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30 ABSTRACT

Proteins in the arrestin family exhibit a conserved structural fold that nevertheless allows for

35 significant differences in their selectivity for G-protein-coupled-receptors (GPCRs) and their

37 phosphorylation states. To reveal the mechanism of activation that prepares arrestin for selective
38
39 interaction with GPCRs, and to understand the basis for these differences, we used unbiased
40

Molecular Dynamics simulations to compare the structural and dynamic properties of wild type

42 Arrl (Arrl-WT), Arr3 (Arr3-WT), and a constitutively active Arrl mutant, Arrl-R175E,

44 characterized by a perturbation of the phosphate recognition region called “polar core”. We find
jg that in our simulations the mutant evolves towards a conformation that resembles the known pre-
j; activated structures of an Arrl splice-variant, and the structurally similar phosphopeptide-bound
gg Arr2-WT, while this does not happen for Arrl-WT. Hence we propose an activation allosteric
o1 mechanism connecting the perturbation of the polar core to a global conformational change,
gg including the relative reorientation of N and C domains, and the emergence of electrostatic
gg properties of putative binding surfaces. The underlying local structural changes are interpreted as
gs markers of the evolution of an arrestin structure towards an active-like conformation. Similar
58

59

60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Chemical Neuroscience

activation related changes occur in Arr3-WT in the absence of any perturbation of the polar core,
suggesting that this system could spontaneously visit pre-activated states in solution.

This hypothesis is proposed to explain the lower selectivity of Arr3 towards non-phosphorylated
receptors. Moreover, by elucidating the allosteric mechanism underlying activation we identify
functionally critical regions on arrestin structure that can be targeted with drugs or chemical tools

for functional modulation.
KEYWORDS:

Arrestin/GPCR coupling; functional selectivity; arrestin pre-activated state; Molecular Dynamics

simulations
INTRODUCTION

The arrestins are a family of four proteins involved in signaling mechanisms of G protein coupled
receptors (GPCRs). They mediate GPCR desensitization and internalization processes that
terminate signaling by coupling to phosphorylated and activated GPCRs ' . Moreover, a recent
surge of data has revealed that arrestins also have a complementary action as scaffolding units to
initiate G-protein independent signaling pathways’ involved in many physiological as well as
pathological processes in cardiovascular system ° and brain functions ’. Consequently, these
proteins have become promising targets in treatment of crucial diseases such as Alzheimer * and
Parkinson °. Importantly the activation of G-protein independent signaling pathways can be selected
by specific GPCR agonists that stabilize receptor-arrestin versus receptor-G protein complexes '’
More generally the availability of multiple signaling pathways is a critical aspect of GPCR directed
drug design, as it may bring about unwanted side effects depending on the type of the receptor /. In
this perspective, the rising interest in understanding the interaction mechanism of a receptor with a
certain signaling effector —either G-protein or arrestin- is part of the continuing effort to modulate
GPCR-mediated pharmacology by blocking the signaling pathway that cause harmful effects, hence
paving the way for developing safer drugs. To this end, it is fundamental to illuminate the molecular

basis of arrestin function by elucidating the structural determinants underlying the formation of a
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complex with a GPCR and, in particular, the activation mechanism, which prepares each member
within the arrestin family for its selective interaction with a cognate (non)-phosphorylated receptor.

The arrestins share a high degree of sequence similarity (identity over 75%) and a conserved fold
composed of two B-sheet sandwich domains (N- and C-) connected by a hinge region (Figure 1). A
proposed mechanism for the formation of a high affinity complex between arrestin and a

1253 " supported by recent structural evidence '® | suggests a “two-

phosphorylated-activated receptor
step” process involving two different binding sites, namely the N domain for phosphate recognition,
and the N-C region for high affinity binding of the activated receptor. According to this model,
arrestin first interacts with the phosphorylated sites of the receptor, which causes the release of
structural constraints responsible for stabilizing the inactive conformation, and then undergoes a
change that exposes structural elements engaged in a high-affinity recognition. Among these
constraints, the polar core and the triple element - both located in the N-domain — have been
described in the literature (Figure 1). The polar core is composed of five charged residues that are
closely packed within the interior of the protein, and the triple element is formed by a set of
hydrophobic residues located on the first and the last —strand of the protein and includes as well an

a-helix located on the back of the N-terminal fold % °

(See Figure 1 for corresponding residues). In
the inactive conformation, both the polar core and the triple element participate in stabilizing the C-
terminal tail of the protein that is folded back on the N-domain. Interaction with the phosphorylated
receptor is thought to cause the release of the C-terminal tail, by disrupting the intricate charge
balance within the polar core. Indeed, destabilization of triple element or polar core regions by
mutagenesis produces constitutively active phenotypes of the arrestins that do not require the
receptor to be phosphorylated either for activation or the formation of the high-affinity arrestin-

receptor complexes 77,

The crystal structures of Arr-receptor complexes ' /*

show that the N-C inter-domain arrangement
of the arrestin molecule is overall conserved upon complex formation, without the clamshell like
motions of the two domains that were originally hypothesized '°. The conservation of arrestin

structure upon activation is also supported by DEER measurements *” %/

and by crystal structures of
pre-activated arrestin molecules, namely of the splice variant of Arrl, p44 (PDBID: 4J2Q) %’ and
the phosphopeptide-bound Arr2 (PDBID:4JQI) %. The most notable structural rearrangement in
these structures is the relative rotation of the C-domain with respect to the N-domain by

approximately 20 degrees . Other local rearrangements observed in the pre-activated and in the
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complex-engaged structures involve the inter-domain surface loops, as originally hypothesized by a

183 the C-loop, the lariat loop-

scanning mutagenesis study of Arrl *. These are the finger loop
including the gate loop region, and the middle loop, all related to the binding interface (See Figure 1
for a detailed representation of the regions).

