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Malaria is a life-threatening infectious disease primarily
caused by the Plasmodium falciparum parasite. The increasing
resistance to current antimalarial drugs and their side effects
has led to an urgent need for novel malaria drug targets, such
as the P. falciparum cGMP-dependent protein kinase (pfPKG).
However, PKG plays an essential regulatory role also in the
human host. Human cGMP-dependent protein kinase (#PKG)
and pfPKG are controlled by structurally homologous cGMP-
binding domains (CBDs). Here, we show that despite the
structural similarities between the essential CBDs in pfPKG
and hPKG, their respective allosteric networks differ signifi-
cantly. Through comparative analyses of chemical shift
covariance analyses, molecular dynamics simulations, and
backbone internal dynamics measurements, we found that
conserved allosteric elements within the essential CBDs are
wired differently in pfPKG and #PKG to implement cGMP-
dependent kinase activation. Such pfPKG versus hPKG rewir-
ing of allosteric networks was unexpected because of the
structural similarity between the two essential CBDs. Yet, such
finding provides crucial information on which elements to
target for selective inhibition of pfPKG versus hPKG, which
may potentially reduce undesired side effects in malaria
treatments.

Allosteric regions, as opposed to highly conserved orthos-
teric active sites, offer a promising avenue to engineer selec-
tivity between homologous proteins (1-6). In both
Plasmodium falciparum cGMP-dependent protein kinase
(pf/PKG) and human cGMP-dependent protein kinase (#PKG),
the N-terminal regulatory region includes the allosteric regu-
latory domains, whereas the C-terminal catalytic region spans
the kinase active site (7-9). The regulatory region is respon-
sible for autoinhibition of both PKGs in the absence of cGMP,
whereas, in the presence of ¢cGMP, the cGMP-binding
domains (CBDs) in the regulatory region are subject to
conformational changes that remove the autoinhibition and
allow for the activation of PKG. In pfPKG, the regulatory re-
gion consists of four CBDs, that is, CBD-A, BCD-B, CBD-C
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(degenerate), and CBD-D (Fig. 14) (10). pfPKG CBD-D (e,
pfD), which is directly connected to the catalytic region
through its C-terminal helix, exhibits the highest selectivity
and affinity toward cGMP with a K,; of 40 nM and is also the
critical domain for autoinhibition and activation of pfPKG
(8, 11). In KPKG If, the regulatory region consists of an
N-terminal dimerization domain, followed by an auto-
inhibitory linker region and two CBDs, that is, CBD-A and
CBD-B (Fig. 1B). hPKG CBD-B (i.e., hB) is the homologous
domain to pfD, with 55% sequence similarity (Fig. 1C) and acts
as a critical control region for the autoinhibition and cGMP-
dependent activation of APKG. 4B also exhibits higher
cGMP versus cAMP selectivity than CBD-A (12, 13), and the
conformational dynamics of the isolated pfD and 4B domains
have been shown to reflect the kinase activities of the
respective full-length proteins (14-16), suggesting that pfD
and /B are significant for kinase control.

The pfD and 4B CBDs are both composed of a contiguous
B-subdomain and a noncontiguous a-subdomain (8, 12, 13).
The B-subdomain forms a rigid -barrel that includes the base-
binding region (BBR; P4—p5) and the phosphate-binding
cassette (PBC) critical for cGMP recognition (Fig. 1, D and
F). The PBC and a-subdomain are prone to structural changes
upon binding of cGMP. In the apo form, the N-terminal he-
lices (i.e., N3A) are primarily in the “in” conformation, and the
PBC and the C-terminal helices (i.e., aB and aC) adopt mainly
the “out” conformation (Fig. 1, D and F; red). Upon binding of
cGMP, the N3A adopts an “out” conformation, whereas the
PBC and C-terminal helices are brought “in” to stabilize the
c¢GMP binding (Fig. 1, D and F; green). Both 4B and pfD exist
in an equilibrium of inactive and active states in the apo form,
which is coupled to the cGMP-binding equilibrium to result in
a four-state thermodynamic cycle (Fig. 1H).

Although structurally homologous, a critical difference be-
tween pfD and /B is the cGMP capping mechanism (Fig. 1, C, D,
and F) (8,12, 13).In pfD, the cGMP base is capped by R484 in the
PBC, which further interacts with Q532 and D533 in aC to
bridge the PBC to the C-terminal helix, hence forming a capping
triad (Fig. 1D) (8). In /B, the cGMP capping residue, Y351, be-
longs to aC rather than the PBC (Fig. 1F) (12, 13). Besides the
differential capping mechanism, the critical cGMP-anchoring
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Divergent allostery in pfPKG and hPKG
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Figure 1. PfPKG versus hPKG comparison of domain organization, sequence, and structure. A, domain organization of pfPKG, which consists of four
cGMP-binding domains (CBDs) followed by a kinase domain. CBD-C is degenerate and does not bind to cGMP. B, domain organization of hPKG, which
consists of an N-terminal dimerization/docking domain (D/D), an autoinhibitory sequence (Al), and two tandem CBDs followed by a kinase domain.
G, sequence alignment of pfD and hB. Orange highlights indicate identical sequence, and yellow highlights indicate similar residues. Secondary structures are
reported on top of the sequences. The red dots on top indicate the capping triad residues for pfPKG, whereas the red dot on the bottom indicates the
capping residue for hPKG. D, structures of apo and cGMP-bound holo pfD. The structurally invariant 3-subdomain is shown in gray. E, essential
cGMP-binding residues in the phosphate-binding cassette (PBC; green) and base-binding region (BBR; gray). F, similar to (D) but for hB. G, similar to (E) but
for hB. H, four-state thermodynamic equilibrium of CBD. The autoinhibitory equilibrium of the apo form is coupled to the cGMP-binding equilibrium.
I, overlay of pfD (gray) and hB (blue) holo structures of the binding region, exhibiting an RMSD of 0.2 A in the PBC and 0.1 A in the BBR. hPKG, human
cGMP-dependent protein kinase; pfPKG, Plasmodium falciparum cGMP-dependent protein kinase.

