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Summary 21 

Fibrolamellar hepatocellular carcinoma (FLHCC) is driven by J-PKAcα, a kinase fusion chimera 22 

of the J-domain of DnaJB1 with PKAcα, the catalytic subunit of Protein Kinase A (PKA). Here 23 

we report the crystal structures of the chimeric fusion RIα2:J-PKAcα2 holoenzyme formed by J-24 

PKAcα and the PKA regulatory (R) subunit RIα, and the wild type (wt) RIα2:PKAcα2 25 

holoenzyme. The chimeric and wt RIα holoenzymes have quaternary structures different from 26 

the previously solved wt RIβ and RIIβ holoenzymes. The chimeric holoenzyme shows an 27 

isoform-specific interface dominated by antiparallel interactions between the N3A-N3A’ motifs 28 

of RIα that serves as an anchor for RIα structural rearrangements during cAMP activation. The 29 

wt RIα holoenzyme showed the same configuration as well as a distinct second conformation. In 30 

the structure of the chimeric fusion RIα2:J-PKAcα2 holoenzyme, the presence of the J-domain 31 

does not prevent formation of the holoenzymes, and is positioned away from the symmetrical 32 

interface between the two RIα:J-PKAcα heterodimers in the holoenzyme. The J-domains have 33 

significantly higher temperature factors than the rest of the holoenzyme, implying a large degree 34 

of conformational flexibility. Furthermore molecular dynamics simulations were applied to 35 

analyze the conformational states of chimeric fusion and wt RIα holoenzymes, and showed an 36 

ensemble of conformations in the majority of which the J-domain was dynamic and rotated away 37 

from the R:J-PKAcα interface. Thus, rather than affecting the interactions with the regulatory 38 

subunits, the fusion of the J-domain to the PKAcα alters the conformational landscape of the 39 

chimeric fusion holoenzymes and potentially, as result, the interactions with other molecules. 40 

The structural and dynamic features of these holoenzymes enhance our understanding of the 41 

fusion chimera protein J-PKAcα that drives FLHCC as well as the isoform specificity of PKA.   42 

 43 
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Introduction 44 

        FLHCC is a rare liver cancer that predominantly affects adolescent and young adults with 45 

no history of liver disease (Craig et al., 1980; Eggert et al., 2013; Honeyman et al., 2014; Kakar 46 

et al., 2005; Lalazar and Simon, 2018; Torbenson, 2012) . It does not respond well to 47 

chemotherapy and the overall five year survival rate of FLHCC patients is only 30-45% (El-48 

Serag and Davila, 2004; Kakar et al., 2005; Katzenstein et al., 2003; Lim et al., 2014; Mavros et 49 

al., 2012; Weeda et al., 2013). The chimeric gene DNAJB1-PRKACA, ubiquitously and 50 

exclusively found in almost all FLHCC patients, is the result of a ~400 kb deletion in one copy 51 

of chromosome 19 (Darcy et al., 2015; Engelholm et al., 2017; Honeyman et al., 2014; 52 

Kastenhuber et al., 2017; Oikawa et al., 2015; Riggle et al., 2016a, 2016b; Simon et al., 2015). 53 

This produces an enzymatically active chimeric protein J-PKAcα. The tumor is driven not by the 54 

deletion but by the formation of the J-PKAcα fusion protein, and the tumorigenicity of J-PKAcα 55 

is dependent on its kinase activity (Kastenhuber et al., 2017). The fusion chimera protein has the 56 

first 69 residues of the N-terminus of DnaJB1, namely the J-domain, and the C-terminal 336 57 

residues of PKAcα (Cheung et al., 2015; Honeyman et al., 2014) (Figure 1A). In its inactive state 58 

in cells, PKA exists as a holoenzyme composed of two catalytic subunits and one regulatory (R) 59 

subunit homodimer (Taylor et al., 2012). Cyclic adenosine monophosphate (cAMP) binding to 60 

the R subunits unleashes the PKAcα activity. Each R subunit is composed of an N-terminal 61 

dimerization/docking (D/D) domain followed by a flexible linker and two tandem highly 62 

conserved cyclic nucleotide-binding domains (CNB-A and CNB-B) (Figure 1A). There are four 63 

functionally non-redundant R isoforms, RIα, RIβ, RIIα, and RIIβ with similar domain 64 

organization (Taylor et al., 2012). The engineered R:PKAcα heterodimers where one PKAcα 65 

subunit is bound to a truncated monomeric form of the R subunit all appear to be very similar 66 
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(Boettcher et al., 2011; Ilouz et al., 2012; Zhang et al., 2012). However, when the two R:PKAcα 67 

heterodimers, linked to the D/D domain by the flexible linkers are assembled into holoenzymes, 68 

each forms a unique symmetry-related interface between the two heterodimers and thus creates 69 

isoform-specific quaternary structures, as shown by the solved structures of the RIβ and RIIβ 70 

holoenzymes and the RIα holoenzyme model (Boettcher et al., 2011; Ilouz et al., 2012; Zhang et 71 

al., 2012) (Figure S1). Among the four R isoforms, RIα can be considered as a master regulator 72 

for PKA signaling in mammalian cells. Deletion of RIα, for example, is embryonically lethal in 73 

mice and leads to unregulated PKA activity (Amieux et al., 1997). RIα also compensates when 74 

other R subunits are depleted or when PKAcα is overexpressed (Amieux and McKnight, 2002). 75 

It is the only upregulated R isoform in FLHCC cancer cells (Riggle et al., 2016b; Simon et al., 76 

2015). Haploinsufficiency of RIα leads to a wide range of disease states, including Carney 77 

Complex (CNC) disease (Linglart et al., 2012; Park et al., 2012; Veugelers et al., 2004) as the 78 

other R subunit isoforms cannot compensate(Greene et al., 2008). Interestingly, recent studies 79 

(Graham et al., 2017; Terracciano et al., 2004) identified three individual patients with FLHCC 80 

and a personal history of CNC disease although the majority of CNC patients have no history of 81 

FHLCC. 82 

        Structural studies of the J-PKAcα chimera (Cheung et al., 2015) showed that it has all the 83 

structural hallmarks of wt PKAcα with the conserved bilobal kinase core shared by all kinase 84 

superfamily members. The only structural alteration is the fused J-domain, which replaces the 85 

myristylation motif (residues 1-14). In the crystal structure the J-domain is tucked underneath the 86 

C-lobe of the conserved kinase core (Cheung et al., 2015). However, in molecular dynamics 87 

(MD) simulations and NMR assays the fused J-domain explores a large diffusional space 88 

(Tomasini et al., 2018). Though J-PKAcα is overexpressed relative to PKAcα in FLHCC cells 89 
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(Honeyman et al., 2014; Simon et al., 2015), overexpression of PKAcα alone is insufficient to 90 

recapitulate the oncogenic effect of J-PKAcα (Kastenhuber et al., 2017). Compensatory 91 

expression of RIα mRNA and protein were detected in FLHCC tumors while both the mRNA 92 

and protein levels of RIIβ are down-regulated (Riggle et al., 2016b; Simon et al., 2015). J-93 

PKAcα can interact with truncated RIα and RIIβ to form R:J-PKAcα heterodimers in vitro 94 

(Cheung et al., 2015), suggesting that both wt PKAcα and the chimeric J-PKAcα can form 95 

holoenzymes. To understand how PKA signaling might be disrupted by the FLHCC chimera it is 96 

essential to appreciate the architecture of the chimeric and wt holoenzymes as well as knowledge 97 

of their dynamics. In this study, we show that the J-PKAcα chimera is inhibited by full-length 98 