Together, these findings suggest that the GPCR segment that is phosphorylated upon activation is
the essential trigger for the transition of arrestin to the active state, and activation amounts to
exposing the interface loops to engage in binding the receptor, through a small relative rotation of
the C- and N-domains. Although this is proposed as a general mechanism, evidence shows that the
binding affinity of different arrestin subtypes for GPCRs varies not only depending on the receptor
type but also on the receptor phosphorylation state °. In particular, whereas Arrl has high affinity
only for phosphorylated-activated rhodopsin, Arr3 interacts with several different GPCRs and
exhibits much lower preference for the phosphorylated receptor over the non-phosphorylated one '
928 The difference in selectivity toward the phosphorylation state of the GPCRs might be related
to a modulation of the activation mechanism, possibly sustained by a structural difference, as
suggested by crystallographic evidence ?*: In Arr3, strand XIV (residues 256-262) deviates from the
ordered B-sheet observed in the other subtypes (highlighted in brown in the right panel of Figure 1)
and this region is proven to modulate the selectivity of Arr3 towards non phosphorylated
receptors”. Moreover, Kim et al. *’ recently proposed that a weakened hydrogen bond network in
the vicinity of the N-C domain interface might favor interaction of Arr3 and Arr2 with
unphosphorylated receptors, in contrast to Arrl. Along the same line, in Arr3 the C terminal tail can
populate multiple conformations upon GPCR interaction and this deviates from the behavior of the
other subtypes 2/ > 2%/,

To address the question on the differences in the activation mechanism of arrestin subtypes and
propose a dynamic model at the molecular level, we have carried out comparative studies of the two
members of the family that seem to exhibit the largest differences in terms of phosphorylation
selectivity. Starting from molecular dynamics (MD) simulations of wild type Arrl (Arrl-WT) and
Arr3 (Arr3-WT), we have evaluated functionally relevant structural and dynamic properties guided
by the activation related changes observed in the crystal structures of pre-activated p44 2,
phosphopeptide-bound Arr2 * and rhodopsin-bound Arrl’®. In addition, we have modeled and
simulated the Arrl-R175E mutant, known to be constitutively active, starting from the Arrl-WT

crystal structure *%, and compared it to Arrl-WT and Arr3-WT to detect rearrangements compatible
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with activation, under the hypothesis that the R175E mutation can induce an activated state in Arrl
that is similar to the physiological receptor-activated state. In our MD simulations we found
structural elements that discriminate an inactive state (populated in our Arr1-WT simulation) from a
pre-activated state (achieved in Arr1-R175E), including regions of the molecules that had not been
considered before as determinants for activation, and used them to characterize the progression of
arrestin constructs towards active-like conformations. Strikingly, some of the same structural
changes are observed in the Arr3-WT simulations in the absence of any perturbation. The model
emerging from the MD analysis proposes that the activation of Arr1-R175E is indeed connected to
the perturbation of the polar core ™*. In contrast, we do not observe changes in the polar core region
of Arr3-WT, in spite of the presence of the other activation-related changes. We propose that this
difference might be related to the markedly reduced selectivity of Arr3-WT, relative to Arrl-WT,
towards phosphorylated GPCRs when forming a high-affinity complex.

RESULTS AND DISCUSSION

Comparative studies of molecular dynamics were carried out as described in Methods for three
arrestin constructs: Arrl-WT, Arrl-R175E, and Arr3-WT. For each of them, two replicas of
unbiased MD simulations (at least 500 ns each) were produced. The resulting trajectories were
analyzed as described in Methods to identify and compare the molecular rearrangements occurring
in each construct.

A key descriptor of the rearrangements in the molecular structures of the simulated constructs is the
relative mobility of C-domain and N-domain, as a rigid rotation of the C-domain by about 20
degrees around an axis intersecting the domain interface is the most prominent structural transition
revealed by the recent crystal structures of pre-activated arrestins '* > %, If this rearrangement is
required for activation, we hypothesized that the relative motion of the domains might be prevented
by a particular structural constraint that needs to be released for the transition to occur. Therefore,
we investigated the dynamics of the N- and C-domains in Arrl-WT and Arrl-R175E for signs of
any differences in the inter-domain mobility resulting from the activating mutation, and used the

same analysis of the Arr3-WT trajectories.
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1. The rearrangement of the C-domain in the transition towards an active-like

conformation

1la. Comparison of Rigid-body Mobility

The average internal dynamics of the domains and their relative rigid-like mobility were first
analyzed by considering the distance fluctuations of pairs of Co atoms (see Methods, section 4).
The distance fluctuations matrices for Arrl-WT, Arrl-R175E, and Arr3-WT are shown in Figures
2A, 2B, 2C, respectively, with a color code that ranges from blue (the lowest values, which
represent the highest coordination and the lowest relative mobility), to red (the highest values,
representing the highest mobility). Each of the three arrestin constructs exhibits two matrix blocks
characterized by low values, corresponding, respectively, to the N-domain (residues 9-180 in Arrl-
WT and 6-175 in Arr3-WT), and the C-domain (residues 181-386 in Arrl-WT and 176-408 in Arr3-
WT). Within each rigid block, single red stripes of high fluctuation values indicate locally mobile
regions such as loop tips moving with respect to the rest of the protein. The linker connecting N-
and C-domains, around residue 180-200, is coordinated to both blocks in Arrl-WT.
Correspondingly the inter-domain distance fluctuations are comparable to the intra-domain ones,
suggesting an overall rigidity of the system as a whole (a set of high-fluctuation values for residues
157-162 indicates a locally high mobility of an N-domain loop far away from the domain interface).
In comparison to Arrl-WT, Arrl-R175E (Figure 2B) exhibits a less coordinated linker region and
higher inter-domain decoupling and mobility, visible as higher distance fluctuations between the
two domain blocks (compare dashed rectangles in Figure 2A, B). This is paralleled by an increase
of mobility of C-domain interface residues (285-320, including the C-loop, the lariat loop-gate
loop), and in the N-domain (residues around 70, finger loop). Notably, increased mobility is also
found at the C-terminal tail.

In Arr3-WT, the distance fluctuations between the N- and C-domain and in the inter-domain linker
(Fig. 2C) suggest a very similar pattern to what is found in Arrl-R175E. Interestingly, besides the
mobility peaks at the interface residues 280-315 (see for comparison the corresponding region in
Arrl-R175E), the core of the C domain (around residue 260) appears to be less rigid, whereas the
terminal residues of the C-terminal tail are coordinated to the N domain, despite the strong mobility
of the preceding loop. Overall, the distance fluctuation analysis highlights more significant motion

of the C-domain relative to the N-domain in both Arrl-R175E and Arr3-WT, than in Arrl-WT.
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This higher inter-domain mobility appears to be coupled in both constructs to increased dynamics of
selected loop regions facing the domain interface, and to an increased internal flexibility of the C-

domain in the case of Arr3-WT only.