interactions by residues in the PBC and BBR are similar in pfD Here, we map the allosteric networks of both pfD and 4B
and /B, exhibiting conserved residues and structure (Fig. 1, E, G, and comparatively analyze them to identify unique elements
and 1). that differentiate pfPKG from #PKG. NMR methods are best
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suited to investigate such allosteric networks, as NMR spec-
troscopy provides atomic-level resolution and sensitivity to
dynamics (17-27). To this end, we use comparative chemical
shift covariance analyses (CHESCA), which identify subsets of
allosterically coupled residues within a domain by monitoring
how they respond to a targeted library of allosteric perturba-
tions (28). Since our objective is to define the allosteric net-
works related to kinase activity, we selected as CHESCA
perturbations cGMP analogs that result in a spectrum of ki-
nase activities arising from sampling of different populations of
inactive and active states. In addition, to dissect the role of the
lid in controlling the allosteric networks, the CHESCA were
extended to lidless mutants of pfD and 4B (i.e., R484A and
Y351A, respectively) (8, 12) and compared with the results of
the respective WT CHESCAs.

Based on the aforementioned comparative CHESCA, com-
bined with molecular dynamics (MD) simulations, chemical
shift projection analysis (CHESPA), and internal dynamics
measurements, our results reveal critical differences between
pfD and /4B in the wiring of common and essential allosteric
elements, including the PBC, p2—f3 loop, N3A, BBR, and C-
terminal helices. One of the most significant, yet unexpected,
differences is how the BBR is wired to the remaining allosteric
network in pfD versus hB, which provides valuable insight to
address the selective inhibition of pfPKG versus hPKG and
other cyclic nucleotide monophosphate (cNMP)-binding
proteins.

Results

Mapping the allosteric networks of the essential CBDs in
pfPKG and hPKG through CHESCA

We mapped through CHESCA the allosteric networks of the
critical CBDs controlling activation of pfPKG and hPKG,
denoted here as pfD and /B, respectively. To enable an
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unbiased pfD versus hB comparison, both CHESCA relied on
the same set of perturbations, that is, the endogenous allosteric
effector cGMP (K; = 51 for pfD (14); 108 nM for 4B (16)) and
its two phosphorothioate diastereoisomers, Rp-cGMPS (K, =
66 uM for pfD [Fig. S1B]; 63 uM for hB [Fig. S2A]) and
Sp-cGMPS (K, = 47 uM for hB, Fig. S2B), referred to here as
Rp and Sp, respectively. Rp and Sp perturb the hydrogen bonds
between the ¢cGMP phosphate and PBC residues that are
conserved in pfD and /4B (Fig. 1, E and G). Hence, pfPKG and
hPKG respond similarly to these cGMP analogs, with Rp
acting as a partial agonist/inhibitor and Sp serving as an
agonist for both kinases (29-31) (Fig. 24). The ability of Rp
and Sp to span a wide range of kinase activations at saturation
makes these cGMP analogs, together with cGMP and the apo
domains, ideally suited as a common perturbation set for the
pfPKG and #PKG CHESCAs. All ligands were brought to
saturation (Figs. S1 and S2) prior to measuring the chemical
shifts utilized in the CHESCA to ensure that pfD and /B dif-
ferences in CHESCA patterns are not biased by the different
cNMP affinities of these domains (8, 14). Using the apo,
c¢GMP, Rp, and Sp set, we then implemented CHESCA for WT
pfD and /4B as well as their respective lidless mutants R484A
pfD and Y351A hB (Fig. 3, A and B).

CHESCA reveals multiple differences between the allosteric
networks of the pfD and 4B domains and their lid dependence
despite their structural similarities. The comparative pfD
versus hB analysis of the allosteric networks mapped through
CHESCA for the WT and lidless mutant domains (Fig. 3) re-
veals several marked yet unexpected pfD versus hB differences
in the allostery of these two domains despite their structural
similarities (Fig. 1, E, G, and I). Each dot in the CHESCA
matrices (Fig. 3) denotes a residue pair exhibiting highly
correlated chemical shift variations (Pearson correlation
coefficient of >0.95). For example, in pfD, residues Q515 and
R420 respond similarly to the perturbation set (Fig. 2, B and
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Figure 2. cGMP analogs used as a perturbation set for the chemical shift covariance analyses (CHESCA). A, covalent structure of cGMP and modi-
fications of cGMP at the ribose-phosphate moiety (Rp-cGMPS and Sp-cGMPS) utilized as a perturbation set to modulate the active-inactive conformational
equilibrium of the CBDs. B and C, overlay of >N-TH HsQC spectra of apo (black), Rp-cGMPS-bound (red), Sp-cGMPS-bound (purple), and cGMP-bound (green)
pfD zoomed into Q515 (B) and R420 (C). D, inter-residue combined chemical shift correlations between Q515 and R420 from (B) and (C). E and F, similar to
(B) and (C) but for hB residues V234 (E) and E243 (F). G, inter-residue amide 'H-">N combined chemical shift correlations between V234 and E243 from
(E) and (F). CBD, cGMP-binding domain; HSQC, heteronuclear single quantum coherence.
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Figure 3. CHESCA correlation matrices for WT and related capping residue mutants. A, pfPKG and B, hPKG. The cutoff value for the Pearson correlation
coefficient was set to 0.95. Color highlights indicate regions that exhibit different patterns of correlations between pfPKG versus hPKG (purple for the N3A;
pink for the B2-33 loop; cyan for the BBR; and green for the PBC). C, expansion of the N3A region from the pfD CHESCA correlation matrix. D, expansion of
the BBR region from the pfD CHESCA correlation matrix. £, expansion of PBC residues and their correlations with the BBR and 2-33 loop of pfD. F, similar to
(O) but for hB. G, similar to (D) but for hB. H, similar to (E) but for hB. BBR, base-binding region; CHESCA, chemical shift covariance analyses; hPKG, human
cGMP-dependent protein kinase; N3A, N-terminal helix bundle; PBC, phosphate-binding cassette; pfPKG, Plasmodium falciparum cGMP-dependent protein

kinase.

