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Abstract

Although the a.C-B4 loop is a stable feature of all protein kinases, the importance of this motif
as a conserved element of secondary structure, as well as its links to the hydrophobic
architecture of the kinase core, has been underappreciated. We first review the motif and then
describe how it is linked to the hydrophobic spine architecture of the kinase core, which we first
discovered using a computational tool, Local Spatial Pattern (LSP) alignment. Based on NMR
predictions that a mutation in this motif abolishes the synergistic high-affinity binding of ATP and
a pseudo substrate inhibitor, we used LSP to interrogate the F100A mutant. This comparison
highlights the importance of the a.C-4 loop and key residues at the interface between the N-
and C-lobes. In addition, we delved more deeply into the structure of the apo C-subunit, which
lacks ATP. While apo C-subunit showed no significant changes in backbone dynamics of the
oC-B4 loop, we found significant differences in the side chain dynamics of K105. The LSP
analysis suggests disruption of communication between the N- and C-lobes in the F100A
mutant, which would be consistent with the structural changes predicted by the NMR

spectroscopy.
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Introduction. Although the protein kinases, like the GTPases, have evolved to be highly
regulated molecular switches, they transfer the y-phosphate of adenosine triphosphate (ATP) to
a protein substrate instead of to water. Understanding how mature and fully active protein
kinases couple ATP binding to peptide/protein binding is especially challenging as it involves
many sites that lie distal to the active site. This process of phosphorylating a heterologous
protein substrate should be clearly distinguished from cis-autophosphorylation of the kinase
core, which is usually a key initial step in the assembly of most active kinases. Cis-
autophosphorylation of a protein kinase core is distinct and different from transferring the
phosphate to a heterologous protein. In cells a fully active kinase transfers the y-phosphate of
ATP to a heterologous protein substrate that is typically tethered to a distal site that lies far from
the site of phosphoryl transfer. To ask how a mature and fully active protein kinase couples ATP
binding to peptide/protein binding we use the catalytic (C) subunit of cAMP-dependent protein
kinase (PKA) as a model system. PKA activity is regulated by inhibitory regulatory (R) subunits
and by heat-stable protein kinase inhibitors (PKIs). In addition, we have extensive NMR data
and computational analyses of PKA that complement crystal structures and provide essential
windows into dynamics.

The conserved motifs that define the kinase core were first recognized when Dayhoff
aligned the cloned sequence of Src with the manually sequenced C-subunit of PKA in 1982 (1).
By manually aligning a handful of protein kinases, Hanks, et al, subsequently showed that these
motifs, which were scattered throughout the kinase core, were conserved in all protein kinases
(2). When the first protein kinase structure was solved in 1991, these conserved sequence
motifs became structural entities that correlated with  strands, o helices, and loops of the
folded protein (3). That first structure, which was actually a binary complex of the PKA C-subunit
and an inhibitory peptide (IP20) from PKI, also provided a detailed description of how the IP20
peptide was docked onto the kinase core (4). Subsequent structures of a ternary complex with
ATP and IP20, solved in 1993, showed how the conserved motifs correlated with ATP and
peptide binding and engaged the entire kinase core (5, 6). Although Johnson provided a more
detailed description of these motifs (7), several essential points were not yet understood. Only
later, using computational tools, did we come to appreciate how the conserved and non-linear
hydrophobic core architecture was assembled and how hydrophobicity correlated with allosteric
regulation of the kinase core (8-10). In addition, we did not initially appreciate the importance of
the aC-B4 loop. Like helices and strands, the aC-B4 loop is also a well-defined element of
secondary structure (11, 12), and this loop in the N-terminal lobe (N-Lobe) of the kinase core is

essential for mediating the synergistic high-affinity binding of ATP and IP20.
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73 Unlike other protein kinases such as PKC and the Leucine-rich repeat kinase 2 (LRRK2)
74  that are flanked by other domains that regulate activation and subcellular localization (13-15),
75 the PKA C-subunit represents a kinase domain that is flanked by relatively short N- and C-
76  terminal tails (16). In cells the C-subunit is then assembled as an inactive holoenzyme with
77  functionally non-redundant cAMP binding regulatory (Rla, RIf, Rlla, and RIIB) subunits allowing
78  the activity of the kinase domain to be unleashed rapidly and reversibly by allosteric binding of
79  cAMP to the cyclic-nucleotide binding domains (CNB) of the R-subunits (17). In addition, the
80 PKA C-subunit can be regulated by PKI. The R-subunits and PKI all share an inhibitor site that
81 docks to the active site cleft of the C-subunit; however, PKI and RlIo/RIf} are unusual in that they
82 are pseudo substrates where high-affinity binding is synergistically coupled to the high-affinity
83  binding of ATP (~60nM). Even though the structure of the PKA C-subunit was solved over 30
84  years ago, we still are elucidating the mechanistic details of how the highly dynamic features of
85 the kinase core are regulated by a set of well-defined motifs and, in particular, how the high-
86 affinity binding of ATP and IP20 are coupled. Disease mutations are also providing key
87  mechanistic insights into how the synergistic binding of ATP and PKI can be uncoupled. Using
88 the PKA C-subunit as a prototype, we focus here, in particular, on the conserved hydrophobic
89 residues/motifs that define the core protein kinase architecture, which contributes so
90 significantly to entropy-driven allostery (18). We then describe how the oC-f34 loop is anchored
91 to the hydrophobic core architecture. Finally, we explore how a single mutation, F100A in the
92  aC-B4 loop, uncouples the synergistic binding of ATP and PKI using a computational approach
93 that first identified the hydrophobic spines (8, 9).
94
95 Discovering the hydrophobic core architecture of protein kinases. While we elucidated
96 conserved motifs in the kinase core early on (1, 2, 7) and identified, using affinity labeling,
97  specific residues that we hypothesized were associated with ATP binding (19, 20), we did not
98 have a thorough understanding of the bilobal kinase fold until the first protein kinase structure
99 was solved. This first structure defined the N-Lobe and the C-Lobe and validated the active site
100 localization of the regulatory triad that was identified by affinity labeling and cross-linking. This
101 triad consists of two residues in the N-Lobe - K72 in 33 and E91 in the a.C-Helix and one in the
102  DFG motif in the C-Lobe - D184 (3). The subsequent structures in 1993 (5, 6) showed how ATP
103  was held into the active site cleft between the two lobes. Together, these structures validated
104 the affinity labeling experiments where the three motifs containing the regulatory triad residues

105  converged on the ATP phosphates and Mg** ions at the active site cleft. This structure of a fully
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106 closed conformation also defined a novel ATP binding motif where the adenine ring of ATP was
107  buried under a Glycine-rich Loop (G-loop) in a pocket at the base of the cleft (5, 6). From these
108 early structures we gain an appreciation for what is now called the “Activation Loop”. The
109  Activation loop is typically assembled by a key phosphorylation site (21, 22), and this loop is
110  very stable in the PKA C-subunit because T197 is constitutively phosphorylated in the purified
111  C-subunit. At that time, however, we did not appreciate the highly dynamic features that
112 regulate kinase activity, including the Activation loop, nor did we appreciate the role of
113 hydrophobicity in driving dynamics. This would require both computational tools that were not
114  yet sufficiently robust as well as nuclear magnetic resonance (NMR) spectroscopy. In addition,
115  we would need structures of other kinases where the Activation loop is typically disordered (21,
116  22).