1b. Rotation of the C-domain

The rotational motion of the C-domain with respect to the N-domain, around an axis defined for
each construct as described in Methods (see Rotation analysis) was monitored along the trajectory.
The time-dependent rotation angles of three reference residues around the axis, relative to the
starting structure, are shown in Figure 2 (panels E-G) for all simulated systems. An increase in the
angle value corresponds to a clockwise rotation around the axis, if observed from the C-domain
towards the N-domain (see arrow direction in Figure 2D). In Arrl-WT, the angle with respect to the
starting structure for residues P212, S346 and A200 fluctuates around zero (Figure 2E), indicating
no net rotation along the trajectory. In contrast, in the Arr1-R175E construct, where inter-domain
mobility is higher than in Arrl1-WT, the net rotation angle of the reference residues along the same
axis shows a steadily increase by more than 10° for all residues, starting at ~170 ns (Figure 2F and
SI-1E). A further increase is then observed at ~400ns. In Arr3-WT, on the other hand, the
corresponding residues S331, S197 and E186 report a net increase of the rotation angle relative to
the starting structure. Instead of a monotonic increase, this profile shows however a strongly
fluctuating behavior between high and low values. The absence of net rotation for Arrl-WT, the
increase of rotation angle for Arr1-R175E and the dynamic fluctuation between high and low values
in Arr3-WT is also observed in the replicas (see SI-1), although in the latter system the rotation
angle is lower in the second trajectory, suggesting that Arr3-WT can sample wider portions of the
conformational space. As a consequence, in Arr3-WT, the distribution of rotational states is
markedly shifted towards positive values relative to Arrl-WT in one replica, whereas the non-
rotated state is sampled in the other replica (see SI-1G). This leads us to conclude that the mobility
of Arr3-WT is higher than that of Arrl constructs, and that the two inter-domain arrangements -
rotated and not rotated- might be populated under the same conditions. This finding agrees with the

experimental evidence of a higher flexibility of Arr3 relative to the other subtypes **.

2. Local structural changes underlying the observed inter-domain rotations
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The relation between the domain rearrangements observed in the MD trajectories and local
structural changes was investigated, focusing on a series of structural elements that have been
proposed to play a mechanistic role in activation and formation of complexes with GPCRs, such as
the C-loop, the finger loop, the lariat loop —including the gate loop region identified in Figure 1.
Other protein regions, namely the aromatic core and short-helix were identified here as new

relevant elements in this class.

2.a The C-loop rearrangement exposes the residue important for interaction with the receptor

The C-loop, consisting of residues 249-254 in Arrl-WT (244-249 in Arr3-WT), is located in the
crest between the N- and C-domains, facing the middle loop and the finger loop (see Figure 1,
yellow, green and red color, respectively). Comparison of the crystal structures reveals that in the
inactive state it is in contact with the finger and middle loop residues, but in the pre-activated state it
is more exposed, as shown by the solvent accessible surface area (SASA) of the representative
residue of the loop, Y250 (F245 in Arr3-WT)(see Table I). Also, it is involved in the interface with
ICL2 in the rhodopsin-Arr] complex '*. The value of the %SASA relative to the standard value for
the residue for Y250 (F245) was calculated from the MD trajectories of the different constructs, and
compared to the reference values in the crystal structures of inactive and pre-activated arrestin (see
Table I for average %SASA of the representative residue Y250/F245). In agreement with
experiments, the C-loop is more exposed in both Arrl-R175E and Arr3-WT than in Arrl-WT (see
Table I).

2.b An aromatic core region modulates the dynamics of the finger loop

The flexible finger loop (see Figure 1) adopts two conformations in the inactive state of the protein
as evidenced by the crystal structure of Arrl-WT (PDB-ID 3UGX’%). However, this heterogeneity
disappears upon activation and the loop primarily adopts an upward position, where the 3-strands at
the tips of the loop are elongated’””’. This conformation is stabilized by a network of H-bond
interactions formed between middle (Q137 and K141) and finger loop (E70) residues, and in the
rhodopsin-Arrl complex it interacts with TM7 and the N terminus of helix 8 of the receptor .
However, Q137 is replaced by E135 in Arr3-WT and the H-bond network seen in Arrl-WT is
disrupted. In addition, A135 in Arrl-WT is replaced by G133 in Arr3-WT, which further increases
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the flexibility to the loop. The finger loop arrangement was monitored in the MD trajectories by
measuring the distance between the Ca atoms of one representative residue (D73 in Arrl-WT and
D70 in Arr3-WT) and one reference residue on the N-domain, namely 1173 in Arrl-WT and V168
in Arr3-WT, in analogy to ref. ? Indeed, in Arr3-WT, this distance transiently takes values close to
the crystal structures of pre-activated proteins, whereas in Arrl-R175E it stays closer to the values
of the inactive state, and more so in Arrl-WT (Figure SI-2B). The simulations allow us to get
insight into the mechanistic determinants of the finger loop arrangement, and identify a conserved
hydrophobic region, composed of aromatic residues located at the ends of the loop: F65, F67 and
F79 (F62, F64 and F76 in Arr3-WT), and the tip of the C-loop, Y250 (F245 in Arr3-WT). These
four residues, termed here the aromatic core, form a packed cluster in the structure of the inactive
form that is disrupted in the pre-activated structures ** *. In our MD trajectories we measured the
distance between the Ca atoms of F79 and Y250 in Arrl-WT (F76-Y245 in Arr3-WT), to report on
the evolution of the aromatic core. The increase of this distance, upon core disruption, is indeed
coupled to the displacement of the finger loop from the N-domain in Arr3-WT (see SI-2C).
Interestingly, the aromatic core is also stably disrupted in Arr1-R175E yet the finger loop is only

occasionally displaced from the bent orientation toward N-domain.

2.c The short helix near the aromatic core unfolds

Another region that shows structural difference between inactive and pre-activated crystal
structures is the short helical turn, here referred to as short-helix (cyan in Figure 3) comprising
residues 318-322 in Arrl-WT (313-317 in Arr3-WT) and positioned near the aromatic core. In the
inactive state these residues adopt a helical conformation stabilized by both i-i+4 backbone
hydrogen bonding interaction at K318 (K313 in Arr3-WT) and L322 (M317 in Arr3-WT), as well
as side chain-side chain interactions between K318 and the D246 (N241 in Ar3-WT) located on the
B-strand XI of the protein. These two stabilizing interactions appear to be disrupted upon activation,
as the short-helix is found in the unfolded state in crystal structures of pre-activated arrestins *> 2.
In the MD trajectories we monitored the unraveling of helix through the change both in %sasa of

K318 (K313 in Arr3-WT, see Table 1) as well as the distance between the Ca atoms of the N and

the C terminal residues of the short helix (see SI-3) whose exposure and distance increase upon
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unfolding, respectively. The helix unfolds in both Arr3-WT replicas and in one of the Arr1-R175E
trajectories, but not in Arr1-WT, where it maintains a helical conformation during the course of the
simulation. Interestingly, K318 has been shown to be important for Arrl-rhodopsin interaction **

and it constitutes part of the binding interface in the crystal structure of the complex’®.

