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Supplemental Methods

CHESPA Analysis and Fractional Activations of PKA Rla (91-244). Briefly, the
CHESPA analysis relies on {°*N,*H}-HSQC spectra acquired for three samples of the protein of
interest. In the case of PKA Rla (91-244), CHESPA focused on the apo, CAMP-bound and R,-
CAMPS-bound samples under fully saturating conditions. Two CHESPA vectors are then
defined: a reference vector for the endogenous allosteric effector (i.e. vector B in Figure S2) and
a vector for the perturbed state (i.e. vector A in Figure S2) to be compared to the reference state.
The magnitude of vector B measures the ‘distance’ between the apo and cAMP-bound peaks
calculated for each residue using the equation:

Adrcomb = V[(BH.apo - Srcamp)’ + (0.2%(Sn apo - On.camp))’] (5)

The distance between the apo and R,-CAMPS bound states was also calculated and defined as
the magnitude of vector A in the CHESPA analysis. The angle between the A and B vectors is
denoted as 6 so that:

—_ —

AeB (6)
cosf = Ere——
|A||B|

and the normalized projection of A onto B is defined as the ‘fractional activation’ (X), which is
calculated as:
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BP )

The fractional activation reveals whether a given perturbation (e.g. Rp-cAMPS) shifts the protein
towards activation (X > 0) or inactivation (X < 0).

X =

CHESCA Analyses of PKA Rla CBD-A (91-244) and EPACL1,;, (149-318). The CHESCA
protocol has been described elsewhere 3>°. Briefly, CHESCA relied on {**N,*H}-HSQC spectra
acquired for the apo and four holo states (CAMP, R,-CAMPS, S,-CAMPS and 2’-OMe-CAMP)
under fully saturating conditions. Spectra were assigned and the combined chemical shifts
(CCS) for each residue were calculated using equation (1). The inter-residue CCS pairwise
correlations in the correlation matrix (R matrix) with an absolute value of the Pearson’s
correlation coefficients greater than a selected threshold (e.g. 0.95-0.98) were selected.
Hierarchical agglomerative clustering (AC) of correlated residues was performed using the
Cluster 3.0 software’ and visualized as dendrograms with Java TreeView®. Singular value
decomposition analysis of HSQC chemical shifts was performed using Octave.



Structure-Based Allostery Predictions for PKA Rla (91-244). Local RMSD calculations
were performed in MolMol® using the PDB structures for C-bound PKA (PDB ID 3FHI)* and
cAMP-bound PKA (PDB ID 3PNA)?. The structures were aligned at their p-cores (150-225) and
the local RMSDs were measured for each residue in the structured region spanning residues 112-
236. The surface of the residues affected by the cAMP-dependent allosteric conformational
change (i.e. with RMSD > 1 A, which is 10% of the maximum RMSD) was mapped onto the
structures using Pymol (http://www.pymol.org).