C), resulting in a linear inter-residue chemical shift correlation
(Fig. 2D), which suggests that these two residues are alloste-
rically coupled. This is because residues that belong to the
same allosteric network respond in a similar manner to the
CHESCA perturbations, which in the fast exchange regime
leads to linearly correlated perturbation-dependent chemical
shift changes, as previously shown (28). A similar example is
provided by the 4B residues V234 and E243 (Fig. 2, E-G),
again pointing to another inter-residue coupling. Notably, both
correlations (Fig. 2, D and G) rank the cGMP analogs in
agreement with the relative degrees of kinase activation, with
the Rp partial agonist falling in between the inactive apo and
the full agonists (i.e., Sp and cGMP; Fig. 2A4), which suggests
that the corresponding couplings are relevant for the control
of kinase activation.

While both pfD and B WT matrices (Fig. 3) show corre-
lations throughout the respective domains, selected subregions
exhibit notable pfD versus hB differences despite a high degree
of sequence homology (Figs. S3 and S4). For example, fewer
correlations are observed for the f2—f33 loop in pfD compared
with 4B (Fig. 3, A and B; pink highlights). On the other hand,
the BBR shows more correlations in pfD compared with 4B.

4 | Biol. Chem. (2022) 298(3) 101691

This applies to both correlations within the BBR and between
the BBR and other regions, such as the N3A and BC helices
(Fig. 3, A, B, D, and G; blue highlights). Additional distinct pfD
versus hB differences are observed for other structurally
conserved CBD elements, such as the PBC (Fig. 3, A, B, E, and
H) and the N3A (Fig. 3, A, B, C, and F) motifs. Interestingly,
the pfD versus hB CHESCA differentials are not limited to the
WT correlations but extend also to how such correlations
depend on the lid deletion (Fig. 3). In the following sections,
we will analyze such subregion-specific CHESCA differences
in detail.

pfD versus hB differences in N3A CHESCA patterns reveal
differential a-subdomain dynamics in pfPKG versus hPKG

The lid removal through the R484A mutation causes an
unexpected loss of intra-N3A correlations in pfD (Fig. 3C). For
example, the correlations of R420 with other residues in the
N3A are clearly detected in the WT pfD but lost in the R484A
mutant (Figs. 3C and 4, A—D). The linear correlations observed
for WT pfD (Fig. 4, A and B) are suggestive of a simple active—
inactive two-state equilibrium, whereas the nonlinear plots

SASBMB
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Figure 4. N3A residues sense different conformational states of the C-terminal helices in pfPKG versus hPKG. A and B, pairwise inter-residue
correlation plots for N3A residues in WT pfD. C and D, pairwise inter-residue correlation plots of the same residues from (A) and (B) but for the R484A
mutant of pfD. E, residues from (A-D) mapped onto the pfD apo structure (black spheres). These residues span the interface between the N3A and C-terminal
helices. F and G, schematics showing the conformations of the C-terminal helices when pfD is bound to a cNMP (gray star), and N3A adopts the “out”
position. “B" refers to the B-barrel, represented by a gray circle. For WT (F), the C-terminal helices are locked in the “in” position (29), whereas for the R484A
(G), the C-terminal helices sample both “in” and “out” positions because of the loss of the cGMP capping residue (29). H and /, similar to (A) and (B) but for
hB. Jand K, similar to (C) and (D) but for the hB Y351A mutant. L, similar to (E) but for hB. M and N, similar to (F) and (G) but for hB. For WT (M), the C-terminal
helices sample both the “in” and “out” positions, whereas for Y351A (N), the conformational equilibrium of the C-terminal helices shifts to the “out” position
because of the loss of the capping residue (Fig. S1). O, N3A versus aB-aC similarity measure (SM) plots for the apo/inactive (red) and apo/active (blue) MD
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observed for the R484A pfD mutant (Fig. 4, C and D) point to
deviations from a two-state equilibrium, suggesting the sam-
pling of additional conformations distinct from the native
inactive and active states. The additional conformation is un-
likely to arise from the N3A motif itself, which typically adopts
a conserved helix—turn—helix arrangement and is subject to
rigid-body movements upon cNMP binding (32). However, the
chemical shifts of N3A residues report also on changes in
the conformation of adjacent structural elements. Specifically,
the R420 residue is located at the interface between the N3A
and BC helices (Fig. 4E), and therefore, it senses the relative
orientation of these two structural units. Hence, a simple but
effective explanation of the loss of R420 N3A correlations
upon lid deletion (Figs. 3C and 4, A-D) is that in WT pfD the
lid ensures that the C-terminal helices are locked in the “in”
conformation upon cGMP binding, forcing the N3A in the
“out” orientation (Fig. 4F), which is also supported by simi-
larity measurements (SMs) performed on MD simulations of
WT pfD (29). In the capping residue mutant (i.e., R484A), on
the other hand, the C-terminal helices are no longer stabilized
in the “in” conformation and become dynamic, equilibrating
between “in” and “out” conformations (Fig. 4G), as confirmed
by CHESPA of R484A:cGMP (29). This implies that a third
conformation is sampled by the R484A mutant, that is, the
N3A “out” and BC “out” state (Fig. 4G), which is absent in
the WT, thus explaining why the removal of the lid results in
the loss of the correlations detected for R420 in WT pfD
(Figs. 3C and 4, A-D).

