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Abstract: Allosteric proteins possess dynamically coupled residues for the propagation of input
signals to distant target binding sites. The input signals usually correspond to “effector is present”
or “effector is not present”. Many aspects of allosteric regulation remain incompletely understood.
This work focused on S100A11, a dimeric EF-hand protein with two hydrophobic target binding
sites. An annexin peptide (Ax) served as target. Target binding is allosterically controlled by Ca**
over a distance of ~26 A. Ca*>" promotes formation of a [Cas S100 Ax2] complex, where the Ax
peptides are accommodated between helices III/IV and III’/IV’. Without Ca®" these binding sites
are closed, precluding interactions with Ax. The allosteric mechanism was probed by microsecond
MD simulations in explicit water, complemented by hydrogen exchange mass spectrometry
(HDX/MS). Consistent with experimental data, MD runs in the absence of Ca?’ and Ax
culminated in target binding site closure. In simulations on [Cas S100] the target binding sites
remained open. These results capture the essence of allosteric control, revealing how Ca*" prevents
binding site closure. Both HDX/MS and MD data showed that the metalation sites become more
dynamic after Ca®>" loss. However, these enhanced dynamics do not represent the primary trigger
of the allosteric cascade. Instead, a labile salt bridge acts as an incessantly active “agitator” that
destabilizes the packing of adjacent residues, causing a domino chain of events that culminates in
target binding site closure. This agitator represents the starting point of the allosteric signal
propagation pathway. Ca®" binding rigidifies elements along this pathway, thereby blocking signal
transmission. This blocking mechanism does not conform to the commonly held view that
allosteric communication pathways generally originate at the sites where effectors interact with the

protein.



Introduction

Signaling proteins possess specific sites for binding their biological targets, such as nucleic acids
or other proteins. Many of these interactions are controlled by allosteric effectors,! i.e., species
that modulate the protein’s target affinity by interacting with locations remote from the target
binding site.*® The dysregulation of allosteric interactions can lead to cancer and other diseases.’
Also, allostery is a central element of drug action mechanisms.’’

Classical models of allostery envision that effector binding triggers conformational
changes that cause distant target binding sites to open or close.>* Recent studies have expanded
this view by emphasizing the role of conformational dynamics.!®!> For example, it has been
proposed that proteins fluctuate between co-existing conformers, and that allosteric effectors shift
these equilibria towards structures with higher or lower target affinities.®!*!® Regardless of the
exact mechanism, allostery requires the transmission of signals to target binding sites, often over
tens of Angstroms.!""!> Such signals travel along dynamically coupled residues.!®!®!? Allosteric

signal propagation pathways have been identified on the basis of mutational'” and evolutionary

16,19-22 1,23,24

data,'® NMR spectroscopy, X-ray crystallography, molecular dynamics (MD)

simulations,®%2°-30

and hydrogen-deuterium exchange (HDX) mass spectrometry (MS).>!** Even
after allosteric pathways have been identified, however, the exact mechanisms by which remote
sites communicate often remains unclear.

Calcium represents one of the most common allosteric regulators. The intracellular Ca**
concentration under resting conditions is low, but it rises sharply following stimuli that cause the
opening of membrane channels. This Ca*" influx can activate signaling proteins, allowing them to

bind their targets. Subsequent deactivation relies on membrane pumps that return the calcium

concentration to its resting value, such that protein-target complexes dissociate again.*



A particularly important group of calcium-dependent signaling proteins is the S100 family
which is involved in numerous functions and diseases.*®** Here we focus on S100A11, a typical
homo-dimeric S100 family member that binds four Ca? and two target proteins.’* One of these

40,41

targets is annexin A2, a protein that interacts with the plasma membrane.** Calcium-loaded

S100A11 can link two annexin A2 chains, thereby forming a complex required for membrane
repair, specifically in cancer cells.****

Each S100A11 subunit comprises four helices. The helix III/IV loop forms a high-affinity
EF-hand calcium binding site. A lower affinity pseudo EF-hand is formed by the helix I/II loop
(Figure 1a).*>* In the Ca**-bound form helices III/IV adopt a near-perpendicular orientation that
results in an open target binding site. Figure 1b shows the structure of SI00A11 with four Ca*" and
two annexin peptides.’ We will refer to this complex as [Cas S100 Ax2]. Square brackets indicate
components that are bound in a complex, the annexin peptide is denoted as Ax, and “Al1” is
omitted to streamline the notation. In apo-S100, helices III/IV are in a more antiparallel orientation,
resulting in a closed target binding site that precludes interactions with Ax (Figure 1¢).*® Similar
transitions take place for many other Ca**-dependent proteins.>>*’

The cooperative nature of allosteric regulation can be illustrated by using a thermodynamic
cycle.*° Figure 1d considers two possible pathways for the conversion of apo-S100 to [Cas S100
Axz]. Steps 1 and 2 represents the “canonical” scenario where metalation takes place first,
followed by Ax binding. In this case calcium enhances the protein’s Ax binding affinity by AAG®
= -RT In Cca, where the factor Ccs > 1 reflects how the Ax binding equilibrium responds to the
presence of calcium.*®* Alternatively, one may consider a pathway where Ax binds first (step 3),
followed by metalation (step 4). In this second scenario, Ax enhances the metal binding affinity by