117 The importance of hydrophobic residues and the concept of non-contiguous but spatially
118 conserved hydrophobic motifs, some highly conserved and others just conserved as
119 hydrophobic residues, did not become obvious until we investigated structural differences with a
120 computational approach called Local Spatial Pattern (LSP) alignment. With LSP alignment we
121  first identified spatially conserved residues that revealed a conserved hydrophobic “spine”
122  architecture that was associated with active kinases but broken in inactive kinases (8). The
123  terminology of “spines” is related to the fluidity of these residues in contrast to hydrophilic
124  residues and ion pairs that are locked into a more rigid conformation by hydrogen bonds or
125 electrostatic bonds. The Regulatory Spine (R-spine) residues were identified first and
126  correspond to four spatially conserved residues - two in the C-lobe and two in the N-lobe that
127  were aligned in every active kinase but broken in inactive kinases (8). The assembly of the R-
128 Spine defines the switch mechanism of every active kinase. It reveals how kinases have
129  evolved to be dynamic molecular switches, similar to the GTPases. In contrast to metabolic
130 enzymes, they have not evolved to be efficient catalysts. The highly regulated R-Spine along
131 with the Regulatory Triad (K72/E91/D184) remain as hallmark signature motifs of every active
132  kinase that is capable of trans-phosphorylation of a heterologous protein substrate.

133 A second motif, referred to as the Catalytic Spine (C-Spine), defines the extensive and
134  fundamental core hydrophobic architecture of every kinase domain (9). The C-spine includes
135 motifs in both the N-Lobe and the C-Lobe, which are connected by the hydrophobic capping of
136 the adenine ring of ATP. Capping of the adenine ring is accomplished by two highly conserved
137  residues (A70 in B3 and V57 in 32) in the N-Lobe while the other surface of the adenine ring is
138 capped by a C-Lobe residue, L173 in 37, which is a conserved hydrophobic residue found in all

139 kinases. The dominant feature of the C-spine is the very unusual hydrophobic aF-Helix that
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140 spans the C-lobe and is linked to all of the important elements of the C-Lobe (Figure 1). This
141  buried helix is unusual for several reasons. With a conserved glycine in the middle, it does not
142  have a strong helical propensity. In general, it is highly unusual to find a buried hydrophobic
143 helix in a globular domain; in many ways it is more like a trans membrane helix. The oF helix is
144  flanked by two charged residues. At the beginning of the oF Helix is the highly conserved D220
145 that couples the aF Helix to the catalytic machinery at the active site cleft (Figure 2).
146  Specifically, it hydrogen bonds to the backbone amides of Y164 and R165 in the Y/HRD motif
147  that precedes the catalytic loop. D220 is followed by another highly conserved residue, W222,
148  which faces the aH-al loop, a tethering site on the bottom of the C-Lobe (23, 24). W222 also
149  shields the conserved ion pair between E208 at the end of the APE motif and R280 in the aH-al
150 loop. At the other end of the aF Helix is E230 which in PKA recognizes the P-2 arginine in the
151 substrate peptide/protein. The remarkable features of the aF-Helix that allow it to be the central
152  organizing unit of the C-lobe, summarized in Figure 1, were clearly revealed in the LSP plots in
153 2008 (9). What was not fully appreciated in these first analyses, however, was the role of the
154  oE-Helix in the C-Lobe and another highly conserved motif in the N-Lobe, the a.C-B4 loop.

155

156 The aC-B4 Loop. The two spine residues in the N-Lobe, which lie at the end of the aC Helix
157 (RS3) and the beginning of B4 (RS4), stabilize a very important element of secondary structure
158 thatis conserved in every protein kinase - the aC-p4 loop (residues 99-106) (Figure 3). The two
159 R-spine residues are brought together by a strategic p-turn motif (residues 100-103) where the
160 carbonyl of F100 is hydrogen bonded to the backbone amide of L103 (11). The other carbonyls
161 and amides of this turn, as well as those of the other residues in this motif, are filled by ordered
162  water molecules (Figure 3B). Structured water molecules highlight that this surface of the aC-
163 B4 loop is exposed to solvent, while the other buried surface of the aC-p4 motif is very
164  hydrophobic and anchored to the hydrophobic R-Spine and Shell residues (25). Only one
165 residue in the aC-B4 motif, V104, directly touches ATP through one of its methyl side chains
166 thatis anchored to the adenine ring.

167 Although highly conserved and very stable, this B-turn is not traditionally recognized as a
168 stable element of secondary structure (12). The two N-lobe spine residues (RS3 and RS4)
169 anchor the aC-B4 motif to the R-Spine residues in the C-Lobe (Figure 3B) while the tip of the
170 loop is very hydrophobic (Figure 3A). The critical features at the tip of the B-turn typically
171 include a proline. Even though the backbone amides and carbonyls of the B-turn are solvent

172  exposed, one can see in PKA that the hydrophobic side chain residues at the tip of the loop,
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173  F100-P101-F102-L103, are buried in a hydrophobic pocket comprised primarily of residues in
174  the aE-Helix. The strategic importance of stabilizing the backbone of this aC-p4 loop is
175  highlighted by Y156 in the oE helix, which hydrogen bonds to the backbone amide of N99.
176  Although this residue (N99) is not conserved, its functional importance has been highlighted by
177  BRaf where replacement of this residue (R509) with histidine breaks the BRaf dimer interface
178 that is essential for BRaf activation (26, 27). The importance of this residue was also explored in
179 depth for the EGF receptor where this site is a hot spot for oncogenic mutations (28, 29).
180  Although the residue at the N99 position differs in every kinase, its spatial organization as well
181 as the hydrogen bonding of its backbone to the oE helix is conserved, and its strategic function
182 may also be conserved.

183 The first 600 picosecond Molecular Dynamics (MD) simulations of the PKA C-subunit,
184 published in 1999, not only demonstrated that the N-Lobe and the C-Lobe function as
185 independent rigid bodies but also showed that the aC-f4 loop (residues 99-106) is the only
186 piece of the N-lobe that remains anchored to the C-lobe whether the kinase is in an open or
187 closed conformation (30) (Figure 4). We now know from many kinase structures that positioning
188  and organizing the N-lobe for catalysis is complex and highly regulated. The analysis of LRRK2
189  supports the prediction that the N- and C-lobes of the kinase core function as independent rigid
190 bodies (31, 32). It also indicates that the aC-p4 loop remains as one of the most stable
191 elements of the kinase core whether LRRK2 is in an active or an inactive conformation (Figure
192  4). The aC-B4 loop is also stably anchored to the aE helix in the active and inactive Src as well
193 as in the active and inactive BRAF (Figure 4). Indeed, the aC-p4 loop is conserved as a stable
194  element of secondary structure in every protein kinase as it anchors to the oE Helix.

195

196 The oE Helix. Although the dynamic a.C Helix, as well as the stable aF Helix described above
197 (Figure 1), have been long recognized as conserved elements of the kinase core, less attention
198 has been given to the oE Helix. A defining feature of the oE Helix, mentioned above, is Y156.
199 This conserved tyrosine, which can also be a histidine or phenylalanine in other kinases, is
200 anchored to the backbone amide of N99 in the aC-f4 loop. The importance of this residue is
201 highlighted in BRAF, as discussed previously. Two residues down from Y156 is H158 which in
202  PKA is firmly anchored to the conserved D220 in the aF Helix. H158 is one of three dually
203  protonated histidines in the C-subunit (33, 34). In the fully active C-subunit that is
204  phosphorylated on its Activation loop the side chain of His158 anchors the backbone amides of
205 the HRD residues (R165 and D166) in the Catalytic loop. In contrast to the Activation loop
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206  (residues 184-pT197), which is dynamically assembled, the backbone of the catalytic machinery
207 inthe C-Lobe (residues 162-182) is very stable. As seen in Figure 2, this interaction as well as
208 the hydrophobic anchoring of the catalytic loop to the aE and aF Helices makes the backbone of
209 the catalytic loop very stable. H158 is conserved as a histidine or phenylalanine in most
210 kinases and in the EGF receptor and in other tyrosine kinases this region is a hot spot for
211  oncogenic mutations (15).