A completely different CHESCA pattern is observed for the
N3A motif of #B (Fig. 3F). In this domain, a gain of correlation
is observed upon going from the WT to the lidless mutant
(Y351A). The correlations of F237 with other residues within
the N3A are absent in the WT /4B but present in the Y351A
mutant (Figs. 3F and 4, H-K). Similar to the R420 residue of
pfD, the location of F237 of /B allows it to sense the orien-
tation of the BC helices relative to the N3A unit (Fig. 4L),
suggesting that in WT /B, the C-terminal helices are dynamic
and equilibrate between “in” and “out” conformations, whereas
the N3A maintains the “out” arrangement typical of cGMP-
bound conformations (Fig. 4M). This hypothesis is supported
by previous '°N-relaxation measurements (15), showing
enhanced ps—ns and ms—us dynamics in the lid region of
cGMP-bound /B, as well as by MD simulations for the allo-
steric cycle of WT kB (Figs. 1H, 4, O and P, and S5).

Based on the MD trajectories, we computed SMs, which
indicate the conformational or structural similarity, whereby
an SM value close to 1 indicates similarity to the active state
(ie., N3A,, or BC;,), whereas an SM value close to -1
indicates similarity to the inactive state (i.e., N3A;, or BCgy).
Each quadrant in the SM plots (Fig. 4, O and P) corresponds to
different combinations of the in/out conformational states of
the N3A and BC helices. Notably, in the top quadrants, where

the N3A adopts the “out” conformation, the BC helices sample
both the “in” and the “out” conformations (Fig. 4, O and P; gray
highlights), supporting our hypothesis on the conformational
dynamics of the BC helices in WT /4B. The pfD SM values (29)
show that this happens only in 4B (Fig. 4M) and not in pfD
(Fig. 4F). In the absence of the lid, the C-terminal helices are
not recruited to the “in” conformation (Fig. 4N), as is also
confirmed by CHESPA of Y351A:cGMP (Fig. S6). Hence, in
the lidless #B mutant, the sampling of the third state observed
in the WT /4B (ie, N3A “out” and BC “in”) is largely lost,
explaining the appearance of CHESCA correlations for F237
upon going from WT to mutant #B. Our MD simulations
suggest that these pfD versus hB differences in the lid dynamics
when N3A is “out” may also apply to the apo samples (Fig. 40)
(29).

Overall, the pfD versus hB differences in the N3A CHESCA
correlations and their lid dependence reveal a reversed dy-
namic pattern for the adjacent BC helices (Fig. 4, F and G
versus Fig. 4, M and N).

The PBC couples to the BBR in pfPKG but to the 32-3 loop in
hPKG

The PBC is a critical region for recognizing and binding
¢GMP and its analogs (Fig. 1, E and G). Hence, information on
how it allosterically couples with other regions of the domain
could provide important clues to selectively target pfPKG
versus hPKG. Specifically, we evaluated the coupling of the
PBC to another critical cGMP-binding region, the BBR, and to
the p2—p3 loop, located adjacent to the PBC (Fig. 1, E and G).
Although highly similar in structure (Fig. 1I), these regions
exhibit clear differences in how they are correlated with other
parts of the domain in pfPKG versus hPKG, as mentioned
previously. In addition, the PBC in WT pfD exhibits several
correlations with residues in the BBR, which are lost in the
R484A pfD mutant (Fig. 3E). For example, this is the case for
PBC residue L487 (Fig. 3A). Surprisingly, L487 does not exhibit
any detectable correlation with the adjacent B2—p3 loop in
both WT and the mutant pfD (Figs. 3E and 5, A-D). These
observations suggest that in pfD, the PBC is preferentially
coupled to the BBR rather than the 2—p3 loop, and that the
PBC-BBR allosteric coupling relies on R484 (Fig. 5E).

Interestingly, for the #B domain, the pattern of PBC-BBR/
2—[B3 allosteric coupling is reversed compared with pfD. The
PBC residue Q311 in %B does not exhibit correlations with the
BBR (i.e., p4—p5) in both WT and mutant 4B, whereas it
correlates with the adjacent p2—33 loop in WT but not in the
mutant 4B (Figs. 3H and 5, F-I), suggesting a scenario oppo-
site to pfD, that is, the PBC is preferentially coupled to the
2—B3 loop rather than the BBR (Fig. 5]). These pfD versus hB
differences revealed by CHESCA at the level of allosteric
coupling between the PBC and BBR may reflect dissimilarities
in the capping mechanisms. For pfD, the capping residue (i.e.,

simulations for WT hB. Each quadrant depicts different combinations of conformations for the N3A and aB-aC regions (i.e., “in” or “out”). P, similar to (O) but
for the holo/inactive (orange) and holo/active (green) MD simulations. The gray highlights indicate that when the N3A is in the “out” orientation, the B-
helices oscillate between the “in” and “out” states. hPKG, human cGMP-dependent protein kinase; MD, molecular dynamics; N3A, N-terminal helix bundle;

pfPKG, Plasmodium falciparum cGMP-dependent protein kinase.
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Figure 5. The PBC exhibits different correlation patterns with the BBR and B2-B3 loop in pfPKG versus hPKG. A and B, pairwise inter-residue
correlation plots of PBC residue (L487) with (A) BBR residue (R473) and (B) 32-B3 loop residue (G449) in WT pfD. C and D, similar to (A) and (B) but for
R484A mutant pfD. E, residues from (A-D) mapped onto the pfD holo structure (spheres). The PBC exhibits high correlation with the BBR and low correlation
with the 32-B3 loop. Yellow stick/spheres indicate the cGMP capping residue (i.e., R484). F and G, pairwise inter-residue correlation plots of PBC residue
(Q311) with (F) BBR residue (R297) and (G) 2—3 loop residue (G267) in WT hB. H and /, similar to (F) and (G) but for Y351A mutant hB. J, residues from (F-/)
mapped onto the hB holo structure (spheres). Unlike pfD, the PBC exhibits high correlation with the B2-3 loop and low correlation with the BBR. Yellow
sticks/spheres indicate the cGMP capping residue (i.e., Y351). K and L, reduced spectral densities for cGMP-bound pfD. K, 2D plot of J(0) versus J(wy + wy) for
BBR residues of BBR in hB:cGMP (blue) and pfD:cGMP (green). The expected values for a rigid rotor are shown by the black plot. L, similar to (K) but for PBC
residues. BBR, base-binding region; hPKG, human cGMP-dependent protein kinase; PBC, phosphate-binding cassette; pfPKG, Plasmodium falciparum
cGMP-dependent protein kinase.
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R484) is located in the PBC and extends toward the BBR to cap
the cGMP guanine base, potentially acting as a bridge in the
coupling of the PBC and BBR. On the other hand, the capping
residue for 4B (i.e., Y351) is located in the aC helix, and thus
hB lacks a bridge to couple the PBC to the BBR. In /B, the PBC
is then available to couple to the adjacent p2—f3 loop, similar
to what was previously observed for other eukaryotic CBDs,
such as those of exchange factor directly activated by cAMP,
PKA, and hyperpolarization-activated cyclic nucleotide-gated
channel (28, 33-35).

