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SUPPLEMENTARY METHODS

1. Quantitative Analysis of Unfolding and Refolding Force Distribution

The force dependent lifetimes were determined from the unfolding force probability
histograms using the method from Dudko ef al'?. Equation (1) is applied considering an
unfolding force histogram containing N bins of the width AF that starts at F, and ends at
Fy = F, + NAF. Let the number of counts in the i" bin be C,, resulting in a height h, =
C/(NAF) with N,,, equal to the total number of counts and where k =1, 2,...

(hic/2+ 5 1y R)AF
hyF+(Fo_(k—1/2)AF

t(Fy + (k —1/2)AF) = Equation (1)

where F is the force loading rate and T is the force dependent lifetime. In order to extract
the force dependent lifetimes from the folding force histograms, we used the following

equation3:
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where 1, represents the folded lifetime of the protein in the absence of force; F is the force;
Axt*is the distance to the transition state from the folded to the unfolded state. kg is
the Boltzmann constant; and T is the absolute temperature. AGtis the free-energy of
activation in the absence of external force. v is the scaling factor that specifies the
nature of the underlying free-energy landscape. Since the lifetime showed a liner
behavior where v = 1, the equation (1) was simplified to Bell’s model. The unfolding
force probability distribution was fitted using the same fitting parameter (7, and Ax')

to the following equation?:
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where KV is the force loading rate, ko is the rate of unfolding at zero force, and k(F)
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2. Worm-like chain (WLC) Analysis for isolated CNB Domains.

The extension of the unfolding rip seen in force-extension curves can be analyzed with
the Worm-like chain (WLC) model” to determine the number of participating amino acids
in the unfolding reaction. The WLC equation describes the dependence of force on the

molecular extension of a flexible polymer. The resulting force is given by:
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where p is the persistence length of the chain (p = 0.65nm for polypeptides), x is the end-
to-end extension, and Lc is the contour length (calculated by multiplying the number of
amino acids by 0.365 nm per amino acid). In calculating changes in contour length:

ALc = Lc — dfoigea Equation (6)
where Lc is the contour length, and dy,4eq 1s the end-to-end length between the attachment
points in the folded protein (determined from the high-resolution structure).

Therefore, it is possible to compare the number of amino acids that encompass each

unfolding reaction under different pulling geometries. By using the WLC model, the

truncated CNB-A domain (residues 110-243) has an expected change in contour length of



(ALc) of 42.8 nm (124 residues x 0.365 nm per residue — 1.89 nm (the distance between
residue 110 and 243 in the folded protein)). Since the position 120 is the first structured
residue in the CNB-A domain, the total unfolded residue number is 243 — 120 + 1 = 124
instead of 134. In the case of the truncated CNB-B domain (residues 243-376), the expected
ALc = 48.0nm (134 residues x 0.365 nm per residue — 3.26 nm (the distance between

residue 243 and 376 in the folded protein, holoenzyme structure, PDB code: 2QCS”).

3. Implementation of Monte-Carlo Simulation
The dynamic trajectory of a single tether was carried out by stochastic Monte-Carlo

simulations®’. Briefly, simulations were performed by discretization of simulation time into

small units Az, such that transition probabilities within a given time step were < 0.05. For

our simulations, At was chosen to be 5 ms, therefore our simulation was sampled at 200

Hz. Within each time step, iteration of the following processes permitted physical

simulation of polymer unfolding:

(1) Calculation of force-extension for worm-like chains in series: For each polymer unit in
the tension chain (i.e. DNA and protein), a force-extension curve is calculated to relate
the polymer unit’s fractional extension to applied forces between 0 and 20 pN. At each
force, the total extension of the tension chain is the sum of the products of fractional
extension and contour length for each polymer unit within the tension chain. Parameters

for worm-like chain calculations are provided in a separate paragraph below.



(2) Stretching of worm-like chains in series: At each time step, the tension force exerted
by the polymer chain is balanced by the pulling force exerted by the optical trap plus a
random fluctuating force (F): Fiopain(t) + ﬁtrap () + £(t) = 0, where A(7) is arandom
number chosen from a zero-mean normal distribution with standard deviation o =

2 kgT y,/At . The Stokes’ drag coefficient, y, = 6mrn, was calculated as a
spherical 2.1-ym diameter bead with radius, r = 1.05 pxm, in a medium with dynamic
viscosity, 7 = 1 cP. The solution to the above force equation was solved numerically
at each time step, which also by extension directly calculated the total extension of
tension chain and position of the bead in the trap.