212 1150 in the oE Helix is also a key residue. The importance of 1150 as a critical player in
213  the hydrophobic core architecture was first highlighted by NMR (10). As seen in Figure 2, 1150
214  is important for many reasons. It is anchored to L167 and P169 in the Catalytic loop and to L172
215 in B7, which connects the adenine capping residue, L173, to the hydrophobic core. On the other
216  side of L173, both 1174 and 1180 in 8 anchor the adenine capping residue to the oE Helix. In
217  contrast to the Activation Segment and the R-spine, which are dynamically assembled as part of
218  activation, the backbone residues of the catalytic machinery are always very stably anchored to
219 the hydrophobic core architecture. The two R-Spine residues in the C-Lobe, RS1 in the HRD
220 motif and RS2 in the DFG maoitif, are all highlighted in Figure 2 where we can appreciate that the
221  catalytic machinery is anchored to the R-Spine, similar to the hydrophobic surface of the aC-4
222 loop.

223

224  Synergistic high affinity binding of ATP and pseudo-substrate inhibitors. A highly unusual
225  allosteric feature of PKA that is perhaps unique to PKA is its heat-stable protein kinase inhibitor
226  (PKI). PKI was first identified as a high-affinity inhibitor of the PKA C-subunit in 1971 shortly
227  after the C-subunit was discovered (35). It is a classic Intrinsically Disordered Protein (IDP), a
228 prediction that was fully validated recently by NMR of full-length PKI (36). Once it was
229 sequenced (37), PKI was shown to be a pseudosubstrate, a feature that is shared by the type |
230 Regulatory (R) Subunits of PKA, Rla and RIB. While the inhibitory properties of PKI were
231  localized to the N-terminus (residues 5-24) (38, 39), the unusual synergistic high-affinity binding
232 of ATP and PKI was characterized in detail by the peptide studies of Whitehouse and Walsh
233 (40). They confirmed that having a pseudo-substrate where the P-site in PKI is an alanine, is
234 essential for high affinity binding while the arginines that precede the P-site, as well as the P+1
235 hydrophobic residue, are also important for binding of both substrates and pseudosubstrates.
236  To achieve high-affinity binding, however, hydrophobic residues that preceded the inhibitor site
237  were required. Based on their peptide studies and subsequent biophysical studies, Walsh and
238 his colleagues predicted that this hydrophobic motif was an amphipathic helix (41-43).

239  Localization of the inhibitory region to the N-terminus of PKI and the rigorous characterization of


https://doi.org/10.1101/2023.08.31.555822
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.31.555822; this version posted October 16, 2023. The copyright holder for this preprint
(which was 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 under aCC-BY-NC-ND 4.0 International license.

240 the inhibitor peptide (IP20, residues 5-24) enabled crystallization of that first PKA structure
241  bound to IP20 (3). A second paper (4), which completely validated the peptide predictions,
242  showed precisely how P20 bound with high affinity through basic residues near the active site
243 and a distal amphipathic helix (Figure 5). Showing how both charged and hydrophobic residues
244 contribute to peptide binding at sites that are distal to the phosphoryl transfer site did not explain,
245  however, how the synergistic high-affinity binding of ATP and IP20 was achieved. The Rla
246  subunit is also a pseudosubstrate and displays the same synergistic high affinity binding with
247  ATP (44, 45). Whether other kinases have such pseudosubstrate inhibitors that display this
248  synergistic high-affinity binding with ATP is not clear, although two of the most important
249  biological inhibitors of the PKA C-subunit, PKI and Rla, show this property, while RIl subunits of
250 PKA are actually substrates and not pseudo-substrates. The difference between substrate
251 inhibitors and pseudo-substrate inhibitors is fundamental. Do other kinases have physiologically
252  relevant pseudo-substrate inhibitors that binding with high affinity?

253 The specific features that convey high affinity binding to PKI are the amphipathic helix
254  that docks into a hydrophobic groove on the C-Lobe while the high-affinity binding of Rla is due
255  tothe first CNB domain (46, 47), CNB-A, which docks onto the Activation loop and the aG-helix.
256  These docking sites can be thought of as substrate tethering sites. While ATP binds with a 15
257  uM affinity (Km) when phosphorylating a small peptide, such as Kemptide (G-R-R-G-S-L), in the
258  presence of PKI or IP20 (residues 5-25) it binds with an affinity of ~60 nM. Similarly, IP20 on its
259  own has an affinity of ~200 nM, while in the presence of MgATP the affinity is ~1 nM. This high-
260 affinity synergistic binding also requires two Mg?* ions that bind to the phosphates of ATP and
261 neutralize the negative charge of the phosphate (45), which allows the N- and C-lobes to fully
262 close. In the fully closed conformation F54 in the G-loop is adjacent to F187 that follows the
263 DFG motif. In this structure the y-PO4 is well shielded from water, a phenomenon which is
264  thought to facilitate the transfer of the phosphate (Figure 5). The second Mg?* ion, in particular,
265  bridges the D184 in the C-Lobe with K72 in the N-Lobe. allowing for full closure of the catalytic
266  cleft. These unique features of P20 allowed us to trap the fully closed conformation in our first
267  structures of the PKA catalytic subunit (5).

268

269 Capturing Dynamics. Identifying allosteric sites that lie distal to the catalytic site where
270  phosphoryl transfer takes place is one of the most important challenges facing the kinase
271  signaling community, as these sites which may be only transiently sampled, can nevertheless
272  be excellent therapeutic targets. While crystal structures and cryoEM structures provide us with

273  high-resolution portraits of folded proteins, these structures are static snapshots. In contrast,
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274  NMR provides a residue-specific window into dynamics. NMR studies of the PKA C-subunit, first
275 described three states that are associated with the fully phosphorylated protein - uncommitted,
276  committed and quenched states (48). It should be emphasized that these states are all active
277  conformations where the R-spine is intact; they simply correlate with the opening and closing of
278  the active site cleft. The apo state, which is in an open conformation, is uncommitted to catalysis
279  while the binding of nucleotide, which completes the C-Spine, commits the kinase to catalysis.
280 The intermediate states with bound nucleotide correspond to partially closed states where the
281 C-terminal tail and the G-loop are still dynamic. How these states correlate with the
282  “Communities” of the kinase core was demonstrated by McClendon, et al (49). The quenched
283 and fully closed conformational state is captured when both ATP and the pseudo-substrate,
284 P20, bind with high affinity. While these initial NMR studies captured the backbone dynamics, it
285 is the side chains that report much of the entropy-driven dynamics (10), and to explore this
286  hydrophobic space required labeling the side chains. When side chains (Val, Leu, and lle) were
287 labeled, one could for the first time observe the correlated motions of the hydrophobic core
288  architecture, which experimentally captured the entropy-driven allostery (50).

