M2 from vertebrate titin and inver-
tebrate homologs Sequence alignment of the M1M2 linker sequence 
from vertebrate titin with its corresponding sequences in invertebrate 

homologs. The phosphorylation site in M1M2 found in this study as 
well as the residue found previously to be phosphorylated in Mytillus 
twitchin [34, 35] are indicated
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G H

D E F

B

Fig. 3   Puri�cation and characterization of phosphorylated forms of 
UN2A and M1M2 (a) and (b) Ga3+-IMAC chromatograms show-
ing �ow-through, wash and elution fractions. Elution used a sodium 
phosphate gradient; (c) and (e) Phos-Tag™ SDS–PAGE correspond-
ing to chromatograms in (a) and (b) (FT: �ow-through; E: Elution); 
(d) and (f) Histograms of densitometry measurements for gels shown 
in (c) and (e).; (g) and (h) CD spectra of non-phosphorylated sam-

ples (solid line) and phosphorylated species puri�ed by Ga3+-IMAC 
(dashed lines). Secondary structure and disorder content was esti-
mated from spectra as follows: UN2A (helix:70% / disorder: 21%; 
NRMSD: 0.003); pUN2A (helix: 66% / disorder: 22%; NRMSD: 
0.002); M1M2 (strand:42% / disorder: 56%, NRMSD: 0.153); 
pM1M2 (strand 42% / disorder: 55%; NRMSD: 0.164)
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phosphate groups; the column was then ready for further 
reuse.

The puri�cation of pUN2A and pM1M2 species using 
this approach yielded a distinct elution peak in Ga3+-IMAC 
chromatograms (Fig.�3a, b). Analysis of elution peaks using 
Phos-Tag™ SDS–PAGE densitometry con�rmed enrich-
ment of phosphorylated species, with pUN2A amounting 
now to 92% of the puri�ed sample and pM1M2 being 93.5% 
(Fig.�3c–f). Eluted fractions contained approx. 4–5�mg of 
total phosphoprotein in each case, suggesting that under the 
conditions tested the phophoprotein binding e�ciency was 
ca. 0.8�mg protein/mL Ga3+-IMAC resin.

During this work and under the conditions described, 
we experienced that the Ga3+-IMAC column maintained 
its maximal binding e�ciency for approximately 5 cycles 
of reuse (binding/elution/cleaning). The column remained 
usable for up to 10–12 cycles, at which point it had to be 
regenerated by stripping the gallium ions with EDTA and 
newly reloading it with Ga3+ ions (as described in Methods). 
Although the number of reusing cycles was consistent for 
UN2A and M1M2 samples in this study, it should be consid-
ered that column reusability will vary depending on bu�er 
conditions and the speci�c protein assayed.

3.3 � Structural Integrity of�Ga3+-IMAC Puri�ed 
pUN2A and�pM1M2 Samples

To con�rm the non-destructive nature of Ga3+-IMAC, pre- 
and post- puri�cation samples were analyzed using circular 
dichroism (CD) (Fig.�3g, h). CD spectra from unmodi�ed 
UN2A con�rmed that the secondary structure of this domain 
is primarily �-helical (estimated as ~ 70%), closely repro-
ducing the spectral properties previously reported [21]. The 
CD spectrum of the phosphorylated sample, pUN2A, was 
in excellent agreement with that of the untreated sample, 
indicating that neither the introduced phosphor-group nor 
the puri�cation procedure caused signi�cant alterations to 
the sample. The CD spectrum of M1M2 was noisier and of 
lower quality, but it con�rmed the expectation that this sam-
ple has an all-� secondary structure composition, with 42% 
� -strand content. This content is in good agreement with 
secondary structure estimates based on the crystal structure 
of M1 (PDB 2BK8) and other known Ig domains from titin 
[33], whose �-strand content commonly amounts to 45–50%. 
The � -strand content estimated from CD data supports the 
view that the linker sequence is unstructured. The spectrum 
of M1M2 was approximately reproduced by the pM1M2 
sample (estimated 42% �-sheet content), suggesting that also 
in this case there was no signi�cant structural di�erence 
between the treated and untreated samples.

In brief, CD spectra confirmed the gentle nature of 
Ga3+-IMAC puri�cation and its suitability for preparing 
natively folded phosphoproteins for downstream analysis. 

As UN2A is largely �-helical and M1M2 is �-sheet rich, we 
concluded that protein fold had no in�uence in the e�cacy 
of the method.

4 � Discussion and�Conclusion

We demonstrate that the utilization of a stripped and 
Ga3+-charged commercially pre-packed, large IMAC col-
umn allows the larger-scale puri�cation of phosphoproteins 
in native conditions. In contrast to other available methods 
for phosphoprotein enrichment, the elution conditions are 
gentle and do not perturb the structural fold of proteins. We 
also show that the method a�ords scalability and automa-
tion. By developing a column regeneration procedure, we 
also improve a�ordability. Contrary to conventional stud-
ies, where proteins are incubated with the Ga3+-IMAC resin 
in batch for a prolonged time and then run in microscale 
columns in gravity �ow, we use in-column �ow binding 
and automated FPLC equipment and show that the method 
is e�cient under these conditions. Furthermore, we dem-
onstrate that the method is su�ciently sensitive as to cap-
ture and resolve monophosphorylated species. We tested 
the method in two samples of contrasting characteristics. 
UN2A is an �-helical, monomeric and monodisperse pro-
tein. M1M2 is a dual-domain, �-rich protein that contains a 
long unstructured linker and that forms oligomers in solu-
tion of di�cult chromatographic resolution and resistant to 
SDS, which leads to a complex electrophoretic migration 
pattern. The method successfully segregates phosphorylated 
and non-phosphorylated formations in both samples. The 
procedure is a valuable tool for research into the structure 
and function of phosphoproteins. In combination with abla-
tion of undesirable phosphorylation sites using mutagenesis, 
it can provide singly phosphorylated species for functional 
and structural characterization in good yield and purity. 
Conversely, it can be applied to the clearing of protein sam-
ples from recombinant expression in eukaryotic systems, 
which often are a�ected by unwanted phosphorylation by 
kinases present in the host cell system. This could serve 
as an alternative methodology in cases where the addition 
of phosphatases is not desirable. Due to its versatility, the 
method shows promise for a wide variety of applications, as 
it o�ers the speci�city of other protocols commonly used for 
phosphoprotein puri�cation, whilst avoiding the drawbacks 
of denaturing conditions, low yield, or high cost.
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