(3) Protein unfolding transition probabilities: If protein unit A in the tension chain is
folded, it is converted to an unfolded state with probability P(4) = kuexp [F (t)ij /
kg T]. Similarly, if protein unit B in the tension chain is folded, it is converted to an
unfolded state with probability P(B) = kgexp [F (t)Ax§ /ksT].

(4) Movement of the trapped bead: The trapped bead is held in an optical trap with
Hookean spring constant, k¥ = 0.075 pN/nm. Throughout the simulation, the trap
position is moved at a rate of v =75 nm/s, therefore at each time step, the trap
position is incremented by x(t) = x(t — 1) + vAt.

(5) Time evolution: Simulation time ¢ was incremented by At.

(6) Worm-like chain and other parameters used in simulations. Worm-like chain and
parameters used in simulations: 700 bp of DNA was simulated with a persistence length

of Ppya = 50 nm, and the unfolded domains with contour lengths L(length ALC \5.4) =
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46 nm and L(ALC ¢\5 ) = 52 nm for the CNB-A and CNB-B domains, respectively,
had a persistence length of P, ; = 0.65 nm. The zero-force protein lifetime for 1,600 s
for CNB-A domain, and 1,100 s for the CNB-B domain, leading to zero-force unfolding
rates of k, = 6.25x10™* ' and kg =9.09x10™* s'. The distances to the
unfolding transition states used were ij = 4.0 nm, and Ax,ﬁ = 4.8 nm. See
Supplementary Table 1 for details.
Discrete time Monte-Carlo simulations were repeated for 2,000 replicates in MATLAB
(MathWorks, Natick, Massachusetts), and the features from the resulting stochastic

trajectories were plotted directly.

4. Assigning the Structures of the Unfolding Intermediates in Type-III Constructs

Regulatory Subunit Bound to cAMP

We use the WLC model* to generate a force versus extension upon unfolding plot from
type-IIT (S110C/S376C) trajectories (Supplementary Fig. 3). Three WLC curves were
generated using a ALc of 13 nm (1* rip), 50 nm (2™ rip) and 31 nm (3" rip). A similar
WLC analysis of the truncated CNB-A and CNB-B domains (type I constructs) bound to
cAMP matched the 3" and 2™ larger rips observed in the type-III S110C/S376C regulatory
subunit, respectively. This result indicates that the 2™ rip is due to the unfolding of CNB-
B domain while the 3" rip is originated from the CNB-A domain. Based on the comparison
between the type-IIT1 S110C/S376C and D149C/S376C constructs (Supplementary Fig. 3),

the 1% rip corresponds to the N3A motif. The CNB-B domain as part of the regulatory
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subunit has a longer ALc (50 nm) compared to its truncated counterpart (47 nm), likely due
to the simultaneous unfolding the CNB-B domain and the B/C helix, which altogether
incorporates residues 232 to 376. The distribution of measured contour lengths for the
CNB-B domain construct either as a truncation or as part of the regulatory subunit have
the expected contour length.

We sought to refine the identity of the secondary structures associated with each
unfolding intermediate (or unfolding rip) in the type-IIT S110C/S376C regulatory subunit.
Based on the cAMP-bound high-resolution structure of regulatory subunit (PDB: 1RGS®),
we mapped the observed rip for each unfolding intermediate to a particular secondary
structure using the following equation”'’:

ALc = (n + DXLaq — Kpinoc = Xmaninoc) Equation (7)

AL, describes the actual change in contour length of each unfolding intermediate (in
nm). n is the number of residues involved during the transition and L,, is the contour length
increment per amino acid (0.365nm/aa). The second term in Equation (7) is the shift in the
distance between the last structured residue at the N-terminus (residue position “m”) and
the last structured residue after the unfolding event occurs (residue position “m+n”). X is
the folded distance (D) from N-terminus to C-terminus (N = C) accounting from residue
number m or m+n, which are determined from the crystal structure.

The positions giving the lowest root-mean-square-deviation (RMSD) values from the
WLC fit (Supplementary Fig. 3g, star) are the optimal residues incorporated in each

unfolding intermediate. The 1* rip corresponds to residues 110 to 149, the 2™ rip
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corresponds to residues 233 to 376, and the 3™ rip corresponds to residues 150 to 232.
These assignments corroborate the experimental comparisons among the truncated CNB
domains, and the type-III constructs D149C/S376C and S110C/S376C. Each unfolding
intermediate was map onto a topological representation of the regulatory subunit topology

(Supplementary Fig. 3h).