2.d The polar core region and the C-terminal tail rearrange in Arrl-R175E but not in Arr3-WT

The rearrangement of the gate loop is another change revealed in the crystal structures of pre-
activated Arr. This region, known as the functional part of the previously described lariat loop (see
Figure 1), consists of residues D296-N305 in Arrl1-WT and D291-300 in Arr3-WT. In the inactive
form, two of the gate loop residues, D296 and D303, (D291 and D298 in Arr3-WT), participate in
the polar core along with D30 and R382 (D27 and R393 in Arr3-WT) by interacting with residue,
R175 (R170 in Arr3-WT)™* > ¥ (see Figure 4). Even in the absence of this interaction, the loop
orientation is maintained in the crystal structure of the R175E mutant **. In contrast, in pre-activated
crystal structures, D303 (D298 in Arr3-WT) is flipped away from the polar core towards the N-
terminus of the lariat loop, named here ARG loop, and interacts with the conserved R288 residue
(R283 in Arr3-WT). In contrast to the R175E crystal structure, but in agreement with the pre-
activated conformations, D303 leaves the polar core in the MD trajectories of Arrl-R175E, due to
the repulsive interaction upon charge reversal at residue 175 (see Figure 4). Hence, the distance
between D303 and R288 decreases in Arrl-R175E (~ 1.1 nm) relative to Arrl-WT (~1.5 nm),
where D303 fluctuates around the starting position. As a consequence, in Arrl-R175E the polar
core 1s more exposed to the solvent than in Arr1-WT, as shown by the large changes in %SASA for
R175 in the constitutively active mutant (see Table 1).

Notably, in Arr3-WT trajectory the polar core is fairly unperturbed. Here, the D298-R283 distance
increases in both Arr3-WT trajectories, as D298 (corresponding to D303 in Arrl-WT) maintains its
interaction with residue, R170, while the R283 residue (corresponding to R288 in Arrl-WT) moves
towards the rotating C-domain (see Figure 4). Importantly, this difference reflects the position of
the C-terminal tail in the two subtype constructs. While the interaction between the C-terminal -
strand XX and the N-terminal B-strand I is on average maintained in all systems, the unstructured
tail of the C-terminus (residues 382-386 in Arrl-WT, and 404-408 in Arr3-WT) is completely
detached from the polar core in both replicas of the Arrl-R175E simulation, at around 400 and
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250ns respectively (Fig4 and SI 3), while this does not occur in Arr3-WT even during the course of

an extended 1 ps trajectory.

3. A model for the activation mechanism of arrestin

3.a Activation Related Changes (ARCs) define steps in the activation process

The rearrangements involving the structural motifs that emerge from the comparison of the inactive
and pre-activated crystal structures of Arrl and 2 are reproduced in our simulations, where they are
also accompanied by other changes. We therefore can assess the progress in the activation-related
conformational transitions by monitoring a set of Activation Related Changes (ARCs) (see Table 1).
They are: first, the degree of exposure of the C-loop (buried vs. exposed — classified according to
the value of %SASA of Y250/F245 in comparison to inactive vs. pre-activated crystal structures),
the latter related to the state of the aromatic core; second, the conformational state of the short helix
(folded vs. unfolded); third, state of the C-terminal tail (attached or displaced). By classifying the
dynamic snapshots according to the occurrence of ARCs, we can distinguish between inactive- and
pre-activated states: the inactive-like state is identified by a closed C-loop and a compact aromatic
core, as well as a folded short helix and an attached C-terminal tail. In contrast, the pre-activated
state is identified by an exposed C-loop and aromatic core, an unfolded short helix, and/or a
displaced C-terminal tail, the latter identified by the exposure of residue R175 (R170 in Arr3-WT).
The MD trajectories were then parsed according to the ARCs to differentiate between inactive and
pre-activated ensembles at several time intervals. For Arrl-R175E, the inactive ensemble
corresponds to interval (0, 150 ns (0,200 ns for the second replica), and the pre-activated one (150
ns-onward (200 ns-onward for the second replica). Since Arrl-WT does not exhibit any stable
ARGC:s, the entire trajectories correspond to the inactive ensemble. In contrast, in Arr3-WT, ARCs
occur at 150ns and 50ns in first and second replica respectively (see SI-3), hence the activated
ensemble is defined for the intervals (150,500ns) and (50,500 ns), respectively.

The rotation angle of residue S346 (S331 in Arr3-WT) was evaluated on the inactive and pre-

activated ensembles, to define the rotational state of the system. On average, the rotational state
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differs between the ensembles, confirming that the rotated C-domain is indeed connected to the
presence of the ARCs.

C-domain rotation is essential to adopting an activated conformation capable of recognizing the
receptor through exposure of surface loops. More in detail, we observe that in Arr3-WT the short
helix unfolding, following the C-loop detachment, is concomitant to the net increase of C-domain
rotation (compare Figure 2G, SI-1 and SI-3). On the other hand, in Arrl-R175E the C-domain
rotation is significantly enhanced after the C-terminal tail displacement in both replicas (compare
Figure 2F, SI-1 and SI-3). Yet, only upon helix unfolding the rotation increase becomes monotonic.
Therefore, the unraveling of the short helix emerges as plausible structural restraint that stabilizes
the inactive conformation of the protein. Under physiological conditions, the tail displacement
would be the consequence of the interaction of arrestin with phosphorylated receptor””. According
to our findings, this local perturbation would in turn trigger C domain rotation and as a consequence

induce the high affinity conformation.

The average ARCs values sampled in the pre-activated and inactive ensembles in our MD
simulations are shown in Table I and are overall consistent with those measured in inactive and pre-
activated crystal structures (see Table 1 for comparison). In particular, the difference between Arrl-
WT and Arrl-R175E suggests that we observe progress towards activation in the constitutively
active mutant. Moreover, the occurrence of similar structural changes in Arrl1-R175E and Arr3-WT
that are not observed in Arrl-WT, points to a higher propensity toward activation in Arr3-WT,
possibly sustained by a different mechanism. In particular, the configuration of the ARCs, as well as
the rotation of the C-domain are similar in Arrl-R175E and Arr3-WT, but the polar core,
monitored by the SASAs value of R170 (see Table I) remains virtually unperturbed in Arr3-WT.
Correspondingly, the C-terminal tail position reflects the perturbation of the polar core, as it is

displaced in both Arr1-R175E simulations but not in Arr3-WT.