RIα and capable of forming the canonical holoenzyme with activation still under the control of 99 

cAMP. We report the crystal structures of the oncogenic RIα chimeric holoenzyme and the wt 100 

holoenzyme at 3.66 Å and 4.75 Å resolution, respectively (Figure S2). To explore whether the 101 

addition of the J-domain affects the conformational landscape of each holoenzyme, we 102 

furthermore report on MD simulations of the chimeric and wt RIα holoenzymes. We found states 103 

where the J-domain of J-PKAcα is able to interact with the C-terminal CNB-B domain of the RIα 104 

subunits; however, in the majority of MD states, the J-domain was dynamic and rotated away 105 

from the R:PKAcα interface. Altogether, these structural and dynamic descriptions of the driver 106 

of FLHCC enhance our understanding the molecular mechanism of this disease as well as our 107 

understanding of the dynamic allosteric mechanisms that couple cAMP binding to PKA 108 

activation. 109 

Results 110 

Overall structure of the FLHCC driver RIα2:J-PKAcα2 chimeric fusion holoenzyme 111 
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        The complex of the full-length RIα and J-PKAcα chimera was formed in vitro by mixing 112 

the individually purified subunits followed by gel filtration (Figure S3). The full-length 113 

holoenzyme structure was determined at 3.66 Å resolution (Figures. 1B, S4 and Table 1). Each 114 

asymmetric unit (ASU) contains one holoenzyme molecule consisting of an RIα homodimer and 115 

two chimeric J-PKAcα subunits, thus the chimeric holoenzyme has the same stoichiometry as the 116 

previously published wt holoenzymes (Taylor et al., 2012). The presence of the J-domain does 117 

not prevent formation of the holoenzymes, and is positioned away from the symmetrical 118 

interface between the two RIα:J-PKAcα heterodimers in the holoenzyme. The J-domain can be 119 

easily accommodated spatially in the holoenzyme complex; there appears to be no steric 120 

constraints. The interface between the two heterodimers in the chimeric holoenzyme is strictly 121 

two-fold symmetry-related and created solely by the two RIα subunits, which pack against each 122 

other in an antiparallel orientation that includes a four-helical bundle involving the N3A motifs 123 

of the RIα subunits (Figure 1B). The PKAcα part of the chimera is almost identical to the PKI-124 

bound wt PKAcα structure (Zheng et al., 1993), with a Cα root mean square deviation (RMSD) 125 

of 0.42 Å. The only structural alteration is a more linear and extended A-helix fused with the J-126 

domain (Figure S5A). Additionally, J-PKAcα in the chimeric holoenzyme is superimposable to 127 

the previously reported (Cheung et al., 2015) structure of the PKI-bound chimera with a Cα 128 

RMSD of 0.39 Å (Figure S5B). The fused J-domain is similarly tucked underneath the C-lobe, 129 

and the contact area for the J-domain in the chimera is ~380 Å2. The J-domain in the chimeric 130 

holoenzyme has significantly higher temperature factors (B factor) than the rest of the 131 

holoenzyme, even at this medium resolution, suggesting that it retains a high degree of flexibility 132 

in the holoenzyme, similar to its PKI-bound state in solution based on NMR experiments 133 

(Tomasini et al., 2018) (Figure 1C and Table S1). The heterodimer in the chimeric holoenzyme 134 
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is also structurally similar to the previously solved R: PKAcα heterodimers (Figure S5C) (Taylor 135 

et al., 2012) , showing the J-domain fusion to the  PKAcα does not alter the PKAcα interactions 136 

with the RIα subunit.. The J-domains in the holoenzyme locate close to the CNB-B domain of 137 

the adjacent RIα subunit, with the shortest Cα atoms distance at ~8 Å (Figure 1D).  Residues 1-138 

91 of RIα are missing in the electron density although by SDS-PAGE and silver staining, we 139 

validated that full-length RIα and J-PKAcα are present in the protein crystal (Figure S3). This 140 

absence of electron density for the D/D domain and part of the following N-linker is likely 141 

related to the flexible nature of this region (Li et al., 2000). 142 

Highly dynamic J-domains in the chimeric fusion RIα2:J-PKAcα2 holoenzyme 143 

        Small Angle X-ray Scattering (SAXS) results (Figure S6 A-D) are in general consistent 144 

with the observed shape of the chimeric holoenzyme in solution. The calculated solution 145 

scattering data from the crystal structure fit to the SAXS solution experimental data reasonably 146 

well with a χ2 of 1.44. The chimeric holoenzyme in solution displays larger Rg and Dmax values 147 

(Figure S6D, Table S2) than those calculated for the crystal structure. The dynamic D/D domain 148 

with the N-linker regions or the dynamic nature of the J-domain may account for the observed 149 

larger dimension of the chimeric RIα holoenzyme in SAXS experiments compared to the crystal 150 

structure (Figure S6D). 151 

        Previous MD simulations of isolated J-PKAcα (Tomasini et al., 2018) identified two 152 

representative conformational states (Figure 2A). In the highest occupied state, the J-domain was 153 

positioned beneath the C-lobe of the kinase core in a J-in state, which is similar to what we 154 

observe in our chimeric holoenzyme structure. A second state showed the J-domain rotated away 155 

from the core to form an extended J-out conformation, and this flexibility of the J-domain was 156 

confirmed by NMR studies (Tomasini et al., 2018). To probe the possible motions of the J-157 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

domain in the chimeric holoenzyme, we performed three 1 μs MD simulations of the chimeric 158 

holoenzyme starting from either the crystal structure, or from a conformation with the J-domain 159 

modeled onto the holoenzyme crystal structure in the J-in or J-out state. The simulations from the 160 

chimeric crystal structure showed the majority of conformations in an extended J-out state, and 161 

far from the RIα subunit (Figure 2B). This is in contrast to the simulation performed with free J-162 

PKAcα (Tomasini et al., 2018), where the J-in state was the highest occupied state. In the 163 

simulation started from the J-in state model, the J-domain from one chimera rotated to an 164 

extended conformation while that of the other remained in a J-in state (Figure S7A) to form 165 

stable interactions with its adjacent R subunit (Figure S7B). The minimum distances between Cα 166 

atoms in the J-domain to any Cα atom in the adjacent RIα subunit over all simulations ranged 167 

from 5.1 Å to 31.2 Å, emphasizing the flexibility of the J-domain (Figure 2C). In the simulation 168 

starting from the J-out state model, the J-domains of both chimeric subunits remained in the J-out 169 

state throughout the 1 µs simulation and did not show any interaction with the R subunits (Figure 170 

S8). The calculated data from the three final MD simulation conformations of the chimeric 171 

holoenzyme (Figure S9 and Table S2), with one copy or both of the J-domain sampling the “out” 172 

state, are generally in agreement with the experimentally obtained SAXS solution data despite 173 

the lack of electron density for the D/D domain. The Rg and Dmax values of these three MD 174 

simulation conformations of the chimeric holoenzyme are also closer to the SAXS solution data 175 

than that of the crystal structure, suggesting the extended J-out state is a likely conformation of 176 

the J-domain in the chimeric holoenzyme in solution. 177 

Isoform-specific interface between the RIα:J-PKAcα heterodimers 178 

        The interface between the chimeric heterodimers is solely created by the antiparallel 179 

alignment of the CNB-A and CNB-B domains in the RIα dimer, with a contact area of ~970 Å2 180 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

(Figure 3A). Wedged against each other from the two-fold symmetry-related RIα subunits are 181 

the two CNB-A N3A motifs (Figure S10) which include the αN and αA helices as well as the 182 

connecting 310-loop. A similar N3A-N3A’ interface was first reported in the cAMP-bound RIα 183 

homodimeric RIα2(cAMP)4 structure (Figure 3B) (Bruystens et al., 2014). Each αA-helix is 184 

perpendicular to the opposing αN’-helix, thus creating a rectangular shaped four-helical bundle 185 

interface. The RIα-RIα’ interface also contains two identical salt bridge contacts between E179 186 

in the RIα CNB-A domain and R315’ and R340’ in the RIα’ CNB-B’ domain (Figure 3A). 187 