289 Defining and targeting the allosteric sites of protein kinases is a holy grail, and if we
290 delve into the architecture of the kinase core as well as the tails and domains that flank the
291  kinase core in the PKA C-subunit, there are many sites where the core can become “uncoupled”
292  from the flanking motifs. Within the core, many sites lie distal to the active site that can uncouple
293  ATP and peptide/protein binding. Which of these mechanisms can abolish the synergistic high-
294  affinity binding of ATP and IP20 or can all of them do it? Some of these “uncoupling motifs” such
295 as F327, Y204, and E230 are sites that we have experimentally queried, whereas others such
296 as WI196R, L205R, and E31V are known disease mutations that correlate with Cushing’'s
297  Syndrome (51-55).

298 E230 is a critical residue for recognizing the P-2 arginine in PKA substrates. It couples
299 the peptide to Y204 in the P+1 loop and to E170 in the Catalytic loop. The E230Q mutant
300 uncouples the N- and C-lobes by “freezing” the enzyme into a stable open conformation that
301 can no longer bind ATP (56). Y204 is an example of an allosteric site that is not associated with
302 a change in conformation following replacement with Ala. Functionally this mutation reflects
303 instead an inability to transfer the y-phosphate of ATP to a protein substrate while it is still fully
304 capable of transferring the yPO, to water. Even though there is not a change in structure in the
305 Y204A mutant, mechanistically the Y204A mutation reflects a change in dynamics that can lead
306 to significant changes in the communities that the residue interacts with. Although changes in

307 dynamics can be captured and validated by NMR, changes in dynamics that lead to changes in
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308 stability can also be predicted by LSP alignment. LSP alignment identified this mutation, Y204A,
309 as part of a dynamics-driven allostery mechanism that can be described as a “Violin” model that
310 draws an analogy between distribution of thermal vibrations in proteins to vibrational patterns in
311 aviolin (18, 57-59).

312 F327, which lies outside the kinase core, highlights another unique feature of PKA that is
313 conserved in all the AGC kinases (16). F327 is part of a C-terminal tail that wraps around both
314 lobes of the kinase core and is an essential feature of the ATP binding site (Figure 5). When all
315  of the residues comprising the hydrophobic shell around the adenine ring of ATP were mutated
316 to alanine, and analyzed in a yeast screen, only two were found to block viability, F327 and
317 L173 (60). We now know that L173 is a C-spine residue, but F327 lies outside of the kinase
318 core. Nevertheless, it is absolutely essential for binding of ATP. Replacing F327 with alanine
319 reduces the Km for ATP over 10-fold (~450 uM) and completely abolishes the high-affinity
320 binding of ATP.

321 Three Cushing syndrome mutations were also shown to “uncouple” high-affinity binding
322  of inhibitor proteins. L205R uncouples binding of both Rl and RII subunits as well as PKI by
323  disrupting binding to the P+1 pocket (55), while W196R disrupts binding to the cyclic nucleotide
324  binding domain (CNB-A) of both RI and RII subunits (51, 61). E31V is an example of a mutant
325 that uncouples the aA-Helix from the Activation loop, and this mutation also abolishes the
326  synergistic high-affinity binding of ATP (53). Paul Herman identified a set of mutants on the C-
327 lobe of the C-subunit that selectively enhanced the docking of protein substrates (23, 24). He
328 defined these as tethering sites, and all of these are directly linked to the aF/aE-Helices. So,
329 there are a number of ways that one can uncouple the synergistic high-affinity binding of ATP
330 and IP20 or Rla by mutating sites that are distal to the catalytic site.

331

332  F100A mutation highlights the importance of the aC-p4 Loop. Another mutation that lies in
333  the aC-B4 loop, F100A, was recently described (23, 24). Adjacent residues in the aC-p4 loop
334  (V104l, L103F/l, and P101A) are actually oncogenic mutations in several protein kinases,
335 including PKA although none of these have been validated. The synergistic binding of ATP and
336 IP20 was completely abolished for the F100A mutant; even though the Kms for Kemptide and
337  ATP for the F100A mutant were similar to the wild type (wt) C-subunit (62). Peptide assays are
338 a good way to evaluate the kinetic machinery of a protein kinase, and biochemically, based on
339 the Kemptide peptide assay, the kinetic mechanism for the C-subunit was not altered
340 significantly by the F100A mutation. However, the peptide assay does not reflect how a protein

341  kinase works in cells where it phosphorylates other proteins, not peptides. One will never
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342  replicate Michaelis Menton kinetics in cells where the assay depends on having a large excess
343  of a small peptide substrate. This is, of course, relevant for peptides or hormones binding to a
344  receptor on the surface of the cell, but inside cells the protein substrates are not typically in
345 huge excess of the kinase and the interactions are not diffusion limited. They are instead
346  dependent on co-localization where the protein substrate is tethered in close proximity to the
347 kinase. This can be achieved by tethering directly to sites such as those described by Paul
348 Herman on the C-Lobe of the PKA kinase core (23, 24) or by binding to a kinase scaffold protein
349 in a way that brings the P-site close to the active site of the kinase (63). With this mechanism
350 protein phosphorylation is not diffusion-limited; however, it still highly depends on Brownian
351 Dynamics (BD) (64, 65); the charged residues are now simply tethered in close proximity to the
352  active site.

353 The importance of the aC-B4 loop was actually initially hinted at by computational
354 analyses that involved Markov State modeling and NMR-restrained replica-averaged
355 metadynamics (RAM). These analyses suggested that there may be a flip of the aC-B4 loop in
356 the apo protein and in the mutant (62). As seen in Figure 4, no such flip has been observed so
357 far in any of the crystal structures of the C-subunit to date (wt, E230Q, unphosphorylated C, and
358 the apo C-subunit), regardless of closed or open conformation. The subsequent NMR studies of
359 the F100A mutant also highlighted V104 and [1150 as critical residues. 1150 is a critical part of
360 the hydrophobic core architecture of the C-Lobe that anchors the aE Helix to the C-spine (L172
361 andI174in B7) and to L167and P169 in the Catalytic loop (see above discussion and Figure 2).
362 In contrast, V104, which is part of the a.C-b4 loop, is one of three shell residues (SH1, SH2, and
363 SHB3) that flank the R-spine residues in the N-lobe and V104 also touches ATP (25). Specifically,
364 one of the methyl side chains of V104 touches the adenine ring of ATP so it is one of the N-lobe
365 adenine capping residues for ATP (60) (Figure 5). All of the adenine capping residues in the C-
366  subunit come from the N-Lobe and the C-tail except for L173, which is the only capping residue
367 that comes from the C-Lobe. The C-spine is so important, because it links all of the hydrophobic
368 capping machinery in the N-Lobe with the hydrophobic core architecture in the C-Lobe. This
369 residue is not always conserved as a valine, but it is typically a small hydrophobic residue. This
370 hydrophobic residue also touches the well-studied gate-keeper residue, which in PKA is M120;
371 the gatekeeper is another shell residue (SH3) (66, 67).

372 The long computational studies (2 usec) carried out by Veglia predicted that the aC-p4
373 loop undergoes a flip in the apo state, while the ITC results showed that the F100A mutant is
374 also more stable than wt C-subunit. Most importantly, the biochemical studies clearly

375 demonstrate that this mutation disrupts the synergistic binding of ATP and IP20. We thus asked
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376  whether LSP could identify changes in dynamics that correlate with the NMR results. Could the
377 LSP analysis, which requires relatively short simulation times, predict residues or regions in the
378  C-subunit that could account for enhanced or reduced stability that results from this mutation
379 even if they cannot predict a conformational change?