5. Contribution of the N3A motif to the mechanical stabilization of the CNB-B

domain

After the N3A motif is fully unraveled, the CNB-B domain unfolds at F,ye = 15.0 £ 0.1
pN (Fig. 3a, Supplementary Fig. 6¢, d and Supplementary Table 4), which is ~ 4 pN
lower than the force obtained when the CNB-B domain is selectively unfolded using a
type-II construct (Fig. 2a and Supplementary Table 2). Thus, of the ~ 7 pN of mechanical
stabilization conferred by the CNB-A domain, the N3A motif alone contributes 4 pN. The
other 3 pN reflect partial stabilization of inter-domain interactions, likely mediated by
W260 located in the CNB-B domain that serves as adenine capping residue of the cAMP
bound to the CNB-A domain'*?’. The last step in the unfolding pathway of S110C/S376C
corresponds to the CNB-A domain, which occurs at forces similar to those obtained for the
isolated domain since other interacting domains are no longer folded (Fig. 3a and

Supplementary Fig. 6c, d).

6. Contact map analysis for PKA regulatory subunit



Pairwise contact map comparing the interaction established by the N3A motif in the
regulatory subunit for wild type and R241A was analyzed with CMView software''. The
PDB code used for PKA regulatory subunit is 1RGS. The atomic coordinates of the
simulated R241A structure was provided by Emilia Pécora de Barros from the Amaro lab
at UCSD. The contact map is based on Co atoms using a cutoff distance of 8 A. The
CMView software can be freely obtained at:

http://www.bioinformatics.org/cmview/installation.html

7. cAMP Titration of Type-I and Type-III constructs

Type-I isolated CNB-A and Type-I isolated CNB-B constructs were used in the cAMP
titration experiments to determine the binding affinity of each domain. By counting the
fraction of bound and unbound at different cAMP concentration, we were able to build a
single-molecule titration curve for each isolated domain. The binding affinity of each

domain was calculated using the following equation:

k-[cAMP]

Fraction Bound =
14k [cAMP]

Equation (8)
We obtained kenpa = 1.2 +0.4-10’ M and kengs = 3.7 + 1.0-10’ M for type-I isolated

CNB-A and CNB-B respectively (Supplementary Fig. 5).

Type-III Regulatory subunit S110C/S376C was used in the cAMP titration experiments
(Fig. 5¢). At different cAMP concentration, every trajectory was assigned to apo (A¢By),

partial liganded state (A;Bg or A¢B;) or fully bound (A;B;). The assignment was based on
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the force and changes in extension (ALc) signatures from experiments with type-I and type-
IIT constructs in the apo state or saturated with cAMP. The CNB domains in the apo state
always unfold at forces below 10 pN and with ALc between 45 nm and 49 nm. Therefore,
during the titration of cAMP, two consecutive unfolding rips that occurred at forces < 10
pN with 45 nm < ALc < 49 nm were assigned to the apo state. Trajectories with three
unfolding rips with ALc = 13 nm for the 1* rip, 50 nm for the 2™ rip, and 31 nm for the 3™
rip (like the ones obtained using saturating amounts of cAMP, 0.5 mM) were assigned to
the fully bound state. Trajectories with one rip with an unfolding force and ALc similar to
that of the isolated cAMP-bound CNB-A domain (10-20 pN, ALc = 31 nm) and one rip
occurring at a lower force (5-12pN) was assigned to A;By. The rest of trajectories were
assigned to A¢B;. A titration curve of each liganded state was plotted, with the error bar
showing the weighted standard deviation of different molecules.

We established a binding model between cAMP and the two binding sites of the

regulatory subunit:

A¢By + cAMP s AcampBo+ cAMP
ky 11 11 k;

AoBcamp+ cAMP S AcampBeamp

Each liganded state fraction as a function of cAMP concentration is describe using the

following equations:



AoBo =1/ (1 + ki [cAMP]+ k- [cAMP]+ ky k3 [cAMP]?)
A1Bo = ki [cAMP]/ (1 + ki [cAMP]+ k- [cAMP]+ ky k3 [cAMP]?)
AoB) = ko [cAMP]/ (1 + ki [cAMP]+ k- [cAMP]+ ky k3 [cAMP]?)
AB| = kik3 [cAMP]Y/ (1 + ki [cCAMP]+ ky: [cAMP]+ ki ks [cAMP]?)
We used PyFolding software to proceed the global fitting of four liganded state curves
with shared parameters, where k; = 5.7 + 0.510' M, kb =10+ 0110 M k3 =15+
0.2:10° M and k, = 8.7 + 1.2:10" M"". The PyFolding Script can be freely obtained at:

https://github.com/quantumjot/PyFolding >

8. Bayesian Hidden Markov Model (BHMM) analysis

We used a Bayesian Hidden Markov Model (BHMM) approach to analyze the optical
tweezers data collected under force-clamp experiments'’. The BHMM analysis method has
been previously described and applied in analyzing single molecule trajectories'*. The
MATLAB code used for the BHMM approach can be freely obtained at:

http://simtk.org/home/bhmm.

9. Calculation of Equilibrium Free Energy
Having obtained the lifetimes of the folded (7 ) and unfolded states (1o ) at zero force,
we estimated the equilibrium free energy of unfolding of each CNB domain using the

following equation:
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AG® = —RTIn =Y = _RTin ™l Equation (9)
ky-r To,F

where RT = 0.592 kcal/mol. The calculations were done with Type-I and Type-II constructs,
with or without cAMP. For the CNB-A domain bound to cAMP, 1 was obtained after the
N3A motif had unfolded (ALc = 30.2 nm), whereas 1oy was obtained for the full-length
protein (ALc = 43.1 nm). Because these two lifetimes represent different kinetic steps in
the unfolding and refolding reactions, and in particular the unfolding reaction does not
consider the energy required to unfold the N3 A motif, we can only place a lower boundary
of AG” for the cAMP-bound CNB-A domain either as a truncation (Type-I construct) or as
part of the PKA regulatory subunit (Type-II construct)(Supplementary Table 2). For other

conditions (i.e., apo state) or for the CNB-B domain, the folded and unfolded state lifetimes

represented the same kinetic step and therefore equation 5 can be directly applied.

10. Calculation the Change of Solvent Accessible Surface Areas

The solvent accessible surface areas (ASA) of regulatory subunit bound with cAMP
(PDB: 1RGS) and bound with the catalytic subunit (PBD: 2QCS) was calculated. The
total change of ASA is the sum of the change in ASA for every residue in the
regulatory subunit. The online calculation resources can be freely accessed at:

http://curie.utmb.edu/getarea.html"

Region of the change in ASA Percentage
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N3A motif 24%

CNB-A domain (not including N3 A motif) 18%
B/C helix 26%
CNB-B domain 33%

11. Calculation of the Stability of the N3A Motif in the Regulatory Subunit Bound to
cAMP (Type-1II S110C/S376C construct)

Force-clamp data was used to estimate the stability change of the N3 A motif from the
folded state (F) to the unfolded state (U). This is accomplished using the following the
equation'®:

AGy = AGyork — AGgtreten Equation (10)
where AGyoic = F1p X Axy.r. Fips is the force in which the folded and unfolded states are
equally populated (equilibrium force), and Axyr is the extension change difference
between U and F. For the wild type regulatory subunit (Type-IIT S110C/S376C), Fi, = 11
pN with Axy.r = 5.5 nm, resulting in AGyok = 60 pNenm. Based on the Worm-like chain
(WLC) model (SI section 2) and using a persistence length for polypeptides of 0.65 nm, a
change in extension of 5.5 nm at 11 pN is equal to a change in contour length of ALc =9.5
nm. AGgeien 1S the integration of the WLC model using a ALc = 9.5 nm with boundaries
from F =0 pN to Fy, = 11 pN, yielding 21.75 pNenm. Therefore AGy = (60 — 22) pNenm

=38 pNenm = 9.2 kgT = 5.4 kcal/mol. A similar analysis for the R241A mutation (Type-
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1T S110C/S376C) yielded AGy = 4.7 kcal/mol.
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SUPPLEMENTARY TABLES

Supplementary Table 1

Kinetic and thermodynamic parameters of type-I (isolated domain) and type-II (selective

domain unfolding in PKA regulatory subunit) constructs in the apo state

. + +

Unfolding Force Folded Ax FsU Unfolded  Ax UsF AL 4 AG"

Construct + std. (pN) State 7, State 1, ¢
’ + std. ’ +std. std. (nm) (kcal/mol)
(number of events) =+ std. (s) + std. (s)
(nm) (nm)