Similar to the cAMP-bound RIα dimer (Bruystens et al., 2014), the N3A-N3A’ helical bundle is 188 

mostly hydrophobic, involving residues M123, Y120 and F148 from each N3A motif. These 189 

hydrophobic interactions are generally stable throughout the course of the MD simulations. The 190 

helical bundle with its two-fold symmetry also includes two identical hydrogen bond networks. 191 

Residues Y120 and K121 in the αN-helix form hydrogen bonds with N142’, S145’ and D149’ in 192 

the αA’-helix. While not directly involved in interactions at the N3A-N3A’ interface, R144 in 193 

the αA-helix forms hydrogen bonds with the backbone oxygens of F136 and L139 from the 310-194 

loop. These hydrogen bonds break during cAMP activation as a consequence of outward motion 195 

of the 310-loop. Mutations of residues R144 and S145 are associated with CNC disease, which 196 

creates a holoenzyme that is poorly regulated and more easily activated by cAMP (Park et al., 197 

2012). Substitutions of R144, S145 and N3A interface residues Y120 and F148 caused increased 198 

sensitivity for cAMP activation of the corresponding RIα holoenzymes and reduced 199 

cooperativity for cAMP binding (Bruystens et al., 2014). The Hill Coefficient for R144S and 200 

S145G were reduced to 1.4-1.5 while the Hill Coefficient was 1.0-1.1 for the Y120A and F148A 201 

mutants. The N3A-N3A’ helical bundle was also seen in truncated RIα monomer structures as an 202 

interaction site for crystal packing (Badireddy et al., 2011; Wu et al., 2004a, 2004b). However, 203 
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this interface is not observed in any structures associated with RIIα or RIIβ. Sequence alignment 204 

also shows that RII subunits lack most of the key residues involved in forming the N3A-N3A’ 205 

interface (Figure 3A), emphasizing again that the N3A-N3A’ four-helical bundle is isoform-206 

specific.  207 

        The overall structure of the N3A-N3A’ helical bundle is also conserved in the cAMP-bound 208 

RIα homodimer (Figure 3B). Thus, the N3A-N3A’ bundle likely serves as a structural anchor 209 

and contributes to the activation of the holoenzyme by cAMP activation and the following 210 

dissociation of R and C subunits. By contrast, the extended αB/C-helix that connects the CNB-A 211 

and CNB-B domains in the holoenzyme adopts a bent configuration in the cAMP-bound RIα 212 

homodimer with the CNB-B domain rotated dramatically to a position underneath the relatively 213 

stable CNB-A domain (Figure 3B). Moreover, the R315’-E179-R340’ salt bridge interactions 214 

observed in the holoenzyme (Figure 3A) between the RIα dimer become broken in the cAMP-215 

bound RIα homodimer.  216 

Overall structure of wt RIα2:PKAcα2 demonstrates two distinct holoenzyme conformations                   217 

        To determine if the structure of the chimeric holoenzyme is unique to the fusion chimera 218 

protein, the wt RIα holoenzyme was formed in vitro by mixing the individually purified subunits 219 

followed by gel filtration, and its structure was determined at 4.75 Å resolution. It required 220 

different crystallization conditions (Figure 4 and Table 1) and has a distinct space group 221 

(P212121) compared to the chimeric RIα2:J-PKAcα2  holoenzyme and the previously the solved 222 

structures of the wt tetrameric RIβ2:PKAcα2 or RIIβ:PKAcα2 holoenzymes (Ilouz et al., Zhang et 223 

al., 2012). Each ASU contains four RIα:PKAcα heterodimers. The presence of full-length 224 

proteins in the crystals was confirmed by SDS gel analysis and silver staining, as described 225 

earlier (Figure S11). Analysis of the crystal packing showed that each ASU has two 226 
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RIα2:PKAcα2 holoenzyme molecules with distinct quaternary structures. While holoenzyme 1 227 

has a conformation almost identical to the chimeric holoenzyme (Figures. 4A, S12A and S13A), 228 

holoenzyme 2 has a much smaller N3A-N3A’ interface with an area of ~370 Å2 created only by 229 

the αN-helices (Figure 4B and S13B) and thus has a conformation distinct from holoenzyme 1. 230 

Both of the holoenzyme molecules contain two RIα:PKAcα heterodimers with a rotational two-231 

fold symmetry through the N3A-N3A’ interface. The heterodimers of RIα:PKAcα are almost 232 

identical in the two different tetrameric holoenzyme conformations (Figure S12B) with a Cα 233 

RMSD of 0.26 Å and also resemble the previously published structure of a truncated RIα(91-234 

379):PKAcα heterodimer (Figure S12C) with a Cα RMSD of 0.86 Å (Kim et al., 2007). Similar 235 

to that in the chimeric holoenzyme, in both of the wt conformations, CNB-A is juxta-positioned 236 

against CNB-B’ thus supporting the enhanced allostery that is associated with the RIα2:PKAcα2 237 

holoenzyme compared to the RIα:PKAcα heterodimer (Taylor et al., 2012). RIα competition 238 

assay results showed that the chimera and wt PKAcα have similar ability for RIα association 239 

(Figure 4C). In addition, the chimeric and wt RIα holoenzymes have no significant differences in 240 

cAMP activation nor its cooperativity (Figure 4C). 241 

        The PKAcα subunits in holoenzyme 2 become closer to the heterodimer interface and to the 242 

symmetry-related RIα subunit than in holoenzyme 1 (Figure S12D). During the MD simulation, 243 

PKAcα in holoenzyme 2 is capable of interacting further with RIα’ (Figure S12E). MD 244 

simulations of each of the two conformations of the wt RIα2:PKAcα2 holoenzyme indicates that 245 

over the 1 μs of the simulation they are stable and do not interconvert (Figure S14A). The 246 

interfacial area between the RIα dimer in the wt holoenzyme 1 crystal structure resembles that of 247 

the chimeric holoenzyme simulations. The contact area in holoenzyme 2 is slightly increased 248 
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(Figure S14B), which is largely due to a slight rotation of the RIα-RIα’ interface during the MD 249 

simulation.  250 

Isoform-specific quaternary structures of PKA holoenzymes  251 

        The chimeric and wt RIα holoenzymes have quaternary structures different from the 252 

previously solved wt RIβ and RIIβ holoenzymes, even though the structures of all PKA 253 

heterodimers are remarkably similar (Figure 5). The quaternary structure isoform diversity is 254 

essential for each holoenzyme to create a distinct signaling hub that can respond to local levels of 255 

second messengers such as cAMP, and allows formation of distinct macromolecular complexes 256 

with local substrates and accessory proteins at different cellular sites. 257 

        The RIα holoenzymes and the view of CNB-B movement in these holoenzymes reported in 258 

this study (Figures. 1 and 4) are distinct from the earlier model of the RIα holoenzyme that was 259 

based on crystal packing of two truncated RIα(73-244):PKAcα heterodimers (Boettcher et al., 260 