3.b Correlation among Activation Related Changes (ARCs)
To shed light on the correlation among the ARCs that may result in C-domain rotation and highlight
mechanistic differences between the systems, Essential Dynamics analysis was used (see Methods)

to describe the dominant collective motions occurring in the trajectories. Inspection of the residue-
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based fluctuation components of the first two principal component analysis (PCA) eigenvectors of
the three constructs, accounting for about 50% of the overall motion, highlights main differences in
their flexibility. In the first PC of Arrl-R175E, the amplitude of collective motions involving the
gate and the ARG loop (see section 2.d), as well as of finger loop (see section 2.a), is increased with
respect to Arrl-WT. The mobility of the helix and C-loop (cyan and yellow, respectively) are
enhanced in the second eigenvector (Figure 5SA). The two extreme structures obtained by projecting
the trajectory of Arrl1-R175E along first and second eigenvector (Figure 5B) highlight the dominant
motion of the gate loop and the ARG loop and on the other hand the unfolding of the short helix and
the exposure of the C-loop. This leads us to hypothesize that the motion of the gate loop towards
the C domain, upon perturbation of the polar core, is the main event together with the displacement
of the C-loop and unfolding of the short-helix. The propagation of the perturbation between gate
loop and short helix might be further facilitated by their physical connection through the linker
across the N-C interface (residues 310-317). This hypothesis is supported by the evolution in time
of the RMSD of the linker (SI-4), which increases immediately before the unfolding of the helix.

In Arr3-WT, the main contribution to the mobility expressed in the PCA is due to the long
disordered C terminal loop (residues 350-394), while other peaks are observed at the C-loop, the
ARG loop, short helix and finger loop. In contrast to Arrl-R175E, less motion is observed at the
gate loop as expected. A significant part of the C domain, including the so called “distorted beta
strand” comprising residues 256-262 in Arr3-WT and sequentially preceding the C-loop, shows
high mobility in the first eigenvector, in contrast to Arrl-R175E (Figure 5A and 5C, brown). The
coupling between this motion and the detachment of the C-loop is suggested in the extreme
projections of the MD trajectory along the second essential eigenvector (see Figure 5D). In
agreement with that, the timeline plot shows an RMSD transient increase in the distorted strand
region right before the helix unfolds (compare Figure 2G and SI-4).

A significant peak is also found in kelix I, namely the a-helix that participates in the triple element
region located on the N-domain (residues 101-109), which is also modulated in Arrl-R175E
relative to Arrl-WT (grey, first eigenvector profile). Interestingly, an activation-increased
flexibility of this region, which is connected to the finger loop and the middle loop at its N- and the
C-terminal end, respectively, has been observed in a number of recent studies '* .

The similarity in the nature of conformational changes and the ARCs involved in them, underscored

by the differences observed in the behavior of some structural elements, suggests that while Arrl-
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1
2
2 R175E and of Arr3-WT achieve similar pre-activated states in the simulations, the mechanisms can
g be different. In particular, the perturbation of the polar core appears to be essential to trigger the
7 gate loop displacement in Arrl-R175E, thereby unfolding the short helix and releasing the
9 structural constraints that lead to activation, including the C-terminal tail displacement. In contrast,
12 the intrinsic flexibility of the distorted beta-strand in Arr3-WT appears to be sufficient to increase
ig the mobility of the C domain, and lead to the exposure of the C-loop, disruption of the aromatic
14 core, unfolding of the short helix, and eventually the domain rotation. Consistent with that, we do
15
16 not observe exposure of the polar core in our Arr3-WT simulations, nor C-terminal tail
17 . . .
18 displacement, even in the presence of the other ARCs. This difference between Arrl-WT and Arr3-
19 WT might be connected to the different ability of Arr3 and Arrl to interact with GPCRs in the
20 8 Y
g; absence of receptor phosphorylation.
23
24 Table 1: Comparison of ARCs in the simulated systems and the corresponding crystal structures. Standard errors are also
25 reported.
26
27
28
29
30
31 Constructs C-loop* Short helix” Polar core exposure® <angle>? (deg)
b <%SASA> <%SASA> <%SASA>
34 I A 1 A Il A | A
B35
B6
44 Arrl® 31.0 63.4 50.0 62.0 32.0 35.0 - 12.2
3
Jg
461‘1'2e 37.1 69.8 49.3 67.4 7.0 32.0 - 15.1
‘iérrl-RﬂSEe 289 50.9 44.0 -
4Arr1-WT 43.4+4.1 56.1+0.2 8+2 -1.1+0.2
NA
4§rr1-R175E 37.347. 61.3+ 52.2+ 69.4+ 19.141. 38.1+1 0.1+0.4 11.3+0.8
416 1 1.3 1.2 1.2 1
N7
4!91'1‘3-WT 39.9+6. 64.3+ 53.7+ 66.3+ 12.3+1 11.5+1.2 4.1+04 7.9+0.3
419 5 7.9 4.5 1.6
EI "The exposure of the TYR-loop is measured as the percent SASA of the representative TYR residue (Y250 in Arrl-WT,
52 F244 in Arr2-WT, and F245 in Arr3-WT). "The state of the kelix is given by average percent SASA of K318 in Arrl-
gi WT/Arrl1-R175E, K313 in Arr3-WT, and R312 in Arr2. “The state of the polar core, also indirectly reporting on the C-
55 terminal tail position, is given by average percent SASA of residue R175 in Arrl-WT/Arrl-R175E, R170 in Arr3-WT
gs and R169 in Arr2. %As shown in Fig.1, rotation angles around the axis defined in Methods are given as averages
58
59
60 14
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sampled in the active-like ensemble for S331 (Arr3), S346 (Arrl), S330 (Arr2). I=Inactive, A=Active. ‘PDB ID-s for
inactive and active splice variant Arrl are 3UGU *and 4J2Q”, respectively, for inactive and active Arr2 are

1JSY? and 4JQI”, respectively and for Arr1-R175E is 4ZRG™.

4. Surface properties of the pre-activated states.

The electrostatic potential over the surface of all three simulated constructs was calculated and
compared to the crystal structures (Figure 6). In panel A the difference of electrostatic potential
between pre-activated and inactive Arrl PDB constructs is shown, and in panels B and C the
difference of the average electrostatic potential between the pre-activated and inactive ensembles
obtained from our MD simulations of Arrl-R175E/Arrl-WT and Arr3-WT, respectively (see
previous section). In the case of Arr1-R175E, upon comparing the activated ensemble the mutant to
the Arrl-WT ensemble, the bulk of N- and C-domains shows a more positive potential upon
activation, possibly to facilitate the interaction with the negatively charged groups at the receptor
tail. This is in agreement with the distribution of the electrostatic surface potential in the crystal
structures of arrestins (Figure 6A). In contrast, the N-C interface region displays a different pattern
with an increase of the negative electrostatic potential upon activation, particularly at the finger
loop, which is one of the essential binding determinants to the receptor. Interestingly, the same
behavior was found by Kang er al. in the recent crystal structure of Arrl-rhodopsin ', which
supports the hypothesis that the MD simulations are effectively sampling the pre-activated state.
The increase of negative potential upon activation is especially important because of its
complementarity to the increase of positive potential at the cytoplasmic surfaces of the receptors
(same paper). In the case of Arr3-WT (Figure 6C) this modulation, obtained by considering the

difference between active and inactive MD ensembles, is even more pronounced.
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CONCLUDING REMARKS

The MD simulations of Arrl-WT, Arrl-R175E, and Arr3-WT constructs reported here provide for
the first time a high-resolution structural and dynamical insight into local and global conformational
changes occurring under activating conditions in Arrl and for comparison in wild type Arr3. We
hypothesize that those changes are associated with the transition from inactive to pre-activated
states of the arrestins and propose a molecular mechanism of activation. In the context of structural
changes revealed by comparisons of arrestin crystal structures in inactive and pre-activated states,
the analysis of MD trajectories yields a set of interrelated discrete steps defining the transition (we
termed here ARCs). This allows us to connect the observed structural rearrangements of Arrl-
R175E, and Arr3-WT to known differences in modes and propensities for activation, from which a
possible mechanism emerges at the molecular level.