Type-1: CNB-A 8.8£1.3 (N=1114) 1.6£0.4-10° 4.0£02 2.1£1.4-10" 9.2+0.9 43.1+3.3 9.4
Type-1: CNB-B 7.3£1.3 (N=744) 1.1£0.3-10° 4.840.2 3.6£23-10° 6.9+0.9 50.3+2.7 7.6
Type-1I: CNB-A 8.6£1.2 (N=894) 2240.6:10° 42402 43+1.0-10° 9.7+0.3 443429 9.2
Type-1I: CNB-B 7.941.1 (N=795) 1.7403-10° 4.3£0.2 2.6+0.4-10° 7.440.2 49.9+2.8 7.9
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Supplementary Table 2

Kinetic and thermodynamic parameters of type-I (isolated domain) and type-II (selective

domain unfolding in PKA regulatory subunit) constructs bound to cAMP

. 3 +

Unfolding Force Folded Ax FaU Unfolded Ax UsF AL + std. AGY

Construct =+ std. (pN) State 7, State T, ¢
’ + std. ’ + std. (nm) (kcal/mol)
(number of events) + std. (s) + std. (s)
(nm) (nm)

Type-: CNB-A  17.442.0 (N=785)  1.1403-10° 2.4+0.1 44+24-10° 102+0.6 302+2.8  >11.5
Type-I: CNB-B 12.0£1.0 (N=608)  3.9+0.7-10° 4.040.1 1.0+0.1-10°  8.8+0.2  45.0+25  10.4
Type-Il: CNB-A  20.3+1.4 (N=1152) 18+03-10° 3.240.2 4.1+3.0-10° 16.9+1.1 30.7¢1.4  >15.9
Type-Il: CNB-B  19.7+1.6 (N=1518)  1.4+05-10° 2.7+0.1 15+1.0-10° 13.540.9 47.0+1.9 13.6
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Supplementary Table 3
Kinetic parameters of type-III

intermediate-liganded states

constructs (unfolding both domains simultaneously) in

: Folded .
Unfolding Force Ax FsU AL + std.
Construct™® + std. (pN) State 7, L std ¢
(number of events) £ std. (s) (nm) (nm)
Type-III: CNB-A (A B)) 15.742.0 (N=285)  1.040.4-10" 2.740.3  31.3%2.5
Type-III: CNB-B (A B)) 10.0£1.4 (N=285)  4.042.0-10° 4.6£0.3  49.442.7
Type-III: CNB-A (AB)) 9.741.2 (N=195)  2.841.9:-10° 3.8+0.3  44.8+4.8
Type-III: CNB-B (AB)) 12.5£1.0 (N=195)  53+0.5-10° 3.8£0.1  45.5+4.2

*Subscripts “1” and “0” denote a domain that is cAMP bound or unbound, respectively.
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Supplementary Table 4

Kinetic parameters of type-III constructs (unfolding both domains simultaneously) for wild

type and R241A in the absence and presence of cAMP

. Folded .
Unfolding Force Ax FsU AL <+ std.
Construct + std. (pN) State 1, 1 ¢
(number of events) 7 +std. (nm)
+ std. (s) (nm)
CNB-A  8.3£1.4 (N=592 +0.3-10° 4.240.2 46.5£2.6
Type-1II wild type ( ) 100310

bound

Hnboun CNB-B  8.0+1.1(N=592)  1.6+0.110° 4.5£0.1 54.142.6

CNB-A  17.242.5 (N=739 10" 2.7+0.1 30.4+4.7

Type-III wild type ( ) 2:8:05:10

bound

o CNB-B  15.042.2 (N=739)  1.7402:10° 3.7+0.1 49.4+4.0

NB-A 0+1.1 (N=4 10° 4.0£04 46.5+2.

Typo-I R241A C 9.0+1.1 (N=480)  2.0£0.3-10° 4.0£0.4 46.5+2.5
bound

Hnboun CNB-B  8.3+0.8 (N=480) 2.140.5-10° 4.1402 54.142.9

NB-A  18.2+1.5 (N= 10" 2.6£0.1 30.6+1.