380

381 Comparing the LSP alignment of F100A with wt C-subunit. Local Spatial Pattern (LSP)
382 alignment is a computational method developed in our laboratory for capturing conserved
383 patterns formed by Ca-CB vectors in proteins (Figure 6A). Initially, it was utilized to identify
384  conserved hydrophobic ensembles in protein kinases (8, 9). More recently, this technique was
385 applied to Molecular Dynamics (MD) simulations, in an effort to analyze stable regions in Protein
386 Kinase A (68). By comparing spatial patterns formed by Ca-CB vectors in differing
387 conformations generated via MD simulation it is possible to analyze thermal vibrations of
388 residues. These motions occur on a sub-nanosecond timescale and are considered to be the
389 foundation of dynamics-driven allosteric effects, which were predicted by Cooper and Dryden in
390 1984 (69) and have been observed in multiple proteins (70, 71).

391 LSP-alignment is a graph-theory based method that implements a Protein Residue
392 Network (PRN) approach (72). As we demonstrated, two major centralities of such PRNs can
393 contain important information on the local stability (Degree centrality, DC) and global
394  connectivity (Betweenness centrality, BC) of the protein (68) (Figure 6B). Our purpose here
395 was to identify changes in LSP-based PRNs associated with the F100A mutation, specifically
396 assessing whether these changes relate to the dynamic features of the aC-B4 loop and
397 correlate with the NMR results. Figure 6C shows the corresponding PRNs laid out by the
398 ForceAltlas2 algorithm (73). This algorithm treats the weights assigned to edges as attractive
399 forces that balance the imposed repulsion of the nodes. In LSP-based PRNs, compact and
400 highly interconnected nodes correspond to more ordered regions of the protein where Ca:Cf
401  vectors move cohesively and preserve their mutual orientations. Both PRNs showed very similar
402  general structures, featuring dense groups of residues that correlate with the N and C-lobes.
403 These are linked by the Hinge, aC-f4 loop and aC-helix. The analysis also includes the ATP
404  molecule, that was described by N1-C8 vector. Notably, the darker color of the aC-B4 loop
405 residues in the F100A mutant indicates the increased level of BC.

406 To analyze changes of BC and DC in more detail we plotted them on scatterplots
407  (Figure 7). Residues from the aF-helix have the highest levels of DC in both the wt C-subunit
408 and F100A. This is consistent with the fact that this helix is the most stable structural element of

409 the kinase core and is known to be a major scaffold for the catalytic machinery of these
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410 enzymes (Figure 1) (9). Several of the aF helix residues such as D220, W221, W222 and L227
411 from the C-spine, score high for both DC and BC. This indicates that these residues act both as
412  hubs and connectors. The most significant change in the FL00A mutant is the increase of BC for
413  the five residues from the aC-B4 loop (highlighted in blue). Conversely, a set of highly
414  conserved residues (marked in red), previously noted for having the highest levels of BC (68),
415  show a reduction in their DC and this reduction is even more pronounced in the BC values in
416  the F100A mutant.

417 The detailed values of DC and BC changes associated with the F100A mutation are
418 shown in Figure 8. Since both of these parameters have positive and negative values, we
419  visualize them separately, mapping them onto the PKA structure. Positive changes in DC
420 correspond to areas that lose stability of their Ca-Cf8 vectors upon the mutation (Figure 8A, left,
421  red). These include the catalytic area of the kinase, and most importantly, universally conserved
422 K72, the DFG-motif, including D184, and the substrate binding site. Notably, the ADC value for
423  ATP is one of the highest (Figure 8A, center), indicating a significant loss of stability of the
424  adenine ring in the mutant. Negative changes in ADC (Figure 8A, right, blue) correspond to
425 areas of PKA that become more stable in the mutant. Significant changes were primarily
426 localized in the aC-B4 loop. Similarly, negative changes in ABC values (Figure 8B, right, blue)
427  were also found in the aC-B4 loop, signifying that the role of the major connecting area between
428 the lobes shifts from the catalytic area (Figure 8B, left, red) to this region. Overall, the F100A
429  mutation causes the rigidification of the aC-B4 loop, especially V104 at the tip becomes more
430 stable and rigid following mutation of F100. Our analysis suggests that the major connectors
431  Dbetween the N- and C-lobes such as K72 from 33 stand (N-lobe) and D184 from the DFG motif
432  (C-lobe) in the wt protein gets impaired and destabilized in response to the F100A mutation.
433  The rigidified aC-B4 loop loses the dynamic coupling between the two lobes and the
434  connectivity between both lobes changes, as seen by V104 and 1150, which become the major
435  connector points following the mutation. Overall, the mutation at the aC-f4 loop changes the
436  allosteric communication between the two lobes.

437 In general, these results can be interpreted as a disruption of dynamic communication
438  Dbetween the two lobes where ATP binding in the N-Lobe comes together with the major catalytic
439  machinery in the C-Lobe (Figure 2). The prominent role of D184 in the C-lobe and K72 in the N-
440 Lobe, hallmark features of the conserved regulatory triad, are also altered. Upon the mutation, a
441  robustly stable region around F102-L106 becomes a dominant connector between the lobes,
442  leading to a significant disruption of correlated dynamics observable in the active site of the wt
443  C-subunit.
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444

445  Capturing side chain dynamics. Our initial preliminary LSP alignment comparison of wt C-
446  subunit in the presence of ATP with the F100A mutant indicated significant destabilization of the
447  entire catalytic machinery in the C-lobe in parallel with enhanced stability of the aC-p4 loop, a
448 node in the C-tail and the aH-al loop (Figure 8A). While a much more extended analysis is
449 needed to validate the LSP predictions, the overall results clearly show that the dynamic
450 features of the aC-B4 loop have changed in the F100A mutant. As discussed earlier and as
451  indicated in Figure 4, we did not see significant changes in the aC-p4 loops when we compared
452  our various crystal structures, which included open and closed conformations of the active
453  kinase as well as an inactive unphosphorylated C-subunit. Specifically, the tip of the aC-p4 loop
454  remained anchored to the oE Helix in all of these structures. Intrigued by our LSP results with
455  the F100A mutant, we thus looked more carefully at the side chain residues in the aC-4 loop in
456  our various structures. We asked specifically if there were differences in any of the side chain
457  residues that could be predictive of subsequent conformational changes in the backbone as was
458  predicted by the NMR studies. The side chains of the aC-B4 loop in the ternary complex with
459  ATP and IP20 are shown in Figure 9A, and no significant differences were seen for the E230Q
460 mutant and the unphosphorylated C-subunit. In this structure the side chain of K105 was
461  toggling (~4.6A) between two carboxyl groups (E107 and E121), and its backbone carbonyl (the
462  first residue of B4) is hydrogen bonded to the backbone amide of E121 (the last residue of (35)
463  (Figure 9B). While the apo protein showed no major changes in the backbone of the aC-p4
464  loop, the side chain of K105 has flipped and is now interacting with carbonyls in the p-turn
465  residues. It is also close to the side chain of N99. Based on the crystal structures, this space is
466  not sampled by K105 in the wt C-subunit; instead this space is filled by ordered water molecules.
467 To look more carefully at the space that is sampled by the side chain of K105, we looked
468  at the MD simulations that were used for the LSP analysis of the wt binary complex of the C-
469  subunit and the F100A mutant. As seen in Figure 10A, for the wt C-subunit there is one global
470  energy minimum, and the predominant structure for the global energy minimum correlates well
471  with our structure of the ternary complex (Figure 9A). Based on the simulations, however,
472  instead of toggling between E107 and E121, the side chain of K105 interacts predominantly with
473  the side chain of E107 (Figure 10C), while it rarely samples the side chain of E121 (Figure
474  10D). In contrast to the wt C-subunit and the apo protein, the mutant shows two energy basins
475  (Figure 10B). The minor local minimum corresponds closely to the wt C-subunit with K105

476 interacting with E107. In contrast, the major global energy minimum shows the side chain of
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477  E105 interacting with the side chain oxygen of N99 and far from the side chain of E107. The
478  probability distribution of this interaction with N99 is shown in Figure 10E, which confirms that
479  the mutant has a stronger propensity to interact with N99. As discussed above, N99 is thought
480 to be a critical residue based on the importance of the homologous residue in BRaf (R509) for
481  dimerization and because the backbone of this residue is always anchored to a key residue in
482  the aE Helix (Y156) in every kinase. To interrogate the strength of the Y156 hydrogen bond to
483  the backbone amide of N99, we also looked at its probability distribution in the simulations
484  (Figure 10F). While the H-bond is strong in the complex and in the mutant, it is surprisingly

485  destabilized in the apo structure.