According to our findings, activation can proceed when conformational changes are achieved along
the N-C domain interface in local regions (identified in the aromatic core and in the short helix)
that seem to prevent the C domain rotation acting as constraints. The proposed model identifies not
only the set of interrelated discrete steps followed by the arrestins in the transition to the pre-
activated state (the ARCs), but also suggests subtype specific differences in the ability to perform
these transitions. According to our findings, in the case of Arrl the emergence of the active-like
structures mainly originates from the perturbation of the polar core, which in the wild type Arrl is
due to the interaction with the phosphorylated tail of the cognate GPCR and in the mutant R175E is
mimicked by the charge reversal: this perturbation generates, together with the local C-terminal tail
detachment, an allosteric relationship between the displacement of the gate loop and the rotation of
the C-domain, which is associated with the exposure of the C-loop, On the other hand, Arr3-WT
shows an intrinsic inter-domain flexibility that can spontaneously lead to a very similar set of ARCs
and exposure of the same interface loops. The receptor binding interface proposed by the most

recent structural evidence % /8

includes the finger loop on the N-domain side, in agreement with
crystallographic data >’ and with the hydrogen exchange mapping in ref. ‘% on the C domain it
involves the C-loop and the short helix. Remarkably, our results lead us to locate the main
activation-related changes common to Arrl and Arr3 in the same N-C interface region centered on

the finger and C-loop. Moreover, the activation-related structural rearrangements are accompanied

ACS Paragon Plus Environment

Page 16 of 35

16



Page 17 of 35 ACS Chemical Neuroscience

©CoO~NOUTA,WNPE

by an increase of the positive electrostatic potential at this binding interface that is consistent with
the potential calculated for the available X-ray structures.

In this respect, it is notable that while ARCs appear to be common to Arrl and Arr3 (see Table I),
the gate loop and the C-terminal tail show a markedly different behavior in the two systems, since
in Arr3-WT, activation-related changes can occur without perturbation of the polar core and the
concomitant displacement of tail. This observation suggests that the sequential character of the
multistep binding process proposed for arrestins, namely binding of the phosphorylated tail of the
receptor followed by high affinity binding to the N-C interface, might be differentially modulated
depending on the subtype, and even that the involvement of the polar core might be less critical for
Arr3. Indeed, whereas for Arrl-R175E, the connections between polar core perturbation and
receptor binding clearly emerge from experiments, in the case of Arr3-WT, experimental data are
less conclusive. Differently from Arrl, Arr3 can still bind to non-visual receptors when the
phosphate sensing residues K10 and K11 are mutated to Alanine ” %/, indicating that phosphate
sensors and therefore the phosphorylation of the receptor, might play a different role in the
formation of complexes.

The promiscuity of Arr3-WT and its reduced selectivity towards phosphorylated receptors have
been hypothesized to depend upon an increased inter domain flexibility of this protein with respect
to Arrl-WT, due to a less tight network of hydrogen bonds” and internal flexibility of the C
domain, which might help in the formation of the interaction surface when binding to the GPCR >
¥ Our dynamic model is compatible with this structural hypothesis. Also, the other structural
difference between Arr3 and the other subtypes highlighted in “*, namely the distorted beta strand
that does not form a contiguous 3 -sheet in Arr3-WT, was shown to regulate the selectivity of Arr3,
as swapping this strand between Arr3-WT and Arr2 resulted in reversing the selectivity properties
of the two members “* towards the phosphorylation state of the receptor. Along the same line, we
observe an increased flexibility of this strand in Arr3 in comparison to Arrl. Moreover, by
analyzing the collective dynamics of the protein we detect a correlation between the mobility of this
strand on one hand and the fluctuation of the C-loop and the unfolding of the short-helix on the
other hand, which is not present in Arrl1-R175E. This leads us to identify the intrinsic flexibility of
the distorted beta strand as an essential factor governing the release of the N-C constraints and the

onset of C domain rotation in Arr3-WT, coupled to activation.
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Due to the less inhibited character of activation related events we observed in the simulations of
Arr3-WT, we propose that the pre-activated states of this arrestin subtype might be easily accessible
in solution even in the absence of a phosphorylated receptor. Indeed, recent hydrogen-deuterium
exchange experiments *’ highlight significant differences in the conformational dynamics of Arr2
and Arr3, which support this inference. These experiments showed that Arr2 with an activating
mutation in the polar core exhibits dynamic perturbations of several regions on the C domain as
well as on the N domain relative to the basal state, which is compatible with activation-related
rearrangements. In contrast, the same mutation in Arr3 is not associated with significant changes in
deuterium uptake compared to the basal state, except in the neighborhood of the mutation site,
which is compatible with the hypothesis that the basal state might spontaneously adopt a similar
pre-activated conformation.

In Arrl-R175E, the destabilization of the polar core by the mutation induces, besides the
displacement of the gate loop and the exposure of the interface loops, also the detachment of the C-
terminal tail, and this is reproduced in our simulations. In contrast, in Arr3-WT where the polar
core is unperturbed, we do not observe any displacement of the tail, in spite of other dynamical
modulations occurring in the same region, such as high flexibility at the N domain helix 1 in the
nearby triple element region. We cannot predict whether the C-terminal tail displacement might
occur at a later step in activation that is not captured in our simulations but we can speculate that
Arr3 might bind to a receptor without displacing the tail whereas this transition might be not equally
favorable for Arrl. On the other hand, one can assume that the C-terminal tail displacement will
happen in Arr3 whenever the polar core is directly perturbed, in analogy to Arrl, when interacting
with a phosphorylated receptor. Interestingly, a DEER spectroscopy study provided insight into the
conformational distribution of the tail, in Arr3 upon binding a receptor, which turned out to include
a population of arrangements rather close to the basal conformation */. Moreover, a very recent
FRET paper focusing on the interaction between Arr3 and p2-AR ** highlighted that the kinetics of
the tail displacement upon receptor recruiting is slower than the complex formation. It is tempting
to speculate that the structural modulation of the tail of Arr3 might occur when the protein interacts
with receptors under different phosphorylation conditions, or possibly be involved in the activation
of different cellular pathways and signaling events *’. Along this line, phosphorylation has been

suggested as a modulating factor governing the binding mode of Arr3 to B2-AR and has been
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implicated in biased agonism *’. Further investigations on Arr-receptor complexes will be required

to address these questions.
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METHODS
1. Molecular Constructs

The three arrestin constructs used in this study are Arrl-WT (PDBID: 1CF1, chain D %%), Arrl-
R175E, and Arr3-WT (PDBID: 3P2D, chain B %. Unresolved parts of the crystal structures were
modeled with Swiss-Model “* **, and the loop regions were further refined with ModLoop ** *’. The
R175 residue in Arrl-WT was mutated using Pymol *°, followed by MD equilibration (see below).
The protonation states of residues in the physiological pH range were determined with the
PROPKA methodology *”* that computes pKa values of ionizable residues by accounting for the

effect of the protein environment.