Typo-I R241A C 8.2+1.5 (N=339)  4.040.3-10" 2.6£0.1 30.6+1.5
bound

o CNB-B 12,7407 (N=339)  7.1+13-10° 4.120.1 49.0+2.4

17



Supplementary Table 5

Kinetic parameters of type-I (isolated domains) and type-IIl (unfolding both domains

simultaneously) constructs bound to cGMP

: Folded .
Unfolding Force Ax FsU AL + std.
Construct + std. (pN) State T . ¢
(number of events) , * std. (nm)
+ std. (s) (nm)
Type-1: CNB-A 12.1£1.1 (N=322)  7.3£1.1-10° 3.5£0.1  36.843.1
Type-1: CNB-B 10.2£0.8 (N=427)  34+1.8-10° 3.8£0.2  47.5+2.1
Type-III: CNB-A 14.1£1.1 (N=316)  1.2£0.2-10° 3.1x0.1  36.1+2.8
Type-III: CNB-B 12.6£0.9 (N=316)  6.0£1.3-10° 4.0£0.1  51.7+2.7
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Supplementary Table 6

Primer sequence for site-directed mutagenesis

CNB-B deletion from Rla (91-379)

Fwd: 5’-P-TGTTATGAGGAGTTTCTTAGTAAAGTGTC-3’
Rev:5’-P-GCCCATATGTATATCTCCTTCTTAAAG -3’
CNB-A deletion from Rla (91-379)

Fwd: 5’-P-TCACTTCCGCTTTCTCAGCGT-3’

Rev: 5’-P-TGACCATGGAATTCGAAGCTTGAT-3’
C345A in Rla (91-379)

Fwd: 5’-GCCCGTGGCCCGCTGAAGGCCGTCAGGC-3
Rev: 5’-CGGCCGGTCCAGCTTGACGGCCTTCAGC-3’
C360A in Rla (91-379)

Fwd: 5’-CGCCTTCTCGGCCCGGCCTCCGACATCC-3’
Rev: 5’-CTTGAGGATGTCGGAGGCCGGGCCGAG-3’
S110C in RIa (91-379)

Fwd: 5’-GGATGCCGCGTGCTATGTTCGGAAGGTT-3"
Rev: 5’-CCGAACATAGCACGCGGCATCCTCCTCG-3’
S376C in Rla (91-379)

Fwd: 5’-GCTTCGTGTGCCTGTCTGTCT-3"

Rev: 5’-GACAGCCAGGCACACGAAGCT-3’

M243C in Rla (91-379)
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Fwd: 5-GGGAAGCACGCTGAGAAAGAGGAAGTG-3’

Rev: 5-CACTTTACTAAGAAACTCCTCATAACACT-3’

D149C in Rla (91-379)
Fwd:5’-CATTTTTTGCGCCATGTTCCCGGTTTCCTTTATTG-3’
Rev:5’-CATGGCGCAAAAAATGTCACTTCTCTCGTTATCATC-3’
R241A in Rl (91-379)

Fwd 5’-GGGAAGCACGCTGAGAAAGGCGAAGATGTATGAGGAG-3’

Rev 5’-CTCCTCATACATCTTCGCCTTTCTCAGCGTGCTTCCC-3”

Double-stranded Oligo (dsOligo)

Fwd shared by both dsOligos:
5'-Thiol-GTTACGCCTATTCCTATCATATGAAGACAC-3’

Rev for dsOligo 1:

5'-Phosphate- GGAGTGTCTTCATATGATAGGAATAGGCGTAAC-3’
Rev for dsOligo 2:

5'-PhosphateCGACGTGTCTTCATATGATAGGAATAGGCGTAAC-3’
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Supplementary Figure 1 | Unfolding and refolding force probability distributions and associated
force-dependent folded and unfolded state lifetime with and without cAMP. a, CNB-A domain in
type-II construct in apo state b, CNB-B domain in type-II construct in apo state. ¢, CNB-A domain in
type-I construct in cAMP-bound state. d, CNB-B domain in type-I construct in cAMP-bound state. e,
CNB-A domain in type-II construct in cAMP-bound state. f, CNB-B domain in type-II construct in
cAMP-bound state. Source data are provided as a Source Data file.
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Supplementary Figure 2 | WLC analysis and Monte-Carlo simulations of type-III (S110C/S376C) and type-I
constructs. a, Change in extension upon unfolding vs. force of the two rips observed in the type-III construct. The dashed
lines are the experimentally determined WLC curves for the isolated CNB-A domain (orange, ALc =43 nm) and the CNB-
B domain (green, ALc = 50 nm). b, The 15t unfolding rip in the type-III construct is indistinguishable from those obtained
using a type-I CNB-B domain. The dashed line is the experimentally determined WLC curve for the CNB-B domain (green,
ALc = 50 nm). ¢, The 2" rip in the type-III construct is indistinguishable from those obtained using the type-I CNB-A
domain. The dashed line is the experimentally determined WLC curve for the CNB-A domain (orange, ALc = 43 nm). d,
Experimental data (N=559). (1) Representative force-extension curve obtained with optical tweezers using the type-III
construct. (2) WLC analysis of changes in extension upon unfolding vs. force for the 1%t (blue) and 2" rips (orange). The
WLC curves were generated using a ALc of 43 nm (yellow) and 50 nm (blue) corresponding to the CNB-A and CNB-B
domains, respectively (SI Section 7). (3) Unfolding force histogram for the 1t and 2" rips. (4) Unfolding force difference:
2 rip minus 1%t rip. e, Monte-Carlo simulation (N=559). (1) Simulated force-extension curves of the type-III construct
were obtained using the kinetic parameters from the individual CNB domains (SI Table 1 and SI Section 8). (2) WLC
analysis of the 15t (blue) and 2" rips (orange) extracted from the simulated force-extension curves. The WLC curves were
the same as in 2A. (3) Simulated unfolding force histogram for the 1t and 2" rips. (4) Simulated unfolding force difference:
27 rip minus 1% rip. f, (1) The Monte-Carlo simulation revealed the identity of the each CNB domain in the plot of changes
in extension vs. force. Data for the CNB-B domain is in blue and corresponds to the 15t rip in 80% of all simulated
trajectories. Data for the CNB-A domain is in purple. The WLC curves were the same as in 2A. (2) Simulated unfolding
force difference between CNB domains: CNB-A minus CNB-B g, Cartoon representing the unfolding pathway of the type-
III construct reconstructed from the Monte-Carlo simulation. ( For detailed analysis, refer to SI Section 2-3) 24
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Supplementary Figure 3 | Identification of the N3A motif and assignment of unfolding intermediate for type-III
construct in cAMP-bound state. a, Force-extension curve of type-III constructs with DNA handles at residue positions
S110C/S376C (left) and D149C/S376C (right). Curves were obtained with cAMP. b, WLC analysis of changes in
extension upon unfolding vs. force obtained for S110C/S376C (left) and D149C/S376C (right). The WLC curves (dashed
lines) were obtained using a ALc of 13 nm (for the N3A motif), 31 nm (for the CNB-A domain) and 50 nm (for the CNB-B
domain). The D149C/S376C does not show a transition corresponding to the N3A motif. ¢, Combined plot of changes in
extension upon unfolding vs. force obtained for S110C/S376C and D149C/S376C. d, WLC plot of type-III construct
(S110C/S376C) with cAMP. The WLC curves (dashed lines) were obtained using a ALc of 13 nm (for the N3A motif,
yellow), 31 nm (for the CNB-A domain, purple) and 50 nm (for the CNB-B domain, blue). e, WLC analysis (using ALc =
31 nm) of the changes in extension upon unfolding for the CNB-A domain in the regulatory subunit (type-III construct)
overlaid with the data obtained with the isolated CNB-A domain (type-I construct). f, WLC analysis (using ALc = 47 and
50 nm) of the changes in extension upon unfolding for the CNB-B domain in the regulatory subunit (type-III construct,
dark blue symbols) overlaid with the data obtained with the isolated CNB-B domain (type-I construct, light blue symbols).
The CNB-B domain in the regulatory subunit has a longer ALc (right panels) likely due to the complete folding of the B/C
helix. g, Mapping the measured ALc for each unfolding rip to the corresponding structural elements of the regulatory
subunit. Root-mean-square-deviation (RMSD) of the measured extension changes from the predicted WLC extension
change as a function of the residue position for the 1% rip (yellow) and 2" rip (red). The residue that gives the lowest
RMSD is labelled with a star. These residues correspond to 149 (1t rip) and 233 (2™ rip). h, Topology of the regulatory
subunit showing the identified structural elements in each unfolding rip. The 1% rip corresponds to unfolding of the N3A
motif (residues 120-149), the 2™ rip corresponds to the CNB-B domain with the BC helix (residues 233-376), and the 314
rip corresponds to the CNB-A domain minus the N3A motif (residues 150-233). 25
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Supplementary Figure 4 | Steered molecular dynamic (SMD) simulations. a, Time series of the
RMSD from the crystal structure for the PKA regulatory subunit with (orange) and without cAMP
(gray). Vertical dotted lines indicate the frames used as starting points for SMD simulations. b,
Representative structure of the most populated clusters in the last 50 ns of MD simulations with
(orange) and without cAMP (gray); highlighted W260 interacting with cAMP docked in the binding
site of the CNB-A domain. In the apo state, the lack of the interaction between cAMP and W260 and
the absence of cAMP in the CNB-B binding site promote conformational rearrangement of the o A:B
helix (green) causing a reciprocal orientation of the domains. ¢. Force-extension profiles for all the
SMD simulations with (orange) and without cAMP (gray). Cluster analysis over selected structures
(light green shaded areas) were used to characterize the most probable conformations along the
trajectories. Yellow: N3A motif; Purple: CNB-A; Dark blue: CNB-B domain. d, RMSD time series
(left) for MD, force-extension profile for SMD simulations (middle) and selected conformations (gray
dashed lines) along the trajectories (right) for mutant R241A with cAMP along SMD.