To support the findings on the difference in the coupling of
the PBC to the BBR and B2-P3 loop, distances between the
PBC and either the BBR or 2-p3 loop were measured from
the MD simulations of the pfD and /B in each of the four
states of the allosteric cycle (i.e., apo/active, holo/active, holo/
inactive, and apo/inactive; Figs. 1H and S7). The PBC:BBR
distance measurements show that pfD overall exhibits nar-
rower distance distributions suggestive of a stable PBC—BBR
positioning compared with 4B (Fig. S7A). Also, pfD exhibits
significantly shorter PBC:BBR distances than /4B for the holo/
inactive and apo/inactive states (Fig. S7A), supporting the
proposal of tighter PBC-BBR coupling in pfD versus hB
(Fig. 5E). On the other hand, the PBC:32-f3 distance mea-
surements show that 4B overall exhibits both narrower dis-
tributions and shorter distances than pfD (Fig. S7B), in
agreement with the CHESCA results on the coupling of
PBC—B2-P3 in 4B (Fig. 5)).

To further probe the PBC-BBR allosteric coupling in pfD
versus hB, we complemented our comparative CHESCA with
CHESPA (36) in which the NMR chemical shift changes
caused by Rp are analyzed relative to the apo and cGMP-
bound states (Fig. S8). The Rp phosphorothioate modifica-
tion directly perturbs the PBC, which interacts with the cyclic
phosphate, but not the BBR, which binds the base of cyclic
nucleotides instead. Hence, the BBR chemical shift perturba-
tions resulting from the replacement of cGMP with Rp reflect
primarily allosteric effects pertaining to how the PBC is
coupled to the BBR. As expected based on our CHESCA re-
sults, Rp results in greater chemical shift variations in the BBR
region for pfD compared with 4B (Fig. S8, A and D), consistent
with the tighter PBC-BBR allosteric coupling in pfD versus hB.
Furthermore, negative fractional activation values (X) are
consistently observed for the pfD BBR (Fig. S8B), in agreement
with the reduced kinase activation measured for Rp relative to
cGMP, thus confirming the functional relevance of the PBC—
BBR allosteric coupling unique to pfD.

To further examine the pfPKG versus hPKG difference at
the level of the BBR, we complemented our comparative
CHESCA and CHESPA with '°N relaxation rates that report
on the internal dynamics of pfD and 4B (Figs. 5, K and L, S9
and S10) (15). The corresponding reduced spectral densities
(RSDs) were computed, revealing higher J(wy + wy) and lower
J(0) values for selected BBR and PBC regions of #B compared
with pfD (Fig. 5, K and L). These observations suggest
enhanced BBR/PBC ps-ns dynamics for 4B (i.e., quenched
ps—ns dynamics for pfD) even in the presence of saturating
amounts of cGMP (Fig. 5, K and L). The root mean square
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fluctuations computed from the MD simulations also show
that the BBR and PBC regions are more flexible in 4B than pfD,
which is a general feature for all four states of the proteins
(Fig. S11). The enhanced dynamics observed for both the PBC
and BBR in /B relative to pfD are consistent with the reduced
coupling between these two ctNMP recognition elements in 4B
versus pfD. Overall, the unique coupling between the PBC and
BBR in pfD is significant not only because it offers an oppor-
tunity to engineer pfD versus hB selectivity through guanine-
based modifications but also because it implies that the pfD
BBR is itself part of an extended functional allosteric network,
as discussed in the next section.

The BBR is part of the allosteric network controlling kinase
activation in pfPKG but not in hPKG

The BBR is a crucial region for binding cGMP and includes
highly conserved residues (Fig. 1, E, G, and I). Although this
region is not subject to significant pfD versus hB structural
changes (Fig. 1), the CHESCA correlation matrices reveal
significant pfD and /B differences at the BBR (Fig. 3, A, B, D,
and G). We specifically focused on the conserved Arg residue
within the BBR B5 strand, that is, R473 for pfD and R297 for
hB (Fig. 1, E and G), as this side chain interacts directly with
the guanine base of cGMP (8). First, in pfD, R473 exhibits
significant correlations with adjacent residues in B5 and the
B5—p6 loop (Figs. 3D and 6, A and B), which are lost in the
R484A mutant (Fig. 6, C and D). R473 also exhibits correla-
tions with other parts of the WT pfD domain, such as the N3A,
which are again lost in the R484A mutant (Figs. 34 and S12).
On the other hand, in 4B, the homologous R297 residue ex-
hibits significant correlations with residues in the p5—p6 loop
and B6 strand in both WT and the lidless Y351A mutant
(Figs. 3G and 6, E-H). Hence, the lid dependence of such BBR
correlations differs in pfD and /4B. Another pfD versus hB
difference pertaining to the BBR is that R297 of 4B does not
correlate with the N3A in either WT or the lidless mutant
(Figs. 3B and S13). Such marked pfD versus hB differences in
allosteric couplings suggest distinct roles of the conserved Arg
in the BBR of pfD versus hB, despite their structural similarities
(Fig. 1, E, G and I).