Validation of the EPAC CHESCA Analysis

In Figure S6 the residues from the allosteric clusters in each CHESCA analysis are mapped in
green in both the chemical shift plots and the cAMP-bound crystal structure of EPAC*.
Previously, using the single linkage based CHESCA-SL (Figure S6A,B), we identified an
allosteric network that stemmed from the PBC and extended to the a4 and a6 helices via a series
of hydrophobic spines, culminating at the inhibitory ionic latch in the NTHB (Figure S6A,B).
The inhibitory function of the ionic latch (IL) of EPAC was independently supported by site-
directed mutagenesis'®. However, single-linkage clustering also incorporated a number of
residues in the B-subdomain region that were not expected to participate in the allosteric network
based on the invariance of the -core®'® (Figure S6A,B). When the complete-linkage CHESCA-
CL was applied, several unexpected residues from the f-core were removed, while residues that
connected the PBC with the ionic latch were still detected, as expected (Figure S6C,D). The
results from the complete-linkage °N/*H intersection CHESCA-1 analysis (Figure S6E,F) were
in general similar to the complete-linkage CCS clustering (Figure S6C,D), but with the PBC
residues now missing.
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Figure S1: Allosteric cAMP-dependent structural changes in the well folded cAMP-Domain A of
PKA Rlo (91-244) as revealed by RMSDs. (A) RMSDs of individual residues measured between
the structures of C-subunit bound PKA Rla CBD-A (PDB code 3FHI)! and cAMP bound PKA
(PDB code 3PNA)? aligned at their p-cores (residues 150-225), as shown in panel (B). The
dashed lines along the top represent the secondary structure of the protein. (B) An overlay of the
crystal structures for C-bound (blue) and cAMP-bound (red) PKA aligned at their B-cores.
CAMP is shown as black spheres.
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Figure S2: Schematic representation of the vectors utilized in the CHEmical Shift Projection
Analysis (CHESPA). The small solid circles represent HSQC peaks for the apo (Black, Open),
Rp,-CAMPS (Rp) bound (Gray, Closed) and cAMP bound (Black, Closed) states. The Adnrcomb
between the Rp -bound and apo states was calculated as the magnitude of vector A. Similarly,
the AdnHcomb Detween the cCAMP-bound and apo states was calculated as the magnitude of vector
B. The angle between vectors A and B is defined as 6 (Equation 6) and the fractional activation
(X) is measured by projecting vector A onto vector B and normalizing the projection to the
magnitude of vector B (Equation 7).
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Figure S3: Whole dendrogram representing the complete-linkage agglomerative clustering of
PKA Rlo (91-244). The horizontal lines beneath the dendrogram represent individual
fragmented clusters that were computed from complete-linkage clustering using a cutoff of 0.98
for the absolute value of the correlation coefficient. Out of these clusters, seven include more
than three residues. These seven clusters are further analyzed in Figure S4 and the smallest
branch in the complete dendrogram including them is marked by a blue rectangle. All residues
within this branch fit the criteria that define them as a single network (Figure S5) and were

therefore reconstituted into a single allosteric cluster.
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Figure S4: Complete-linkage clustering results in fragmentation of the allosteric cluster into

functionally similar sub-clusters. (A) Residue-based dendrograms generated through complete

The branch height is proportional to the correlation coefficients between

clusters of residues. (B) State-based dendrograms of the clusters shown in (A). Even though

linkage clusters.

complete-linkage clustering results in the formation of several new sub-clusters, they all share
similar functional state distributions (i.e. inactive states: apo and Rp-CAMPS, separated from the

active states: CAMP, Sp-cAMPS and 2°-OMe-cAMP).
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Figure S5: A protocol for the implementation of the CHESCA-CL analysis including algorithms
for the reconstruction of allosteric clusters starting from fragmented sub-clusters generated by
complete-linkage. Selection of allosteric clusters from complete-linkage clustering is achieved by
first selecting groups with more than three residues and a Pearson’s correlation coefficient (|rjj|) >
0.98 (Figure S4A). If the groups from the previous step have the same functional separation (i.e.
active vs. inactive) in the respective state dendrograms (Figure S4B), the smallest branch of the
complete-linkage dendrogram that spans them is identified (blue box in Figure S3) and all
residues in this branch are grouped together. If all residues within this group align along the
same functional PC (i.e. activation in Figure 4B) from the SVD analysis, they are defined as a
single allosteric cluster. Correlation and singular value decomposition (SVD) computations are
performed similarly to Selvaratnam et al. .
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CHESCA-I

Figure S6: CHESCA toolset applied to EPAC1,. (A) CCS plot for cAMP binding to EPAC1
(149-318) with residues from the CHESCA-SL allosteric cluster displayed as solid green lines.
(B) Green residues from panel (A) mapped onto the crystal structure of the homologous EPAC2
(PDB ID: 3CF6)*. Dashed lines mark the ionic latch (IL), critical for EPAC auto-inhibition, and
the Phosphate Binding Cassette (PBC), where cAMP binds. (C) CCS plot for cAMP binding to
EPAC with residues from the CHESCA-CL allosteric cluster displayed as solid green lines. (D)
Green residues from panel (C) mapped onto the crystal structure of EPAC2. (E) CCS plot for
cAMP binding to EPAC with residues from the CHESCA-I allosteric cluster displayed as solid
green lines. (F) Green residues from panel (E) mapped onto the crystal structure of EPAC2.