26



A;B AqB .
a Regulatory subunit CNB-Ale)und CNB-A lapo Regulatory subunit

ape CNB-B apo CNB-B bound fully bound

B

z
=
g -
o
L
100 nm
Trap position (nm)
b
25 T : ; ! CNB-A
= 20 one-a . BB . Y
TwoCNBs » / bound & / bound o/ N3A 3 :
S M L 3, £ L e
g 10 » Y S S ones
L L. %% BB ,+* CNB-A i ..~ bound
S i et apo Pt apo e 10nm
Extension (nm) Extension (nm) Extension (nm) Extension (nm)
c ABy ae, (g
0.4 0.5 1 05 0.5
truncated ....... v truncated -3
CNB-A bound 0.4 truncated 0.4 truncated CNB-A 0.4 } CNB-8 bound
> 0.3 : CNB-B apo NBE : CNBA apo CNB-B
5 0.3 = ” 0.3 0.3
g 0.2 CNB-A Lo
-5 0.2 0.2 - 0.2
a 01 0.1 0.1 : 0.1
0 - ‘ 0 0 0
0 5 101520 25 0 5 10 15 0 5 10 15 0 5 10 15 20
Force (pN) Force (pN) Force (pN) Force (pN)
3 10° 10°[ 10° 10°
Qo 4 O :\\ 4 s
107 I~ NN NN N
% . 107} SO 102 10
= 0 . 10°F N,
0 0 N
3 10° D%b 10 QEEEE' 10 10° k
o
w 0‘2 10-2 N Y 2| RS 10‘2 A
0 510152025 0 5 10 1 %90 5 10 15 0 5 10 15 20
Force (pN) Force (pN) Force (pN) Force (pN)

Supplementary Figure 5 | Analysis of intermediate liganded states in cAMP titration of type-I11
construct. a, Representative force-extension curves of four cAMP-bound states using the type-III
construct. b, Corresponding WLC analysis of changes in extension upon unfolding vs. force. ¢,
Unfolding force probability distributions and force-dependent folded state lifetimes of each CNB
domain in two intermediate liganded states. The corresponding truncations in the ligand-free (white)
and ligand-bound (gray) state were superimposed for comparison. Source data are provided as a
Source Data file. 27
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Supplementary Figure 6 | Comparison of type-III (S110C/S376C) wild type and R241A mutant. a,
Force-extension curves of type-III constructs (S110C/S376C) for wild type and the R241A mutant
regulatory subunits in apo state. b, Force-extension curves of type-III constructs (S110C/S376C) for
wild type and the R241A mutant regulatory subunits obtained with cAMP (left). Zoomed-in
trajectories showing the first reversible transition corresponding to the N3A motif in wild type and
R241A (right). ¢, Unfolding force probability distributions for each CNB domain corresponding to
wild type and R241A. The unfilled bar represents the apo state while filled bars represent cAMP-
bound data. d, Force-dependent folded state lifetimes for each CNB domain in the apo state (empty
symbols) and cAMP-bound conformation (colored symbols) for wild type (squares) and R241A
(triangles).
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Supplementary Figure 7 | Comparison of unfolding force probability distributions (left) and
corresponding force-dependent folded state lifetimes (right) for the type-III construct in apo,
c¢GMP-, and cAMP-bound states. a, CNB-A domain and b, CNB-B in the regulatory subunit (type-
IIT construct, S110C/S376C) in the apo state (empty symbols) or bound to cGMP (orange) or cAMP

(purple and blue).
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