486 After investigating the binary complex of the C-subunit for both wt and F100A, we next
487 analyzed the ternary complex. Using the MD simulations, we asked specifically if the F100A
488  mutation alters the dynamic properties of K105 when both ATP and PKI are present. The free
489  energy landscape (Figure 11) depicts the overall energy profile for the wt ternary complex and
490 the F100A mutant. The wt ternary complex, in general, behaves similarly to the binary complex.
491  Both exhibit a single global energy minimum (Figure 11A). In contrast, the F100A mutation
492  shows enhanced dynamics for both binary and ternary complexes, although there are multiple
493  energy basins in the ternary complex (Figure 11B). The side chain dynamics of K105 also show
494  different interaction profiles (Figures 11 C, D and E), and differences are seen even when just
495  the binary and ternary complexes are compared. In the wt binary complex, the side chain of
496 K105 predominately interacts with the side chain of E107 (Figure 10C) and interacts more
497  transiently with the side chain of N99 (Figure 10E). This is in contrast to the wt ternary complex
498  where the interactions of K105 and N99 side chains increase (Figure 11E), while the interaction
499  with E107 decreases (Figure 11C). The side chain of K105 in the wt binary, ternary, and apo
500 states rarely samples the side chain of E121 (Figures 10D and 11D). The hydrogen bond
501 between Y156 and N99 is also maintain in the binary and ternary complexes, but broken in the
502 apo protein (Figures 10F and 11F).

503 Does the F100A mutation introduce additional changes in the crosstalk of the ternary
504 complex? The major difference is between K105 and E121, which correlates with the primary
505 energy minimum (Figure 11D). This interaction is not seen in any of the other complexes. In
506 addition, the side chain of K105 has a reduced propensity for interacting with the side chain of
507 E107 as shown in the second local minimum. Finally, there are no significant changes between
508 Y156 and the backbone amide of N99 in the mutant (Figure 11F). Hence, the enhanced side
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509 chain dynamics of K105 have been observed following the FL100A mutation where the side of
510 K105 toggles between E121 and N99, and to some extent E107 (Figure 11G). In general,
511 these results agree with the NMR experimental results and suggest that the F100A mutation
512  alters the dynamic interactions of the aC-4 loop, leading to the hypothesis of the disruption in

513 the allosteric communication between both lobes.

514 The most striking difference, based on the MD simulations, is the enhanced interaction
515 of K105 with the side chain of E121, a key residue that binds directly to the adenine ring of ATP.
516 As seen in Figure 12A, in the crystal structure of the ternary complex the backbone amide of
517 E121 hydrogen bonds to the backbone carbonyl of K105, while the backbone carbonyl of E121
518 hydrogen bonds directly to the adenine ring of ATP. The hydrophobic packing between the ATP
519 adenine ring and V104, a shell residue, is extended to the R-spine residues, L95 (RS3) and
520 L106 (RS4), which is also highlighted. How these predicted changes in dynamics in the F100A
521 mutant correlate with enhanced stability and/or alter function need to now be validated
522  experimentally.

523 Summary and future directions. Based on the NMR analysis of the F100A mutant, we more
524  rigorously examined the aC-B4 loop showing first how it is firmly anchored to the hydrophobic
525  core architecture of the C-lobe. In addition, we reviewed the synergistic high-affinity binding of
526 ATP and PKI, a phenomenon that was described in detail many decades ago for PKI but never
527 fully explained in terms of its mechanism. In the F100A mutant, this synergy is uncoupled.
528 Finally, given that both NMR and the Markov State model suggested changes in the aC-34 loop,
529  we carried out an LSP analysis of the mutant. The LSP analysis correlated remarkably well with
530 the NMR predictions. To explain this correlation, we compared various crystal structures of the
531 C-subunit to see if we could detect differences in side chain dynamics since the backbone did
532  not change significantly. LSP alignment is a tool that is perfectly poised to detect alterations in
533  side chain dynamics as it identifies differences in the geometry of the o carbon/p carbon vectors
534  (Figure 6), a property that likely precedes any conformational changes, which take a much
535 longer time to simulate with classical Molecular Dynamics. MD simulations of the binary and
536 ternary complexes of the wt C-subunit, the F100A mutant and the apo C-subunit were also used
537 to explore changes in side chain dynamics.

538 Although in these short MD simulations we did not detect a flip of any backbone residues
539 in the aC-B4 loop, we did see significant differences in the side chain dynamics of K105 in the

540 structure of the apo protein. This could, in principle, correlate with a weakening of the B-turn.
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541 Based on the MD simulations, the side chain of K105 is also flipped in the FL100A mutant. In
542  both cases the side chain of K105 is exploring the space that is occupied by the ordered water
543  molecules in the other structures. These water molecules play an essential role in stabilizing the
544  B-turn motif. We thus predict that the enhanced flexibility of the side chain of K105 may be an
545 initial step that leads to subsequent changes in the backbone dynamics. This prediction needs
546  now to be validated with crystal structures to see if the mutation actually “freezes” an altered
547  conformation of the aC-pB4 loop. The potential importance of both N99 and K105 in mediating
548 changes in dynamics also needs to be experimentally validated biochemically, by NMR, and by
549  further computational analyses. We predicted that N99 is important due to is conserved
550 hydrogen bonding to Y156 and the conserved packing of the side chain of Y156 with
551 hydrophobic residues in the B-turn. This, however, is the first potential indication of a direct role
552  for K105. The graphs of the hydrogen bond between the side chain of Y156 and the backbone
553  amide of N99 show that this bond is very stable in the binary and ternary complexes and in the
554  mutant but weakened in the apo protein (Figure 10E), and this would also be consistent with
555 the prediction that the B-turn may be more flexible in the absence of ligands but stabilized in a
556  different way in the F100A mutant.

557 Overall, our work suggests that the aC-f4 loop should be carefully examined in all
558 protein kinases as it is a focal point for linking ATP binding to peptide/protein binding and for
559  opening and closing of the catalytic cleft. Our early structure captured the high affinity binding of
560 both ATP and IP20, a pseudo-substrate inhibitor, in a fully closed conformation (Figure 12B). In
561 this conformation the 1P20 peptide is firmly anchored to the catalytic machinery of the C-lobe,
562  while F327 and Y330 in the C-terminal tail are anchored to ATP. The side chain of the P-3
563 arginine in IP20 interacts directly with ATP, E127, and Y330 in the C-terminal tail, and all are
564  close to the aC-B4 loop. This convergence of the P-3 arginine side chain with Y330 may explain
565 the enhanced synergy that is seen when the PKA C-subunit interacts with its pseudo-substrate
566 inhibitors, PKI and Rla, and understanding this synergy is a major future challenge. E127 binds
567 to the other ribose hydroxyl moiety. E121 and E127 flank the linker that joins the N-and C-lobes
568 (Figure 12A), and this linker is likely a critical feature for opening and closing of the active site
569 cleft. K105 in the aC-B4 loop can obviously sense differences in the apo, binary and ternary
570 complexes, and can also sense mutations. This space now needs to be further explored. The
571 aC-B4 loop is also a good potential therapeutic target as the specific residues such as N99 and

572 K105 that are mechanistically important are different in all kinases in contrast to the conserved
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573  residues such as K72 and D184 that position the phosphates of ATP. The importance of a.C-34

574 loop is also reinforced because the cancer mutations are located here (29).