To further characterize these differences, agglomerative
clustering analysis was performed to more systematically
establish whether the conserved BBR Arg in pfD and /B is part
of an allosteric network (Figs. 6, I and J, S14 and S15). The
dendrogram for the cluster of highly correlated pfD residues
that includes R473 is shown in Fig. S14B. Such a dendrogram
provides information on the linked residues within the cluster,
which are mapped on the structure of cGMP-bound p/D in
Figure 6I. Yet, the dendrogram of Fig. S14B does not directly
report on the function associated with the specific residue
cluster. In order to assign a function to the cluster, a com-
plementary agglomerative clustering analysis was performed
relative to the four states (i.e., apo, cGMP-bound, Sp-bound,
and Rp-bound states) instead of the residues, using only the
chemical shift submatrix containing the residues in the cluster
shown in Fig. S14B. The resulting state dendrogram (Fig. 6))
reveals two nodes that clearly separate the states with high
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Figure 6. The conserved arginine in the BBR is part of an allosteric network for pfPKG but not for hPKG. A and B, pairwise inter-residue correlation
plots of the conserved BBR residue and adjacent residues (R473, K470, and N478) in WT pfD. C and D, similar to (A) and (B) but for the R484A mutant pfD.
E and F, pairwise inter-residue correlation plots of the conserved BBR residues and nearby residues (R297, K301, and F305) in WT hB. G and H, similar to (E)
and (F) but for the Y351A mutant hB. /, map of residues from cluster 1 for pfD shown through a green surface representation. Residues from (A-D) and
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BBR, base-binding region; CHESCA, chemical shift covariance analyses; hPKG, human cGMP-dependent protein kinase; pfPKG, Plasmodium falciparum
cGMP-dependent protein kinase.
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kinase activity (i.e., cGMP-bound and Sp-bound states) from
those with lower kinase activity (i.e., apo and Rp-bound states),
suggesting that the BBR-spanning cluster of Fig. S14B func-
tions as an allosteric activation network for pfD.

A similar agglomerative clustering analysis was performed
also for 4B (Fig. S15). However, in this case, unlike pfD, the
conserved R297 in the BBR of /B is not part of any identified
allosteric cluster (Fig. S15). This pfPKG versus hPKG differ-
ential is further confirmed by the computation of the residue-
specific total numbers of CHESCA correlations in pfD and 4B
(Fig. 6, K and L). Relative to /B, pfD exhibits a markedly higher
number of CHESCA correlations involving 35 within the BBR
(Fig. 6, K and L; gray region). This observation further cor-
roborates the notion that the BBR plays a critical role in
allosterically coordinating other regions within pfD but not /B.
Overall, these results suggest that in pfD but not in /B, the
BBR is critical not only to recognize the guanine base of cGMP
but also to allosterically control kinase activation.

Discussion

Comparative NMR CHESCA, supported by MD simula-
tions, CHESPA, and backbone dynamic measurements, have
revealed unexpected, yet critical, differences in the allosteric
networks of the pfD versus hB domains (Fig. 7), despite their
structural similarity. At the center of such allosteric rewiring
upon going from pfPKG to hPKG is the PBC, which is the
primary cyclic phosphate recognition element in both kinases.
The PBC switches from being coupled to the $2—[33 loop in /4B
to being coupled to the BBR in pfD (Fig. 7).

Furthermore, in pfD but not 4B, the BBR is part of an
extended functional allosteric network spanning not only the
PBC but also the a-subdomain (i.e., N3A and BC helices).
Hence, one of the most unique and notable features of p/PKG
emerging from our comparative allosteric analyses is that the
BBR is wired differently to the rest of the allosteric network in
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pfD versus hB. Such pfD versus hB differences extend also to
how the allosteric networks of the BBR and N3A motives
depend on the deletion of the lid residue side chains.

The drastic pfD versus hB rewiring of allosteric networks
involving the BBR likely reflects the different location of the
base capping residue side chains in the two domains, that is,
Y351 in the aC helix of 4B versus R484 in the PBC of p/D
(Fig. 1, D and F), as well as marked differences in the under-
lying dynamics of the pfD and /#B domains (Fig. 7). The latter
exhibits enhanced ps—ns dynamics relative to the former at the
two critical cNMP recognition elements, that is, the PBC and
BBR, and the BC helices are subject to differential dynamics in
pfD versus hB (Fig. 7). In WT hPKG, the BC helices sample
both the “in” and “out” conformations, and this conforma-
tional equilibrium shifts toward the “out” orientation upon
deletion of the lid (Fig. 7B). On the contrary, in WT pfPKG, the
BC helices sample primarily the “in” conformation, and it is
only upon deletion of the lid that both “in” and “out” orien-
tations are sampled (Fig. 7A).

Despite the pfD versus hB differences in lid location and
dynamics, it is notable that some of the most remarkable
rewiring of allosteric networks occurs at structural elements
that are highly conserved in hPKG versus pfPKG, such as the
BBR (Fig. 11). For example, the Arg in the 5 strand of the BBR
(i.e., R473 in pfD and R297 in hB) forms highly conserved
hydrogen bonds to the guanine base of cGMP (Fig. 1, E, G, and
I), and vyet this very same Arg is also the residue exhibiting
some of the most striking #hPKG versus pfPKG differences, as
discussed previously. Hence, the allosteric rewiring reported
here for pfD versus hB was to a large extend unexpected.