2011). The earlier RIα holoenzyme model showed the two R:PKAcα heterodimers have cross 261 

talks between the CNB-A domain of one R: PKAcα dimer with the PKAcα’ of the other dimer 262 

and also allowed the modeled-in CNB-B domain movement. Such mobility of the CNB-B 263 

domain is consistent with previously obtained SAXS data of the RIα(91-379):PKAcα 264 

heterodimer and led to a suggestion that the CNB-B domain of RIα is mobile and moves away 265 

from PKAcα with Gly235 serving as a hinge point (Cheng et al., 2009). Recent studies have 266 

shown that CNB-B domain flexibility is linked to cAMP activation in the RIα(91-379):PKAcα 267 

truncated heterodimer (Hirakis et al., 2017; Barros et al., 2017). However, this view of CNB-B 268 

movement in the holoenzyme is different from the packing observed here in the full-length 269 

chimeric and wt RIα holoenzymes (Figures. 1 and 4) where the CNB-B domain interacts with the 270 

opposite CNB-A’ domain; this interaction would prevent the suggested hinge motion in the 271 
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holoenzyme. Consistent with our full-length RIα holoenzyme structure, MD simulations 272 

monitoring the dynamics of the αB/C-helix indicate it to be stable in the full-length holoenzyme 273 

with a near linear average of ~162° in all simulations (Figure S15).  274 

Effects of the J-domain on PKAcα function   275 

        The discovery that J-PKAcα is an oncogenic driver of FLHCC and thus a therapeutic target 276 

represents a significant breakthrough for FLHCC research (Honeyman et al., 2014). The fusion 277 

of the J-domain to PKAcα (Honeyman et al., 2014; Kastenhuber et al., 2017) may lead to 278 

alterations in kinase activity, substrates, dynamics, location or regulation at the level of the 279 

kinase subunit, holoenzyme and/or even higher molecular complexity level. As shown in the RIα 280 

competition as well as the cAMP activation assays, no significant differences were observed in 281 

terms of RIα association with either the chimera or wt PKAcα (Figure 4C) and the addition of 282 

the J-domain does not impact the sensitivity of the chimeric holoenzyme to cAMP activation 283 

(Figure 4C). As suggested by a thermostability assay (Figure 6A), the dynamic J-domain does 284 

not introduce a significant destabilizing effect on the chimera, nor on the chimeric RIα 285 

holoenzyme (Table S3). Similarly, J-PKAcα displayed unaltered binding affinities for ATP and 286 

inhibitor peptide (Figure 6B). Additionally, in agreement with previous reports (Cheung et al., 287 

2015), the chimeric protein was slightly more active than its wt counterpart with unchanged 288 

enzymatic efficiency as shown by kcat/Km values (Figure 6C), suggesting that the J-domain may 289 

affect PKAcα enzyme dynamics. In the crystal structure of the chimeric fusion RIα2:J-PKAcα2 290 

holoenzyme, the presence of the J-domain does not prevent formation of the holoenzymes, and 291 

the C-subunit, where the J-domain fusion occurs, is not at the symmetrical interface in the 292 

holoenzyme between the two RIα:J-PKAcα heterodimers (Figure 1). Thus, rather than affecting 293 

the PKAcα interactions with the regulatory subunits, it is possible that addition of the J-domain 294 
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alters the conformational landscape of the chimeric fusion holoenzymes, impacting interactions 295 

with other molecules. The higher B-factors in the J-domain suggested a large degree of 296 

conformational flexibility (Figure 1C, Table S1). MD simulations indicate a wide range in the 297 

conformational diversity of the J-domain appendage both in isolated J-PKAcα and in the 298 

holoenzyme, perhaps influencing enzyme dynamics through allosteric networks or holoenzyme 299 

interaction with other proteins. 300 

Discussion 301 

        The oncogenic J-PKAcα has been crystallized here for the first time in one of its most 302 

important physiological states where it is associated in a holoenzyme complex with the RIα 303 

subunit. This structure demonstrates that the N-terminal fusion does not interfere with the 304 

general organization of the R2:PKAcα2 holoenzyme, and this also has relevance for the various 305 

PKAcα isoforms some of which have large extensions at the N-terminus (Søberg et al., 2017). 306 

Comparing the conformational states of the wt and chimeric RIα holoenzymes that display some 307 

novel interfaces may guide the development of drugs that selectively target not only to the J-308 

domain and catalytic core to directly block chimera activity, but also regions present only at the 309 

holoenzyme level to block holoenzyme activation. The presence of alternate conformations of 310 

the holoenzymes may constitute a way to target the chimera selectively, as the conserved activity 311 

site of the wt PKAcα and the chimeric fusion J-PKAcα have little structural differences and the 312 

enzyme function is barely affected by the J-domain fusion. The enhanced dynamics of the 313 

chimeric holoenzyme may also expose some sites that are otherwise too transient to target. It 314 

may also be possible to trap a dynamic state independent of whether the holoenzyme is 315 

dissociated or not. Using a strategy that simultaneously blocks the activity of the oncogenic 316 

driver kinase and/or its holoenzyme dissociation would significantly reduce the possibility that a 317 
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random mutation in the driver enables the tumor cells to escape treatment. RIα is a critical master 318 

switch for regulating PKA activity in cells, and it is likely that unregulated PKA activity is 319 

important, at least in part, for driving FLHCC. The importance of RIα is further supported by the 320 

recent finding that in a few rare cases, CNC mutations in RIα can drive FLHCC. Most CNC 321 

mutations, including the haplo-insufficiency caused by nonsense mediated decay of the RIα 322 

messenger RNA, do not drive FLHCC, so the unregulated phenotype associated with CNC is not 323 

in itself sufficient to explain these rare CNC mutations that are associated with FLHCC.  324 

MD simulations show that the J-domain is highly dynamic in the chimeric RIα holoenzyme. The 325 

presence of the J-domain will likely also alter the phosphor-proteome of the tumor cells. At this 326 

point it is not clear how the presence of the J-domain influences the function of the PKA 327 

holoenzymes in cells. The wt PKAcα is also myristylated at its N-terminus and we have shown 328 

previously that this can be important for targeting the RIIβ holoenzymes to membranes (Zhang et 329 

al., 2015). This acylation site is missing in the fusion chimera protein and may also contribute to 330 

dysfunctional PKA signaling. Interestingly, the striking similarity on the overall structures and 331 

biochemical properties of the wt and chimeric RIα holoenzymes suggests the specificity of 332 

chimeric holoenzyme in its role in FLHCC need to be further sought at another level.  It will be 333 

extremely important to elucidate how the conformational state and abundance of the different 334 

holoenzymes in the tumor cells and the holoenzymes communicate with their neighbors and 335 

substrates. In particular, it is important to determine how these macromolecular assemblies are 336 

altered in FLHCC by comparing paired tumor and adjacent normal liver samples. Understanding 337 

in detail how J-PKAcα signaling pathways drive disease will shed light on understanding its 338 

transformation to FLHCC and is expected to improve diagnosis and therapeutic treatment for this 339 

cancer. 340 
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Methods 341 

Protein expression, purification and crystallization. Bovine wt full-length RIα was expressed 342 

in Escherichia coli (E. coli) BL21 (DE3) pLysS and purified as described before (Barros et al., 343 

2017) Both human full-length J-PKAcα and PKAcα were engineered with an N-terminal 344 

His6SUMO tag. The constructs were then transformed into E. coli BL21 (DE3) for protein 345 

expression. The starter cultures were grown in LB media with 50 µg/mL kanamycin overnight at 346 

37 °C and then 1:100 diluted into the same media. The cultures were grown at 37 °C until the 347 

cell density reached 0.5-0.6 OD600, after which the temperature was lowered to 24 °C and protein 348 

expression was induced overnight by adding isopropyl β-D-thiogalactoside to a final 349 

concentration of 0.5 mM. Cells were harvested by centrifugation, resuspended in lysis buffer 350 

containing 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM β-mercaptoethanol and lysed by 351 

microfluidizer. The lysates were centrifuged, and collected supernatants were incubated with Ni-352 

nitrilotriacetic (Ni-NTA) agarose beads overnight at 4 °C. The beads were rinsed with lysis 353 

buffer and then 10X bed volume of wash buffer (lysis buffer plus 20 mM imidazole). The 354 

proteins were eluted with 3X bed volume of elution buffer 1 (lysis buffer plus 50 mM imidazole) 355 

and elution buffer 2 (lysis buffer plus 100 mM imidazole). The eluates were spin dialyzed into 356 

the lysis buffer, after which NP-40 was added to them to a final concentration of 0.1%, and 357 

subjected to U1P1 (an engineered SUMO protease) digestion for 1 h at 25 °C at a molar ratio of 358 