575 Finally, given the extremely close correlation of the LSP analysis with the NMR results
576 and the Markov State model predictions, as well as our principal component analysis (PCA) of
577 the wt and F100A mutant, we suggest that LSP could be used as a predictor of dynamics for
578 any mutant or even for carrying out an alanine scan of any protein. These sites could then be
579 examined experimentally. Although purifying these proteins and especially labeling the
580 hydrophobic side chains is not only a major time investment but also very expensive, these
581 methods are essential to experimentally validate the importance of hydrophobic residues in
582  mediating entropy-driven allostery. In contrast, LSP is rapid and relatively inexpensive and could
583 easily be used as an initial screen to identify potentially important residues that contribute to
584  dynamics.

585

586 Material and Methods

587 Molecular Dynamic (MD) Simulation. The catalytic subunit of PKA was prepared using the
588  crystal structure (PDB: 1ATP) (5) for all-atom MD simulations using the AMBER16 suite (74). In
589 order to study the allostery dynamics of the aC-b4 loop and compare the effect of mutation of
590 F100A on structure-dynamics of the catalytic subunit, we prepared three systems: The wt C-
591  subunit (ATP/Mg®") where Mn*" ions were replaced with Mg?* and removed the PKI to form a
592  binary complex. In addition, we kept the PKI along with the ATP to form a ternary complex
593  (ATP/Mg®'/PKI); the F100A mutant structure in both the binary and ternary complex by replacing
594  the Phel0O0 to Ala, and allowing the side chains to be added by the program LEaP module in
595 AMBER, and the Apo system, which was prepared by taking the coordinates from the PDB:
596 1J3H (75). Amber ff14SB (76) force field was used to describe proteins. Titratable residues
597  were protonated at pH 7.0 based on PROPKA3.0 (77, 78). Parameters for ATP and Mg*" were
598 obtained from the Bryce Group AMBER parameters database (79, 80). The phosphorylated
599 serine and threonine residues were described using the phosaalO force field (81). The
600 hydrogens and counter ions were added, and the system was solvated in the octahedron
601 periodic box using the TIP3P (82) water model and 150 mM NacCl with a 10 A buffer in AMBER
602 tools. Systems undergo minimization, heating, and equilibration steps using the AMBER16.
603 Initially, systems were minimized by 1,000 steps of hydrogen-only minimization, 2,000 steps of
604 protein and ligand minimization, 2,000 steps of side chain minimization, 2,000 steps of

605 backbone minimization, and followed by removing all restraints for 5,000 steps of all-atom
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606 minimization. Systems were gradually heated from 0° to 300° K over 50 ps with 2-fs time-steps
607 and 10.0 kcal mol™*A™ position restraints on the protein. The temperature was maintained by the
608 Langevin thermostat (83, 84) while the pressure was maintained using the Barendsen barostat
609  (85). Constant pressure equilibration with a 10 A non-bonded cutoff with Particle Mesh Ewald
610 (PME) (86) was performed with 1000 ps of unrestrained equilibration. Production simulations
611 were performed on Graphic Processing Unit-enabled AMBER16 as above in triplicate for 200 ns
612 each for an aggregate of 600 ns. Overall, 60,000 snapshots were generated for each system
613 and saved for analysis.

614

615 LSP-alignment based Protein Residue Networks. LSP-based PRNs were built as described
616 earlier (68). Five 10 ns intervals were taken from a 200 ns trajectory at specific intervals: 0-10
617 ns, 50-60 ns, 90-100 ns, 130-140 ns, and 170-180 ns. From each interval, 100 structures were
618 extracted with a step of 0.1 ns. The LSP-alignment between each set of 100 structures was
619 performed in an all-to-all manner. The resulting adjacency matrices were averaged for each set.
620 Degree centrality and betweenness centrality were calculated for five average matrices. Finally,
621 five values for the centralities were averaged, and the standard error of the mean was
622  calculated.

623

624

625 Principal Component Analysis (PCA) and Free Energy Landscape (FEL). PCA is a broadly
626 used method to extract the slow and functional motions of biomolecules (87-89). First, the
627  covariance matrix, C, was calculated based on the fluctuations of the Ca

628 atom of each residue. The elements Cj in the matrix were obtained from the fluctuation of amino
629 acids and diagonalized as given in Equation 1

630

631 Cij=<(x—<x;>) (xj—<x; >) > QD
632

633  where x; and x; are the i or j" atom coordinates and <x;> and <x;> represent the mean average
634  coordinate of the i or j" atom, respectively. The principal components (PCs) will be obtained by
635 diagonalizing the covariance matrix C. The corresponding eigenvalues and eigenvectors were
636 calculated.

637
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638 The Free Energy Landscape (FEL) can be drawn based on PCA as a reaction coordinate using
639 the Equation 2 (90, 91)
640

641 Gy = —kpT In=*- )

642  where kg represents the Boltzmann constant and T represents the absolute temperature. N; and
643 N, are the i" bin populations and the maximum populated bin, respectively.

644
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658 FIGURE LEGENDS.

659 Figure 1. Hydrophobic aF-helix serves as a central scaffold. (A). oF-helix is very
660 hydrophobic and creates an interface with multiple motifs including the Catalytic machinery
661 (colored in tan) and tethering sites (in sand) of PKA C-subunit. Two key charged residues, D220
662 and E230, sit at the two ends of aF-helix. (B). aF-helix is a central scaffold for assembly of the
663  entire molecule. D220 forms two H-bonds to Y164 and R165 of YRD motif, and E230 salt-
664  bridges to P-2 Arg of PKI. (C). Sequence alignment of aF-helix segment of PKA with other
665  kinases. All share a very hydrophobic helix, the highly conserved residues, D220 are colored in
666 red and E230 in red box.

667  Figure 2. Hydrophobic interface anchors the Catalytic machinery to the aE-helix and aF-
668 helix. (A). 1150 (in red) from aE-helix plays an important role by docking to aF-helix and
669  Catalytic loop. Three residues from B7, L172, L173, and 1174 (in dark tan) assemble the
670  hydrophobic surface from aE-helix to ATP pocket. L173 and 1174 are part of C-Spine. R-spine
671  are also shown in red. D220 bridges H158 from aE-helix to YRD motif. (B). The logo of spines
672  shows how important those hydrophobic residues are. The sequence of f6-p9 segment is also
673  shown.

674  Figure 3. The buried surface of aC-f4 loop. (A). aC-B4 loop (in teal) in PKA links the N-lobe
675 to its C-lobe. The hydrophobic residues on the loop docks to aE-helix, F18 and L19 from aA-
676 helix and Y306 from C-tail are also part of this surface. F100 is colored in red. (B). The H-bond
677 network of aC-B4 loop. Y156 from aE-helix H-bonds to N99 backbone amide. Three water
678 molecules also help to nucleus the network. (C). Sequence alignment of aC-p4 loop of PKA with
679  other kinases. The highly conserved residues are highlighted, E91 colored in red, L95 and L106
680 inred box.