2. Multiple Sequence alignment (MSA)
We performed mega Blast (all NCBI databases) using the Geneious Software version 5.4 °” to
search for Arrl-WT, 2 and 3 homologs, using a maximum e-value of 1% to sequences of similar
length. The sequences were aligned using MUSCLE */ with default parameters. We selected
representative members among different species of vertebrates such as Bos Taurus, Felis Catus,
Homo Sapiens, Mus Musculus, Pan Troglodytes, Rattus Norvegicus and Xenopus Laevis. The
resulting alignment was used as an input in ConSurf Server * to calculate the conservation score for

each amino-acid position.

3. MD Simulations:
All MD simulations, consisting of two independent replicas per system, were performed with the
NAnoscale Molecular Dynamics (NAMD) Package’ using the CHARMM27 force field with
CMAP corrections , under constant pressure with Langevin Piston Period, and Langevin Piston
Decay set to 200 fs and 50 fs, respectively. Constant temperature (310 K) was maintained with
Langevin Dynamics. PME™ was used to calculate long-range electrostatic contributions. Energy
minimization was performed prior to MD production runs using the conjugate gradient algorithm,
where the backbone atoms were initially fixed, and then harmonically constrained. Constraints were
released gradually in four 100 ps-step MD simulations with decreasing force constants of 1, 0.5, 0.1
and 0.01 kcal/ (mol-A?), respectively. After the equilibration phase, the systems were simulated for

at least 500 ns (we have 1 [s for one Arrl-wt and Arr3-wt replica, 500ns for the other simulations).
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All MD simulations were performed with keeping all the bonds rigid using the SHAKE algorithm °°

with an integration-step of 2 fs. Outputs were saved every 20 ps. TIP3P was used to model water

molecules in the system . All the systems were neutralized in 0.10 M NaCl.

The stability of the systems was checked by calculating backbone root-mean-square-deviations
(RMSD), with respect to the initial structures without including the highly mobile long loop region
located at the opposite site of the concave receptor binding surface, whose C-terminus folds back on
the N-domain. All subsequent analyses of the MD trajectories were carried out after removing the

first 40 ns, when a relatively stable plateau was reached in the RMSD plots.

4. Analysis of rigid body mobility:

For each MD trajectory, the distance fluctuations map 4 is calculated over the trajectory as:

A, = -(a,))) m

where dj; is the (time-dependent) distance between the Ca atoms of amino acids i and j and the
brackets indicate time-average over the simulation. Each matrix entry reports on fluctuation of the
inter-residue distance in the corresponding residue pair. Lower distance fluctuation values
correspond to a higher internal coordination between the residues (local rigidity). Matrix regions
showing relatively low values identify protein sub-domains that move together (in coordination)

while undergoing structural fluctuations *°.

5. Rotation Analysis:

All trajectories were aligned with respect to their initial conformation by superimposing their N-
domains (i.e., residues 9-179 for Arrl-WT, and residues 6-176 for Arr3-WT). Rotation axes were
defined in Arrl-WT by connecting the initial Ca atom coordinates of Cys138 and Ile321, and in
Arr3-WT by connecting initial Ca atom coordinates of Cys126 and 11e306. These axes were chosen
as representative directions of rotation after visual inspection of the superposition between inactive
and pre-activated Arr2 proposed in ref”.

These residue pairs coincide well in the superposition of the initial structures of the two constructs.

The rotation angle values around the respective axes were calculated for residues E186, S197, S331
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in Arr3-WT, and residues A200, P212 and S346 in Arrl-WT and Arrl-R175E along the MD

trajectory, using an in-house built C code.

6. Binding Surface Properties
The electrostatic potential was calculated for the binding surfaces of the constructs. Continuum
electrostatic potential calculations were carried out with DelPhi ** using 2.5 grids/A for scale, 0.001
kT/c for the convergence criterion; a 90% for the fill of the grid box; and the Coulombic method to
set the potentials at the boundaries of the finite difference grid. The dielectric boundary was taken
as the molecular surface defined by a 1.4 A probe sphere for atoms with radii taken from the Parse
van der Waals parameter set. The internal dielectric constant of the protein was set to 4 and the

solvent to 80 %,

7. Essential Dynamics Analysis
The Essential Dynamics analysis™ of the MD trajectories was carried out by applying the
GROMACS modules g _covar and g_anaeig *; each frame of the trajectory was aligned on the Ca
atoms of the starting conformation and the covariance matrix was calculated on Ca atoms. The
analysis was restricted to the first 350 residues of Arr3-wt excluding the long loop region located at
the opposite side of the receptor-binding surface, to facilitate comparison between the three arrestin

constructs.

SUPPORTING INFORMATION

The Supporting Information is comprised of 5 Figures.

SI-1: Inter-domain mobility and rotation. Top, Distance fluctuation maps calculated for Ca-Ca
distances along the MD trajectories for the second replicas of (A) Arrl-WT, (B) Arrl-R175E (B)
and (C) Arr3-WT. N- and C-domains are identified by stripes with the same color code used in
Figure 1. The dashed rectangles highlight the distance fluctuations in the N-C interface region.
Bottom. Panels (D-F): Time dependent rotation of the selected residues in Arr1-WT (D), in Arrl-
R175E (E) (Rotation values of Co atoms of P212 S346 and A200 residues in red, green and blue,
respectively) and Arr3-WT (F) (Rotation values of Ca atoms of S197, S331 and E186 residues in
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red, green and blue respectively). Values in the time-line plots are averaged over 8-ns windows. (G)
histogram showing the distribution of rotation angle of residue S346(S331) in both replicas of each
system; SI-2: : Finger loop dynamics. (A) C-alpha atoms of the D73-1173 pair (D70-V168 in
Arr3-wt), which are used to investigate the dynamics of the finger loop. They are shown in cyan on
the inactive Arrl-WT (PDB ID: 1CF1) . N-domain is shown in purple, whereas the C-domain is
shown in orange in new cartoon representation. The finger loop and the C-loop are shown in red
and yellow respectively. Aromatic core residues (F65, F67, F79 and Y250) are shown in van der
Waals representation. (B) Time-line plots showing the distance change of the finger loop with
respect to a reference residue (I173 (V168 in Arr3-wt)) on the N-domain (B). Time-line plots show
the change in the RMSD of the finger loop and the change in the distance between Ca atom of the
F76-F245 pair in the first (left) and the second Arr3-wt replica (right);