200:1 (protein:enzyme) to remove the His6SUMO tag. The cleaved tag and the protease were 359 

then removed from the proteins using Ni-NTA beads. Then the full-length RIα2:J-PKAcα2 and 360 

RIα2:PKAcα2 holoenzymes were formed by mixing RIα with J-PKAcα or PKAcα in a 1:1.5 361 

molar ratio and spin dialyzed into a holoenzyme buffer containing 50 mM MOPS pH 7.0, 50 mM 362 

NaCl, 1 mM TCEP, 1 mM MgCl2 and 0.1 mM ATP. The formed complexes were loaded onto 363 
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Hiload 16/600 Superdex 200 pg size exclusion column preequilibrated with the same buffer. 364 

Proteins from the peak fractions corresponding to the holoenzymes were collected, concentrated 365 

to ~10 mg/mL and subjected to extensive crystallization screening or used for biochemical 366 

assays. Crystallization was conducted at 20 °C using the hanging drop vapor diffusion method by 367 

mixing the protein and precipitants at a ratio of 1:1. The RIα2:J-PKAcα2 crystals were grown in a 368 

buffer containing 100 mM NaCl, 16-18% pentaerythritol propoxylate and 10% dimethyl 369 

sulfoxide and to their final size in ~2 weeks. The RIα2:PKAcα2 crystals were grown in a buffer 370 

containing 100 mM HEPES sodium-MOPS (acid) pH 7.5, 90 mM NPS (30 mM sodium nitrate, 371 

30 mM sodium phosphate dibasic, 30 mM ammonium sulfate), 40-42% Precipitant Mix 2 (40% 372 

ethylene glycol; 20% PEG 8000), 3% D-(+)-glucose monohydrate and to their final size in ~3 373 

weeks. 374 

Structure determination. Diffraction data were collected at the 22ID beamline of the Advanced 375 

Photon Source (APS), Argonne National Laboratory (ANL). Data were indexed, integrated and 376 

scaled using the HKL2000 program (Otwinowski et al., 1997). The best RIα2:J-PKAcα2 and 377 

RIα2:PKAcα2 holoenzyme crystals diffracted to 3.66 and 4.75 Å, respectively. The initial phase 378 

of RIα2:J-PKAcα2 was determined using program PHASER (McCoy et al., 2007) with the 379 

structures of PKAcα Δexon1  (from PDB ID 4WB8) (Cheung et al., 2015) and RIα (from PDB 380 

ID 2QCS) (Barros et al., 2017) as search models. Refinement of the molecular replacement 381 

model was performed with PHENIX (Adams et al., 2010) and COOT (Emsley et al., 2004) 382 

alternatively. Initially, three rounds of Cartesian, individual B-factors, atomic occupancies and 383 

Cartesian simulated annealing (start temperature 5,000 K) refinement were performed in 384 

PHENIX, with the restraints of torsion-angle non-crystallographic symmetry (NCS), reference 385 

models and secondary structures. The reference models were J-PKAcα (from PDB ID 4WB7) 386 
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(Cheung et al., 2015) and RIα (from PDB ID 2QCS) (Barros et al., 2017). In addition, 387 

stereochemistry and atomic displacement parameters weights were optimized during the 388 

refinement. The final refinement protocol included three rounds of Cartesian, individual B-389 

factors and atomic occupancies refinement. The final RIα2:J-PKAcα2 model has 92.5% of 390 

residues in the favored Ramachandran region and 7.5% in the allowed region. The initial phase 391 

of RIα2:PKAcα2 was determined using program PHASER with the refined structure of the J-392 

domain omitted RIα:J-PKAcα as the search model. Refinement of the molecular replacement 393 

model was carried out with REFMAC5 (Nicholls et al., 2012), PHENIX and COOT. First, rigid 394 

body refinement was performed using REFMAC5. Then 10 rounds of Cartesian, group B-factors 395 

(single residues were divided into mainchain and sidechain), atomic occupancies and Cartesian 396 

simulated annealing (start temperature 5,000 K) refinement were performed in PHENIX, with 397 

the restraints of global NCS, reference models (from PDB ID 2QCS) and secondary structures. 398 

The final refinement protocol included three rounds of Cartesian, individual B-factors and 399 

atomic occupancies refinement with the global NCS restraint. The final RIα2:PKAcα2 model has 400 

84.6% of residues in the favored Ramachandran region and 15.4% in the allowed region. Data 401 

collection and refinement statics are summarized in Table 1. Models were evaluated using the 402 

MolProbity web server (molprobity.biochem.duke.edu/).  403 

Small angle X-ray scattering (SAXS) experiment. SAXS measurements were performed at the 404 

12ID-B beamline of APS, ANL. Photon energy was 13.3 KeV, and sample-to-detector distance 405 

was 3.6 m. To minimize radiation damage, thirty image frames were recorded with an 406 

exposure time of 1-2 s for each buffer and sample solution using a flow cell. The 2D images 407 

were reduced to 1D scattering profiles, and then grouped by sample and averaged using the 408 

MatLab software package at the beamlines. Concentration series measurements for the same 409 
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sample were carried out to remove the scattering contribution due to interparticle interactions 410 

and to extrapolate the data to infinite dilution. The concentrations were 0.5, 0.7 and 0.9 mg/ml 411 

for RIα2:J-PKAcα2 in the buffer containing 50 mM MOPS pH 7.0, 50 mM NaCl, 1 mM TCEP, 1 412 

mM MgCl2 and 0.1 mM ATP. The buffer background subtraction and intensity extrapolation to 413 

infinite dilution were carried out using NCI in-house developed MatLab script NCI-SAXS. 414 

Theoretical scattering profiles were generated from crystal structure and models and compared 415 

with the experimental SAXS data at q < 0.5 Å-1 using the CRYSOL software (Svergun et al., 416 

1995). The pair-distance distribution function P(r) and maximum dimension (Dmax) were 417 

generated using GNOM (Svergun et al., 1992). 418 

Kinase activity assay. The enzymatic activity of wt PKAcα or J-PKAcα was measured 419 

spectrophotometrically with a coupled enzyme assay (Cook et al., 1982). The ADP formation is 420 

coupled to the pyruvate kinase (PK) and lactate dehydrogenase (LDH) reactions. The reaction 421 

rate is determined by following the decrease in absorbance at 340 nm at 25 °C on a Photodiode 422 

Array Lambda 465 UV/Vis Spectrophotometer (PerkinElemer). The Michaelis-Menten 423 

parameters for ATP were determined by fixing Kemptide substrate (LRRASLG) at saturating 424 

concentrations while varying the concentrations of ATP. Reactions were pre-equilibrated at room 425 

temperature and initiated by adding ATP. The kinase reaction mixture contained 100 mM MOPS 426 

pH 7.1, 50 mM KCl, 6 mM phosphoenolpyruvate, 0.5 mM nicotinamide adenine dinucleotide 427 

(NADH), 100 µM of Kemptide, 15 units of LDH, 7 units of PK, and varying concentrations of 428 

ATP from 0 to 250 µM. MgCl2 was present in a constant 1 mM excess over ATP. The data was 429 

analyzed and fitted to the Michaelis-Menten equation using SigmaPlot software. 430 

Inhibitor peptide PKI binding assay. Fluorescence anisotropy was used to measure PKI to 431 

PKAcα or J-PKAcα. 0.9 nM FAM-labeled PKI (5-24) peptide was mixed with 0-2000 nM 432 
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PKAcα or J-PKAcα in buffer containing 20 mM MOPS pH 7.0, 150 mM NaCl, 10 mM MgCl2, 1 433 

mM ATP, and 0.01% Triton X-100. Fluorescence anisotropy was measured by using GENios 434 