681  Figure 4. aC-B4 loop is a very stable element. (A). Hydrophobic surface of aE-helix which
682 anchors to aC-p4 loop, aF-helix and tethering sites. (B). Superimposition of aC-B4 loop in
683  structures of PKA and other kinases. oC-p4 loop is very stable, not only in different
684  conformations of PKA, but also in other kinase structures including active and inactive Src. (C).
685 Sequence alignment of aE-helix of PKA with other kinases. Y156, in red box, is highly
686  conserved.

687  Figure 5. Hydrophobic residues play key roles in PKA. (A). High-affinity binding of PKI is
688 mediated by the hydrophobic surface of an amphipathic helix and P+1 inhibitor site, both
689 highlighted in red. The sequence of PKIl is also shown. (B). Hydrophobic interface between the
690 oE and aF-helices. One side of aF-helix (in red) is shown in tan, and another side in sand,
691  which is the same color coding as Figure 1A. (C). Hydrophobic pocket surrounding ATP. L172,
692 L173, and 1174 from B7 anchor this ATP pocket to oE-helix. F327 from C-tail is highlighted in
693 red.

694  Figure 6. Local Spatial Pattern (LSP) alignment method. (A). Spatial patterns detected by
695 the LSP-alignment are formed by Ca-Cp vectors. Both mutual positions and orientation in space
696  of these vectors are taken into account. (B). Two major centralities that characterize graphs.
697 Degree centrality (DC) is the sum of connections for each node. The highlighted node in the
698 middle has the highest DC value of 8. Residues with high level of DC are local “hubs”.
699 Betweenness Centrality (BC) of a node is the number of shortest paths between all other pairs
700 of nodes that pass through this node. Two highlighted nodes are the main connectors in the
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701 graph with BC equal to 6. Residues with high level of BC are global connectors between local
702  hubs. (C) Visualization of Protein Residue Networks (PRNs) of PKA before and after the
703  mutation laid out by Gephi software package using ForceAtlase2 algorithm. The diameter of
704  nodes is proportional to the residues DC. Nodes with higher BC have darker color. Four
705  residues from the aC-p4 loop (103-106) are highlighted by oval. The Hinge region is indicated
706 by the dashed oval.

707  Figure 7. Distribution of Betweenness centrality vs. Degree centrality for PKA residues:
708 wt C-subunit (A) and F100A (B). Residues with Degree centrality (DC) are local "hubs",
709  representing the most stable parts of the molecule. Residues with high Betweenness centrality
710 (BC) are global connectors and are "bottlenecks" between densely interconnected "hubs".
711 Residues of the central aF-helix are shown as brown circles. Their high levels of DC and BC
712  don't change upon the F100A mutation, meaning that the helix remains to be a central structural
713  element in the PKA mutant. Five residues from the a.C-p4 loop are highlighted as blue dots. The
714  significant increase in BC and a certain increase in DC shows that in the mutant this group of
715 residues becomes a significant point of connectivity between the kinase lobes. On the contrary,
716 the highly conserved residues highlighted as red circles show a drastic decrease in BC. Error
717  bars represent standard error calculated for five 10 ns trajectories.

718 Figure 8. Changes of DC and BC in PKA upon F100A mutation. The middle graphs
719 represent changes in the corresponding parameters. Positive changes are mapped on the PKA
720  structure (left) with dark red color corresponding to the maximum changes. On the right the
721 negative values of the changes are mapped on the structure to illustrate their distribution. Dark
722  blue color corresponds to the most negative values. Error bars represent standard error
723  calculated for five 10 ns trajectories. The secondary structure of PKA is shown on top of the
724  sequence axis for reference.

725  Figure 9. Dynamic feature of K105 on aC-B4 loop. (A). In the wt PKA:ATP:Mg:PKI complex
726  structure, the side chain of K105 is likely interact with E107 and E121, and its main chain
727  carbonyl forms a H-bond to backbone amine of E121. (B). In the wt Apo PKA structure, the
728 K105 side chain interacts with B-turn, whereas its main chain carbonyl still H-bonds to backbone
729 amines of E107 and E121. The H-bonds are shown as dash line in black, and the non H-bond
730 are colored in green and the distance are labeled.

731  Figure 10. Energy landscapes of wt C-subunit and F100A mutant in binary complex. The
732  free energy landscapes (FEL) were generated based on the principal component analysis
733  (PCA) for the wt C-subunit (A) and F100A mutant (B). The H-bonds are shown in the black dash
734  line and the non H-bond in green along with the distance in Angstroms (A). The probability
735  distribution plots for specific side chain dynamics are also shown; (C) K105 NZ to E107 OEZ2,
736 (D) K105 NZ to E121 OE2, (E) K105 NZ to N99 OD1, and (F) N99 N to Y156 OH. The
737  probability density function (PDF) is a relative measure of how densely data points are
738  distributed along the x-axis.

739  Figure 11. Energy landscapes of wt C-subunit and F100A mutant in ternary complex. The
740 free energy landscapes (FEL) were generated based on the principal component analysis
741  (PCA) for the wt C-subunit with PKI (A) and F100A mutant with PKI (B). The H-bonds are shown
742  in the black dash line and the non H-bond in green along with the distance in Angstroms (A).
743  The probability distribution plots for specific side chain dynamics are also shown; (C) K105 NZ
744  to E107 OE2, (D) K105 NZ to E1210EZ2, (E) K105 NZ to N99 OD1, and (F). N99 N to Y156 OH.
745  (G) the enhanced side chain dynamics of K105 in the F100A ternary complex: the side chain of
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746 K105 toggles to its neighboring residues, E121 (white, global energy minima), N99 (green, first
747  secondary minima), and E107 (sand, second secondary minima). The probability density
748  function (PDF) is a relative measure of how densely data points are distributed along the x-axis.

749  Figure 12. High-affinity binding of ATP and PKI converge at the aC-B4 loop. (A). V104
750 in aC-B4 loop (in teal) is hydrophobically anchored to the adenine ring of ATP. The main chain
751 carbonyl of K105 forms an H-bond to the backbone amide of E121, while its main chain
752 carbonyl hydrogen bonds to ATP. The distance between K105 and E121 side chains is
753  strengthened in the F100A mutant. Two spine residues, L95 and L106, in this loop are also
754  shown. The linker that joins the N- and C-lobes (red) is flanked by E121 and E127. (B).
755  Hydrophobic capping of the adenine ring of ATP is mediated mostly by N-lobe residues
756  including V104 in the aC-p4 loop, as well as F327 in the C-terminal tail. In contrast, the P-3 to
757  P+1 peptide is anchored to the catalytic machinery of the C-lobe. By binding to L173 in the C-
758 lobe, the adenine ring completes the C-Spine, and thus fuses the adenine capping motif in the
759 N-lobe with the extensive hydrophobic core architecture of the C-lobe. In the fully closed
760  conformation, the side chain of Y330, also in the C-terminal tail, is anchored to the ribose ring of
761  ATP. The only direct contact of the peptide/catalytic machinery with the N-lobe is mediated by
762  the P-3 arginine which binds to the ribose ring of ATP and to E127 in the linker. In the fully
763  closed conformation the P-3 arginine also binds to the side chain of Y330 in the C-terminal tail.
764 Some of the mutations that disrupt the synergistic high-affinity binding of ATP and
765  peptide/protein (E230Q, Y204A, F327A, L173A, and E31V) are highlighted. The hydrophobic
766  residues in the amphipathic helix and P+1 inhibitor site of PKI are shown in red.

767
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