The allosteric differences revealed here are likely not limited
only to the CBDs of pfPKG and #PKG. The BBR being part of
an allosteric network is a feature unique to pfPKG not only
relative to #PKG but also to other human ¢cNMP-binding
domains, including those of the cAMP-dependent protein
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Figure 7. Comparison of allosteric networks in pfD versus hB. A, in pfD, the BBR is part of the allosteric network. It exhibits correlations with the PBC,
where the cGMP capping residue R484 is present. The PBC does not exhibit significant correlations with the B2-f3 loop. The capping triad formed by R484
and Q532-D533 allows for additional interactions between the PBC and aC. In the holo form and when the N3A is in the “out” conformation, the aBC (i.e.,
BC) helices in WT pfD are stable in the “in” conformation. The lidless R484A mutation causes the BC helices to sample both “in” and “out” conformations.
Each region (i.e., N3A, 32-f33, BBR, PBC, and aC) is represented as a node. The size of each node corresponds to the total number of correlations formed with
other regions and within itself above the correlation cutoff (i.e., 0.95). The thickness of each line connecting the regions correspond to the total number of
correlations formed between the two regions above the correlation cutoff (i.e., 0.95). A line is shown only when the total number of correlations between
the two regions exceeds 2. B, in hB, the BBR is not part of the allosteric network. It does not exhibit significant correlations with the PBC, which correlates
with the $2-f3 loop instead. The wavy outline of the nodes for the PBC and BBR depict the enhanced ps—ns dynamics in these regions. In the holo form,
and when the N3A is in the “out” conformation, the aBC (i.e., BC) helices in WT hB are dynamic and samples both “in” and “out” conformations. In the lidless
Y351A mutant, the BC helices are mainly in the “out” conformation relative to the WT. BBR, base-binding region; N3A, N-terminal helix bundle; PBC,
phosphate-binding cassette.
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kinase (PKA) (34), the exchange factor directly activated by
cAMP (28), and hyperpolarization-activated cyclic nucleotide-
gated channel (35), in which the BBR is not fully integrated in
allosteric clusters. These BBR differences are consistent with
the fact that, although the B4 and B5 strands in the BBR define
a conserved base recognition element of CBDs, the 4—p5 loop
is hypervariable among cNMP-binding domains (37).

The notion emerging here that although the BBR is a critical
and conserved base recognition element in CBDs, it is part of a
functional allosteric network in pfPKG but not in human cNMP-
dependent systems (Fig. 7) bears implications for the selective
targeting of pfPKG. For example, it has previously been shown
that the base-modified cGMP analog 8-pCPT-cGMP is a partial
inhibitor of pfPKG (14) but a full activator of #PKG (38). Our
results provide a viable explanation for how 8-pCPT-cGMP
selectively inhibits pfPKG. Considering that the BBR is the pri-
mary base recognition element (39), base modifications such as
8-pCPT are expected to perturb the BBR (14). Since the BBR is
part of a functional allosteric network in pfD, the BBR pertur-
bation caused by 8-pCPT will at least partially disrupt the wiring
of residues responsible for activation of pfPKG and hence result
in inhibition. On the other hand, the BBR is not part of an allo-
steric network in /B, hence its direct perturbation is not antici-
pated to critically affect the activation of #/PKG. In addition, the
dynamic nature of the BC helices in #PKG could allow for greater
tolerance of the active conformation toward the bulky pCPT
substituent compared with the more rigid BC helices in pfPKG.

It is important to note the possibility that a domain may not
rely solely on a single allosteric network and that multiple
concurrent allosteric pathways may coexist, as previously
pointed out (40). For example, the N3A motif may be
controlled by cNMP binding not only through the lid in the BC
helices but also via a PBC-B-helix coupling mediated by a
hydrophobic hinge, which has been shown to serve as an
essential allosteric pathway in multiple CBDs (3, 6, 35, 41, 42).

Overall, our comparative CHESCA of essential CBDs of
PpfPKG versus hPKG have revealed unanticipated differences in
the wiring of the respective allosteric networks spanning
conserved structural elements such as the BC helices, p2—3
loop, PBC, and BBR. Our results show that allosteric networks
may differ even when structures are similar. Hence, mapping
allosteric networks is a critical step toward developing selective
inhibitors for pfPKG, an attractive antimalarial target with
possibly minimal side effects.

Experimental procedures
Expression and purification

P. falciparum PKG CBD-D (401-542) WT and R484A were
expressed and purified following protocols published previ-
ously (14). Similarly, Homo sapiens PKG I CBD-B (219-369)
WT and Y351A were expressed and purified as published
previously (15).

NMR spectroscopy

NMR experiments were performed on a Bruker Avance
700-MHz spectrometer equipped with a 5-mm TCI cryoprobe.
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For the chemical shift—based analyses, two-dimensional
I5>N-'H heteronuclear single quantum coherence (HSQC)
spectra were acquired for apo, cGMP (Millipore—Sigma)-
bound, Rp-cGMPS (Biolog)-bound, and Sp-cGMPS (Biolog)-
bound pfD or hB. Experiments were recorded using eight
scans, a recycle delay of 1.0 s with 128 and 1024 complex
points, and spectral widths of 15.9 and 31.8 ppm for the 'H
and "°N dimensions, respectively. The acquired spectra were
processed using NMRPipe (NIST) (43) and Topspin (Bruker)
and analyzed using Sparky (NMRFAM) (44).

For pfPKG, all NMR experiments were acquired at 306 K in
the NMR buffer (50 mM Tris, pH 7, 100 mM NaCl, 10 mM
MgCl,, and 1 mM DTT) with 5% D,O. For WT, a protein
concentration of 100 uM was used for all HSQC experiments.
Excess amounts (>2 mM) of the cyclic nucleotides were added
to the protein to acquire the HSQC spectra of the cGMP-
bound, Rp-bound, and Sp-bound pfD in order to achieve
saturated binding, thus minimizing the influence of differing
binding affinities on the CHESCA. For R484A, protein and
cyclic nucleotide concentrations of 70 pM and 3 mM,
respectively, were used. The HSQC assignments were trans-
ferred from the WT apo to the R484A apo spectra through
spectral comparison. To assign the Rp-bound and Sp-bound
pfD, the cyclic nucleotides were titrated into the apo protein,
and HSQC spectra were acquired at increasing cyclic nucleo-
tide concentrations. Since the on-off binding exchange was
fast in the NMR chemical shift timescale, it was possible to
visualize the binding and transfer the assignments from the
apo to the Rp-bound or Sp-bound crosspeaks. For Sp binding
to WT, binding was slow in the NMR chemical shift timescale,
hence, Nz-exchange was used to transfer the assignments from
the apo to the Sp-bound peaks.