Pro micro-plate reader (Tecan) in black flat-bottom costar assay plates with 485 nm excitation 435 

and 535 nm emission. The data was analyzed and fitted to the anisotropy single association 436 

hyperbolic equation using Prism software. 437 

RIα competition assay for catalytic subunit binding. Fluorescence polarization assay was used 438 

to measure the competition of RIα subunit with IP20 for wt PKAcα or J-PKAcα. 2 nM N-439 

terminus FAM-labeled PKI peptide (5-24), and 10 nM PKAcα or J-PKAcα were mixed in the 440 

buffer containing 20 mM HEPES pH 7.0, 75 mM KCl, 0.005% Triton X-100, 10 mM MgCl2, 1 441 

mM ATP, and 1 mM DTT. Two-fold serial dilutions of RIα from 30 nM to 0 nM were added to 442 

the PKI-bound catalytic subunits, followed by fluorescence polarization measurements using 443 

GENios Pro micro-plate reader (Tecan) in black flat-bottom costar assay plates with 485 nm 444 

excitation and 535 nm emission. The data was analyzed and fitted to the EC50 dose-response 445 

equation using Prism software. 446 

Stability assay. ThermoFluor assay was used to measure the stabilities of apo PKAcα or J-447 

PKAcα subunits and its ATP and/or peptide binding forms. The reaction was conducted with 5 448 

μM of proteins in 45 μL of the buffer containing 20 mM MOPS pH 7.0, 150 mM NaCl. Ligands 449 

were used at the following concentrations 1 mM ATP, 10 mM MgCl2, and 25 μM PKI peptide 450 

(5-24). For each ligand, triplicate reactions were measured in a 96-well plate. After proteins and 451 

ligands were mixed and incubated for 5 min on ice, 5 μL of 200X SYPRO Orange dye was 452 

added to each reaction. The samples were heated from 20 to 85 °C with a 0.5 °C/min heating rate 453 

by using CFX96 Real-Time PCR Detection System (Bio-Rad) in temperature scanning mode. 454 

The fluorescence signals were measured using the ROX channel.  455 
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ATP binding assay. ATP dissociation constants were determined using the ThermoFluor assay. 456 

Similar condition as thermostability assay was used for ATP binding. The reactions were carried 457 

out in the buffer containing 20 mM MOPS pH 7.0, 150 mM NaCl with a range of ATP 458 

concentrations from 0 to 0.75 mM. After mixed with PKAcα or J-PKAcα, and incubated for 5 459 

min on ice, 5 μL of 200X SYPRO Orange dye was added to each reaction. The samples were 460 

heated from 20 to 85 °C with a 0.5 °C/min heating rate by using CFX96 Real-Time PCR 461 

Detection System (Bio-Rad) in temperature scanning mode. The final concentration 4.5 μM of 462 

catalytic subunits was used to fit the data. The fluorescence signals were measured using the 463 

ROX channel. Each melting temperature was recorded and plotted versus ATP concentration.  464 

PKA cAMP activation assay. Fluorescence polarization assay was used to measure the 465 

activation of wt and chimeric RIα holoenzymes. 2 nM N-terminus FAM-labeled PKI peptide (5-466 

24), 7.2 nM RIα2, and 12 nM catalytic subunit (wt or chimera) were mixed in the buffer 467 

containing 20 mM HEPES pH 7.0, 75 mM KCl, 0.005% Triton X-100, 10 mM MgCl2, 1 mM 468 

ATP and 1 mM DTT. To activate PKA catalytic subunits, 2-fold serial dilutions of cAMP from 469 

3000 nM to 0 nM were added. The fluorescence polarization was measure by using GENios Pro 470 

micro-plate reader (Tecan) in black flat-bottom costar assay plates with 485 nm excitation and 471 

535 nm emission. The data was analyzed and fitted to the EC50 dose-response equation using 472 

Prism software. 473 

Molecular dynamics simulations. MD simulations were performed to probe the dynamics of 474 

the RIα holoenzyme complexes. As previous simulations of the isolated J-PKAcα indicated a 475 

wide ensemble of conformations for the J-domain appendage (Tomasini et al., 2018), we 476 

performed three different simulations of RIα2:J-PKAcα2 with differing initial positions of the J-477 

domain: the crystal structure, a J-in state model in which the J-domain was positioned close to 478 
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the core of the catalytic subunit, and a J-out state model in which the J-domain was rotated away 479 

from the core of the catalytic subunit and the R:J-PKAcα interface. The J-domain conformations 480 

of the J-in and J-out states were those found in Tomasini et al. (Tomasini et al., 2018) as the top 481 

two representative conformations in a series of simulations performed on the isolated J-PKAcα. 482 

These two conformations of the J-domain were modeled onto the RIα2:J-PKAcα2 crystal 483 

structure. A similar methodology was used to model the first 14 amino acids and myristoylation 484 

motif which were missing from both conformations of RIα2:PKAcα2. 485 

        Structures were processed using the Protein Preparation Wizard in Maestro, solvated in a 486 

rectangular box with ~60,000 SPC waters and 150 mM sodium and chloride ions. Simulations 487 

were performed using the Desmond MD Package (Bowers et al., 2006) using the OPLS3 force 488 

field (Harder et al., 2016). Each system was subject to energy minimization using the steepest 489 

decent method succeeded by 100 ps of Brownian Dynamics simulation at constant volume and a 490 

temperature of 10 K with heavy atoms constrained. Subsequent equilibration included a 12 ps 491 

simulation at constant volume and at 10 K with heavy atoms restrained, followed by a 12 ps 492 

simulation at constant pressure with heavy atoms restrained, and finally a heating simulation in 493 

which the restraints were gradually relaxed and the system heated to 300 K over 24 ps. For 494 

production runs, the temperature was kept at 300 K using a Nose-Hoover Chain thermostat with 495 

a relaxation time of 1 ps (Martyna et al., 1992). The pressure was controlled at 1 bar using the 496 

Martyna-Tobias-Klein barostat with a relaxation time of 2 ps (Tuckerman et al., 2006). An 497 

integration time-step of 2 fs was used. Production simulations were performed for 1 μs saving 498 

system snapshots every 25 ps. 499 
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Table 1. Data Collection and Refinement Statistics 675 

 RIα2:J-PKAcα2 RIα2:PKAcα2 
Data collection   
Space group P6522 P212121 
No. of molecules in one   

asymmetric unit 
1 2 

Cell dimensions   
    a, b, c (Å) 166.50, 166.50, 332.70 140.50, 186.16, 186.67 
    α, β, γ  (°)  90, 90, 120 90, 90, 90 
Resolution (Å) 50-3.66 (3.79-3.66) 50-4.75 (4.92-4.75) 
Rsym (%) 13.5 (49.8) 10.9 (41.2) 
I / σI 29.5 (8.7) 16.3 (2.7) 
Completeness (%) 100.0 (100.0) 97.2 (80.5) 
Redundancy 21.3 (22.2) 6.7 (4.6) 
   
Refinement   
Resolution (Å) 50-3.66 50-4.75 
No. reflections 30810 24239 
Rwork / Rfree

a (%) 20.0/25.0 21.2/25.5 
No. atoms   
    Protein 11292 20336 
    Ligand/ion 66 None 
    Water None None 
B-factors   
    Protein 110.69 269.92 
    Ligand/ion 91.06 None 
R.m.s deviations   
    Bond lengths (Å) 0.003 0.014 
    Bond angles (°) 0.623 1.570 
Values in parentheses are for the highest resolution shell. 676 
a Rfree was calculated by using a 5% of randomly selected reflections. 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 
 

Table S1. Averaged B factors for the J-domain and the rest of J-PKAcα bound with RIα or PKI  692 

 BJ
a BC

b Ratio of BJ:BC 
RIα2:J-PKAcα2 203.45 94.09 2.16:1 
J-PKAcα:PKIc 63.54 34.39 1.85:1 
a BJ: Averaged B factors of the J-domain (residues 1-69) 693 
b BC: Averaged B factors of the rest of J-PKAcα (residues 70-405) 694 
c from PDB ID 4WB7 (Cheung et al., 2015) 695 
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Table S2. SAXS structural parameters 735 