SI-3: Top: Time-line plots show the distance change between the Ca atom of the first (K318 in
Arrl-WT, K313 in Arr3-wt) and the terminal residue (M321 in Arrl-WT, L316 in Arr3-wt) of the
short helix (top), in Arrl-wt (A), Arrl-mut (B), and Arr3-wt trajectories (C). Bottom, distance
change between the Ca of residue R175 in Arrl-WT, R170 in Arr3-WT and the Ca of residue 392,
which is part of the polar core, in Arrl-wt (D), Arrl-mut (E), and Arr3-wt trajectories (F); SI-4:
Time line plots show the Co RMSD change for the linker (residues 310-317) in Arrl-mut
trajectories (top) and for the distorted strand (residues 256-262) in Arr3-wt trajectories (bottom).
SI-5: Structural representation of the inactive Arrl-WT (PDBID ID: 1CF1, chain D %) and Arr3-
WT (PDBID: 3P2D, chain B %) proteins (same color code as Figure 1 in the main text). Bottom
panel shows the Multiple Sequence Alignment (MSA) of the vertebrate phylogenetic family of
Arrl-WT and Arr3-WT. Structural motifs shown to be important for activation are highlighted with

the same color codes used in the structural representation above.
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Figure 1: Structural representation of the inactive Arr1-WT (PDBID ID: 1CF1, chain D) and Arr3-WT (PDBID:
3P2D, chain B) proteins. The various segments are indicated by the colors: N-domain (in purple); C-domain
(orange), the “finger loop” (red), the “middle loop” (green), the “lariat loop including the “gate loop” region
(in blue), and the “C-loop” (yellow). Ca atoms of the residues that constitute the “polar core” and the “triple
element region” are shown in black and cyan, respectively. Distorted B-strand on the C-domain of Arr3-WT
is shown in brown on the right. Bottom panel shows the Sequence Alignment (MSA) of Arr1-WT and Arr3-WT
for Homo sapiens and Bos Taurus. Structural motifs shown to be important for activation are highlighted

with the same color codes used in the structural representation above.
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Figure 2: Top, Distance fluctuation maps calculated for Ca-Ca distances along the MD trajectories for (A)
Arrl-WT, (B) Arr1-R175E (B) and (C) Arr3-WT. N- and C-domains are identified by stripes with the same
color code used in Figure 1. The dashed rectangles highlight the distance fluctuations in the N-C interface
region. Bottom, Panel D: View of Arr3-WT, with rotation axis perpendicular to the picture plane and passing
through Ca of 1321, depicted in black (I306 in Arr1-WT); rotation on this axis in the direction of the arrow
corresponds to an increase in the rotation angle. Ca atoms used in quantifying the rotation along the MD
trajectory are represented in blue, red, and green. Panels (E-G): Time dependent rotation of the selected
residues in Arr1-WT (E), in Arr1-R175E (F) (Rotation values of Ca atoms of P212 S346 and A200 residues in
red, green and blue, respectively) and Arr3-WT (G). (Rotation values of Ca atoms of S197, S331 and E186
residues in red, green and blue respectively). Values in the time-line plots are averaged over 8-ns windows.
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36 Figure 3: Repositioning of structural elements in a comparison of snapshots from the starting crystal

37 structure (A, E) and the active-like conformations in the Arr1-R175E and in the Arr3-WT trajectory (B and
38 F), showing the position and structure of the C-loop (yellow), the aromatic core and the short-helix (cyan)
(for the description of the “active-like” conformations, see Section 3.a below). The repositioning of structural
elements -going from the inactive to the active-like conformation- is also shown with cartoon representation
40 (C, D). Color coding is the same as in Figure 1: the N domain is represented in purple, the C domain in
41 orange. Aromatic core residues (F62, F64, F76 and F245) are shown in van der Waals representation with
42 pink, cyan, purple and yellow color, respectively.
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Figure 4: The polar core and the gate loop positions in the inactive state of Arr1-R175E and Arr3-WT
trajectories (A and E), and see Section 3.a for description of inactive and active state of the trajectories),
and snapshots of Arr1-R175E (B) and Arr3-WT (F) taken from the pre-activated region of the Arr1-R175E

and Arr3-WT first replicas (see section 3) showing the state of polar core and gate loop. Residue R175 (R170
in Arr3-WT), D296 and D303 (D291 and D298 in Arr3-WT), and R382 (R398 in Arr3-WT) are shown in van
der Waals representation in purple, blue, blue, and orange, respectively. The repositioning of structural
elements -going from the inactive to the active-like conformation- is also shown with cartoon representation
for Arr1-R175E and Arr3-WT in panels C, D and G, H, respectively. Color code of the rest: see Figure 1.
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Figure 5. A) Profile of fluctuations along the first two essential eigenvectors in Arr1-WT (black) and Arrl-
R175E (red). The covariance matrix is built considering the Ca atoms, (see Methods-Essential Dynamics).
Specific regions are highlighted with color bars: the finger loop in red; the middle loop in green; the C-loop

in yellow; the ARG and the gate loop (forming together the lariat loop) in blue; the short helix in cyan. B)

Extreme structures along eigenvector 1 (top); Extreme structures along eigenvector 2 (bottom) for Arrl-
R175E. Only the highlighted regions are explicitly shown with the same color code as in A). The middle loop
is not shown for clarity. C) same as A) for Arr3-WT (black), with helix 1 region and N-C linker highlighted in

grey and the “distorted beta strand” region in brown; ; D) same as B) for Arr3-WT.
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23 Figure 6: Electrostatics potential difference (red-white-blue) between active and inactive structures,

24 calculated by the program DelPhi and averaged over the MD simulations (panel B and C) or from the PDB

25 structures (panel A). Each protein is shown both with a cartoon representation (above) and with the surface

26 representation (below) in the same orientation, the latter colored according to the electrostatic potential

difference. . The N-C interface including the ARCs and the gate loop is highlighted in the oval. A. 4ZWF and
3UGU (Arr-WT active and inactive) difference; B. Arr1-R175E after C-domain rotation and Arr1-WT

28 difference; C. Arr3-WT after and before C-domain rotation difference.
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