All NMR spectra for the APKG If(219-369) CBD-B
construct were acquired at 306 K in the NMR buffer
(50 mM Tris, pH 7, 100 mM NaCl, and 1 mM DTT) with 5%
D,0. Two-dimensional (*H,">N) HSQC NMR spectra were
acquired for apo, cGMP-bound, Rp-bound, and Sp-bound
samples of WT and Y351A-mutant 4B. A protein concentra-
tion of 20 uM was used for all HSQC samples. All experiments
for cGMP-bound, Rp-bound, and Sp-bound /4B were per-
formed with cyclic nucleotide concentrations of >2 mM in
order to achieve saturated ligand binding, thus minimizing the
influence of differing ligand-binding affinities on the results of
the analyses. Assignments for the Y351A-mutant HSQC
spectra were obtained via a combination of comparisons with
the respective assigned WT HSQC spectra and three-
dimensional triple-resonance NMR spectra.

Building of binding isotherms and computation of K, values
were performed following the previously published protocols

(3).

Chemical shift analyses—CHESCA and CHESPA

An internal reference (i.e., *°N-labeled N-acetylglycine) was
used to align the spectra. CHESCA and related chemical shift
correlation analyses were performed as previously described
(28, 45), using the apo, cGMP-bound, Rp-bound, and
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Sp-bound states as a perturbation set. Residues exhibiting a
frequency spread across the four states (i.e., apo, Rp, Sp, and
cGMP) greater than 10 Hz for the 'H dimension and 5 Hz for
the '°N dimension were selected for CHESCA (28). Correla-
tions exhibiting an absolute correlation coefficient of >0.95
were used to illustrate the CHESCA correlation matrices. For
the agglomerative clustering, the complete-linkage method
and a correlation coefficient cutoff of 0.95 were used. CHESPA
was performed as described previously (14, 36), with a com-
bined chemical shift difference cutoff value of 0.05 ppm.
Combined chemical shift values were computed as:

CCS = V((0.28N)> + (8H)?)

Relaxation and RSD analyses

Backbone '°N relaxation experiments (R;, R,, and HN-
NOE) were performed with 200 uM pfD bound to cGMP
(2 mM) and analyzed using protocols described previously
(15, 46). RSDs were computed as previously described (15, 46).

MD simulations
Model preparation

Initial models of #PKG I CBD-B (residues 217-351) were
assembled starting from the apo structure (Protein Data Bank
code: 4KUS: for the apo/inactive state) and the cGMP-bound
structure (Protein Data Bank code: 4KU7: for the holo/active
state) (12). The initial apo/active structure was extracted from
4KUS, whereas the starting structure for the holo/active state
was reconstructed from 4KU7 by adding missing residues 217
to 222 and 287 to 291 from the apo/inactive structure, with
residues 223 to 224 and 285 to 286/292 to 293, respectively,
used as superimposition points to align the structures for
grafting. Then, energy minimization was conducted for the
reconstructed region of the reconstructed holo/active struc-
ture using the Amber 16 software (47). The apo/active struc-
ture was generated by removing the cGMP from the holo/
active model. Finally, the holo/inactive structure was obtained
by superimposing the apo/inactive and holo/active structures
at the B-barrel region, in order to dock the cGMP into the apo/
inactive structure. Energy minimizations were then performed
for the side chains of the residues in the BBR and PBC in the
reconstructed holo/inactive structure.

MD simulation protocols

For a reliable comparison with the MD simulations of pfD
(29), all MD simulations for 4B were performed using the
Amber 16 software (47) on the Shared Hierarchical Academic
Research Computing Network following protocols similar to
those described previously (29). The parameters for cGMP
were generated using the general Amber force field, and the
parameters for the protein are from the Amber FFO9SBnmr
force field. The TIP3P explicit solvent model was employed
and added as a rectangular box with a minimum solute-box
edge distance of 12 A. Each state was equilibrated from en-
ergy minimization, followed by 100 ps stepwise temperature
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simulations from 0 to 306 K with 50 K intervals. In the 0 to
100 K range, we employed the constant volume and temper-
ature (NVT) ensemble, whereas in the 100 to 306 K range, we
used the constant pressure and temperature (NPT) ensemble,
and the main chain atoms of the protein were restrained with a
5 keal/mol A® force constant. To gradually release the restraint
on the main chain atoms, three more 40 ps equilibrations were
conducted with 3, 1, and 0 kcal/mol A? restraints. Finally, three
1000 ns MD simulations were conducted for each state at
306 K with a weak-coupling algorithm in the NPT ensemble.
Structures were saved every 10 ps, and in total, 12 ps of MD
trajectories were produced for APKG. The SMs were
computed using the following equation:

_ RMSDfrom inactive_RMSDfrom active

SM
RMSDinactive versus active

and the analyses were implemented as previously described
(29, 33). Distances between different regions were computed
by using the center of mass of the residues in each region. Root
mean square fluctuation values for all four states were
measured using their initial models as references (overlaying at
their Ca atoms).

Construction of allosteric network graphs

Residues involved in pairwise CHESCA correlations with
absolute correlation coefficient >0.95 were assigned to specific
structural regions, that is, N3A, 2—33, BBR, PBC, and aC.
Then each pair of regions was analyzed to create a count for
the number of connections between and within each region,
which were then used in Gephi (Gephi.org) (48) to create a
network graph.

Data availability

The NMR chemical shift assignments for cGMP-bound pfD
and /4B have been deposited in the Biological Magnetic
Resonance Data Bank with codes 50203 and 51201, respec-
tively. All remaining data are contained within the article and
the supporting information or available upon request from the
corresponding author: melacin@mcmaster.ca.

Supporting information—This article contains supporting informa-
tion (29, 49).
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