Holoenzyme conformation Rg (Å) in 
reciprocal space 

Rg (Å) in 
real space 

Dmax (Å) χ2 c 

SAXS solution scattering   48.8 ± 2.0d 50.0 ± 1.0 177 N/A 
Crystala 44.6 44.7 ± 0.5 142 1.44 
Jout-Jout1b  
Jout-Jout2b  
Jout-Jinb 

44.6 
46.7 
45.3 

44.6 ± 0.5  
46.9 ± 0.7 
45.4 ± 0.5 

149 
176 
151 

1.63 
1.30 
1.37 

a Calculated from the crystal structure 736 
b Calculated from the final conformations of MD simulations 737 
c Compared to experimental SAXS solution data 738 
d Obtained from Guinier plot. The other Rg values were obtained from GNOM. 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


34 
 

Table S3. Thermal stability of the RIα2:J-PKAcα2 and RIα2:PKAcα2 holoenzymes 774 

Tma (°C) - MgATP + MgATP 
RIα2:PKAcα2 52.93 ± 0.02 59.40 ± 0.03 
RIα2:J-PKAcα2 51.70 ± 0.01 58.90 ± 0.03 
ΔTm (wt/mutant) 1.23 ± 0.02 0.50 ± 0.03 
a Tm: temperature at which the protein denatures 775 

All data are mean ± s.d. (n = 2 independent experiments). 776 
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 816 

Figure 1. Overall structure of the chimeric RIα2:J-PKAcα2 holoenzyme  817 

(A) Domain organization and color coding of J-PKAcα and RIα subunits.  818 

(B) Structure of the holoenzyme. One heterodimer is labeled as RIα:J-PKAcα and its two-fold 819 

symmetry mate is labeled as RIα’:J- PKAcα’. The two-fold axis position is shown as a solid 820 

black circle.  821 

(C) B factor analysis of the holoenzyme.  822 

(D) The J-domain is in close proximity to the CNB-B domain of RIα. 823 
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Figure 2. Dynamic conformations of J-domains in the chimeric holoenzyme during MD 825 

simulations  826 

(A) Three different simulations were initiated from: the chimeric crystal structure (crystal), the J-827 

in and J-out states. θ1 and θ2 are angles defined to probe the dynamics of the J-domain. 828 

(B) Top: Orientation of the J-domain for both copies of the chimera in the RIα2:J-PKAcα2 829 

holoenzyme, as given by θ1 and θ2 over a 1 μs simulation of the chimeric holoenzyme starting 830 

from the crystal structure. The red ‘x’ indicates the position of the J-domain at the beginning of 831 

the simulation. Darker colors indicate later in time. Larger values of θ2 indicate a conformation 832 

in which the J-domain is tucked underneath the PKAcα core while smaller values indicate an 833 

extended conformation. Bottom: Initial and final conformations of the RIα2:J-PKAcα2 simulation 834 

started from the crystal structure.  835 

(C) Minimum Cα distances between the J-domain and the adjacent RIα subunit for the three 836 

simulations. Solid and dotted lines indicate each copy of the J-domain in the holoenzyme 837 

respectively.  838 
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 845 

Figure 3. Interactions of the two RIα:J-PKAcα heterodimers in the chimeric holoenzyme 846 
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(A) Overall interface of the two heterodimers consists of a large N3A-N3A’ interface and two 847 

identical small interfaces with salt bridges. Sequence alignment of the N3A motifs from different 848 

R isoforms is shown at the right bottom. Interface residues at the N3A motif are labeled in red. 849 

CNC mutations are marked with asterisks.  850 

(B) The N3A-N3A’ four-helical bundle acts as a structural anchor during cAMP activation. The 851 

αB/C-helix and the CNB-B domain of RIα undergo dramatic conformational changes upon 852 

cAMP binding, while the N3A-N3A’ helical bundle is almost unaltered except the move-out of 853 

the 310-loops shown by the red arrows. The superimposition of the N3A-N3A’ interfaces in the 854 

chimeric holoenzyme and the cAMP-bound RIα dimer (gray, PDB ID 4MX3) is shown in the 855 

dashed circle. 856 
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 867 

Figure 4. Interactions of the two RIα:PKAcα heterodimers in the wt holoenzyme 868 
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(A) Interface of the two heterodimers in the wt holoenzyme 1. Domain organization and color 869 

coding of the PKAcα and RIα subunits are shown on the top.  870 

(B) Interface of the two heterodimers in the wt holoenzyme 2.  871 

(C) Fluorescence polarization assays to measure RIα inhibition (left) by PKAcα (red) and J-872 

PKAcα (blue) as well as holoenzyme activation by cAMP (right). All data points are mean ± s.d. 873 

(n = 3 independent experiments). 874 
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 888 

Figure 5. Structural comparison of PKA holoenzymes  889 

(A) Side-by-side view of heterodimers at the same orientation: structures of RIα:J-PKAcα, 890 

RIα:PKAcα, RIβ:PKAcα (PDB ID 4DIN) and RIIβ:PKAcα (PDB ID 3TNP) heterodimers in the 891 

respective PKA holoenzymes.  892 

(B) Structure comparison of the chimeric RIα2:J-PKAcα2 and wt RIα, RIβ and RIIβ holoenzymes. 893 

 894 

 895 

 896 

 897 
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 898 

Figure 6. Stability, ATP binding and kinetic studies of J-PKAcα and PKAcα 899 

(A) Stability of J-PKAcα and PKAcα (apo, with ATP, and/or with PKI binding) measured by 900 

thermofluor assay.  901 

(B) ATP and PKI binding affinities of J-PKAcα (blue) and wt PKAcα (red). ATP binding (left) 902 

and PKI binding (right) were measured by thermofluor and fluorescence anisotropy assay 903 

respectively.  904 
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(C) Steady-state kinetics of phosphotransfer reaction of J-PKAcα (blue) and wt PKAcα (red). All 905 

data points are mean ± s.d. (n = 3 (panels a and b) and 2 (panel c) independent experiments). 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


45 
 

 924 

Figure S1. Summary of the previously determined structures of truncated PKA R:PKAcα 925 

heterodimers and wt R2:PKAcα2 holoenzymes 926 

(A) Structures of truncated PKA R:PKAcα heterodimers: RIα (91-379):PKAcα (PDB ID 2QCS, 927 

left) (Kim et al., 2007), RIIα (90-400):PKAcα (PDB ID 2QVS, middle) (Wu et al., 2007) and 928 

RIIβ (108-268):PKAcα (PDB ID 3IDB, right) (Brown et al., 2009). 929 

(B) Structures of the wt R2:PKAcα2 holoenzymes: RIβ2:PKAcα2 (PDB ID 4DIN, left) (Ilouz et 930 

al., 2012), RIIβ2:PKAcα2 (PDB ID 3TNP, middle) (Zhang et al., 2012) holoenzymes which are 931 

determined by X-ray crystallography and the RIα2:PKAcα2 model (right) (Boettcher et al., 2011) 932 

based on crystal packing of two truncated RIα(73-244):PKAcα heterodimers. The right 933 

R:PKAcα heterodimers are aligned at the same orientation in all of the three holoenzymes. 934 

 935 

 936 
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 937 

 938 

Figure S2. Bird-eye view of the structures of PKA R2:PKAcα2  and R2:J-PKAcα2 tetrameric 939 

holoenzymes determined previously and in this study  940 

(A) Previously determined RIα2:PKAcα2 model (left) (Boettcher et al., 2011), RIβ2:PKAcα2 941 

(PDB ID 4DIN, middle) (Ilouz et al., 2012), and RIIβ2:PKAcα2 (PDB ID 3TNP, right) (Zhang et 942 

al., 2012) tetrameric holoenzyme structures. 943 

(B) In this study determined RIα2:J-PKAcα2 and RIα2:J-PKAcα2  tetrameric holoenzyme 944 

structures. 945 

The twofold axis position for each holoenzyme is shown as a black dot in the middle..  946 

 947 

 948 
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 949 

Figure S3. Formation of the chimeric RIα2:PKAcα2 holoenzyme  950 

(A) Analytical gel filtration profile showing formation of RIα2:J-PKAcα2.  951 

(B) The diffracting crystals contain the full-length RIα2:J-PKAcα2 complex that was used for 952 

crystallization. The purified proteins RIα (lane 1), J-PKAcα (lane 2) and the dissolved diffracting 953 

crystals (lane 3) were run on a 7% tris-acetate SDS-PAGE gel and silver stained.  954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


48 
 

 965 

Figure S4. Cross-eyed stereo view of part of the RIα2:J-PKAcα2 holoenzyme structure in 966 

the 3.66 Å resolution 2Fo-Fc map at 1 σ 967 

 968 
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 978 

Figure S5. Addition of the J-domain does not significantly affect the structure of PKAcα 979 

and its binding with RIα 980 

(A) Overlay of J-PKAcα (colored) in the chimeric holoenzyme and PKI-bound PKAcα (gray, 981 

PDB ID 1ATP).  982 

(B) Overlay of J-PKAcα in the chimeric holoenzyme (colored) and PKI-bound J-PKAcα (gray, 983 

PDB ID 4WB7).  984 
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(C) Side-by-side comparison of RIα:J-PKAcα in the chimeric holoenzyme and a canonical 985 

R:PKAcα heterodimer in the RIIβ2:PKAcα2 holoenzyme (PDB ID 3TNP). 986 

 987 
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 999 

Figure S6. SAXS results from RIα2:J-PKAcα2 1000 

(A) SAXS profiles of RIα2:J-PKAcα2 at different concentrations.  1001 

(B) Calculated scattering curve from crystal structure in continuous green line and SAXS 1002 

experimental curve extrapolated to infinity dilution in blue dots.  1003 

(C) Guinier plot, I0: 0.081, Rg:48.8 ± 2.0 Å and Qmax*Rg: 1.26.  1004 

(D) The P(r) functions from the crystal structure of RIα2:J-PKAcα2 in continuous solid green line 1005 

and SAXS experimental data for the chimeric holoenzyme in blue dots. 1006 

 1007 

 1008 

 1009 

 1010 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 22, 2018. ; https://doi.org/10.1101/505347doi: bioRxiv preprint 

https://doi.org/10.1101/505347
http://creativecommons.org/licenses/by-nc-nd/4.0/


52 
 

 1011 

Figure S7. The J-domain configurations during the MD simulation started from the J-in 1012 

state model  1013 

(A) Top: Simulation of RIα2:J-PKAcα2 showing the orientation of the J-domain for each copy of 1014 

the chimera in the holoenzyme. The angles are the same as those defined in Figure 2. The red ‘x’ 1015 

indicates the initial conformation of the J-domain. Bottom: Initial (left) and final (right) 1016 

configurations of the J-domain in the holoenzyme.  1017 
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(B) Hydrogen bonds that formed between the J-domain and CNB-B domain during the 1018 

simulation. 1019 
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 1037 

Figure S8. The J-domain configurations during the MD simulation started from the J-out 1038 

state model 1039 

Top: Simulation of RIα2:J-PKAcα2 showing the orientation of the J-domain for each copy of the 1040 

chimera in the holoenzyme. The angles are the same as those defined in Figure 2. The red ‘x’ 1041 

indicates the initial conformation of the J-domain. Bottom: Initial (left) and final (right) 1042 

configurations of the J-domain in the holoenzyme. 1043 
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 1049 

Figure S9. Comparison among the final conformations from holo MD simulations, holo 1050 

crystal and SAXS experimental curves 1051 

(A) Calculated scattering curves from holo crystal and final conformations of MD simulations in 1052 

solid lines and SAXS experimental curve extrapolated to infinity dilution in blue dots.  1053 

(B) The P(r) functions from MD final conformations and holo crystal in solid lines and SAXS 1054 

experimental data for the chimeric holoenzyme in blue dots.  Calculated χ2, Rg and Dmax values 1055 

are reported in Table S2.  1056 
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 1057 

Figure S10. Cross-eyed stereo view of the N3A-N3A’ interface in the RIα2:J-PKAcα2 1058 

holoenzyme structure in the 3.66 Å resolution 2Fo-Fc map at 1 σ 1059 
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 1072 

Figure S11. Formation of the wt RIα2:PKAcα2 holoenzyme  1073 

(A) Analytical gel filtration profile showing formation of RIα2:PKAcα2.  1074 

(B) The diffracting crystals contain the full-length RIα2:PKAcα2 complex that was used for 1075 

crystallization. The purified proteins RIα (lane 1), PKAcα (lane 2), J-PKAcα (lane 3) and the 1076 

dissolved diffracting crystals (lane 4) were run on a 7% tris-acetate SDS-PAGE gel and silver 1077 

stained. 1078 
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 1088 

Figure S12. Wt holoenzyme 1 and 2 1089 

(A) Overlay of the RIα2:PKAcα2 holoenzyme 1 (gray) and chimeric RIα2:J-PKAcα2 holoenzyme 1090 

(colored).  1091 

(B) Overlay of the RIα:PKAcα heterodimers in the wt holoenzyme 1 (colored) and 2 (gray).  1092 

(C) Overlay of RIα:PKAcα in the wt holoenzyme 1 (colored) and the previously reported 1093 

RIα:PKAcα heterodimer (gray, PDB ID 2QCS).  1094 

(D) The minimum Cα distances between PKAcα and RIα’ in wt holoenzyme 1 (left) and 2 (right).  1095 

(E) Formation of salt bridges between the C-lobe of PKAcα and the CNB-B’ domain of RIα’ in 1096 

wt holoenzyme 2 during MD simulation. 1097 
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 1098 

Figure S13. Cross-eyed stereo view of the N3A-N3A’ interfaces in the conformations 1 and 1099 

2 of the RIα2:J-PKAcα2 holoenzyme structure in the 3.66 Å resolution 2Fo-Fc map at 1 σ, 1100 

respectively 1101 

(A) Cross-eyed stereo view of the N3A-N3A’ interface in the conformation 1 of the RIα2:J-1102 

PKAcα2 holoenzyme structure.  1103 

(B) Cross-eyed stereo view of the N3A-N3A’ interface in the conformation 2 of the RIα2:J-1104 

PKAcα2 holoenzyme structure. 1105 
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 1109 

Figure S14. The RIα-RIα’ interfaces in the RIα chimeric holoenzyme (Crystal), models of 1110 

the chimeric holoenzyme with both J-domains in J-in state (J-in) and with both J-domains 1111 

in J-out state (J-out), and wt holo (WT) during MD simulations 1112 

(A) Orientation between the two αB/C-helices in the RIα dimers as a function of time.  1113 

(B) Contact area of the RIα-RIα’ interfaces. 1114 
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 1123 

Figure S15. Dynamics of the αB/C-helix in the RIα chimeric holoenzyme (Crystal), models 1124 

of the chimeric holoenzyme with both J-domains in J-in state (J-in) and with both J-1125 

domains in J-out state (J-out), and wt holo (WT) during MD simulations  1126 

Linearity of the αB/C-helices as defined by the Cα atoms of D225-G235-K250. The αB/C-1127 

helices in simulations do not sample the bent conformation that is observed in the cAMP-bound 1128 

RIα homodimer. Solid lines indicate the αB/C bending angle in one R subunit while dashed lines 1129 

indicate those in the symmetry-related R subunit in the holoenzyme. 1130 
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