AAG® = -RT In Cux.*%3! Thus, Ca** binding enhances the target affinity, and target binding

enhances the Ca" affinity. This implies that allosteric signals must be able to travel from effector



sites to target binding sites and vice versa. Both scenarios are associated with the same affinity
enhancement, because Cca = Cax = C.*- For the system considered here C = 10.4651-33

A number of studies have explored Ca®'-dependent allosteric effects in S100 family
members and other EF-hand proteins*>34>7 The mechanism by which metal binding sites control
target binding sites over a substantial distance nonetheless remains poorly understood.*-® For the
system considered here, this distance is roughly 26 A (measured from the center of an Ax helix to
the EF-hand Ca?" in the same subunit)* Simply speaking, the field is dominated by the view that
calcium loss enhances the conformational freedom of the EF- and pseudo EF-hands, and that this
increased flexibility triggers a sequence of events that culminates in target binding site closure.

Here we scrutinized the mechanism of S100 allosteric regulation by employing
microsecond molecular dynamics (MD) simulations in explicit water, complemented by
hydrogen/deuterium exchange mass spectrometry (HDX/MS). Protein structure and dynamics
were probed in the presence/absence of calcium and Ax, corresponding to the complexes [Ca4
S100 Axz], [Cas S100], [S100 Ax2] and apo-S100. Our data reveal an unexpected regulatory
mechanism. Closure of the target binding site represents the culmination of an allosteric cascade
that does not originate at the metalation sites. Instead, binding site closure is triggered by structural
perturbations emanating from a labile salt bridge that acts as incessantly active “agitator”. Bound
calcium stabilizes the target binding sites in an open conformation by blocking allosteric signals

produced by the agitator. To our knowledge, the current work marks the first time that such an

allosteric mechanism has been documented.



Methods

Proteins and Reagents. Rabbit SI00A11 was expressed and purified as described.**>*" As in
previous work,®! a C9S variant was used to avoid inappropriate disulfide formation. The expected
monomer mass (11281 Da) was verified by MS (11281.5 £+ 1) Da. Ax (acetyl-
STVHEILSKLSLEGD) was synthesized by BioBasic (Markham, ON). This peptide was used
because of its higher solubility and binding affinity,’! compared to the annexin Al peptide in the
1QLS X-ray structure.** D20 (Aldrich, St. Louis, MO), KCI (Caledon, Georgetown, ON), HEPES,

EDTA (Sigma), CaClz, and HCI (Caledon) were used as received.

HDX Mass Spectrometry. Deuteration was performed at 23 £ 1 °C in 90% D20, 50 mM KCl, 20
mM HEPES, at a pH meter reading of 7.1. These solution conditions were chosen to ensure
consistency with previous NMR studies, which demonstrated that background electrolyte
concentrations >> 50 mM can interfere with Ca® binding.**! The protein concentration was 2.5
uM (as dimer). Other components were added as needed, i.e., 5 mM CaCl> for experiments
conducted in the presence of Ca**, 0.2 mM EDTA for Ca**-free samples, and with or without 70
uM Ax. All concentrations refer to the final values under HDX conditions. From published
dissociation constants it can be estimated that ~99.5% of the metalation sites were occupied in the
Ca?" containing solutions,®> and ~95% of the protein was bound to Ax in [Cas S100 Ax:]
samples.’! 100 pL aliquots were removed at various time points between 1 min and 2 h after
initiation of labeling. The aliquots were quenched to pH 2.3 by addition of HCI on ice, flash frozen
in liquid nitrogen, and stored at -80 °C. The aliquots were thawed to ~0°C and injected into an
HDX nanoACQUITY UPLC® (Waters, Milford, MA). Digestion was performed on a 2.1 mm x

30 mm POROS pepsin column (Applied Biosystems, Carlsbad, CA) at 15°C. Peptides were



trapped on a Waters BEH C18 (1.7 um, 2.1 x 5 mm) column, and separated on a BEH C18 (1.7

um, 1 x 100 mm) column using a water/acetonitrile gradient with 0.1% formic acid at 40 pL min™.

Data analysis focused on 17 peptides that cover the sequence in a contiguous fashion (Supporting
Figure S1). Peptide masses were measured on a Waters Synapt G2 Q-TOF mass spectrometer.
Peptide identities were confirmed by MS/MS. For correction of in-exchange, zero time point
controls (mo) were performed by exposing the protein to labeling buffer under quench conditions.
Fully exchanged controls (m100) were prepared by incubation in labeling buffer at pH 2.4 and 37
°C for 24 h. HDX temporal profiles were obtained from centroid mass values at time #, mx,
obtained by DynamX 3.0 (Waters). Deuteration levels are reported as percent deuteration = (m: -
mo)/(mioo -mo), where mu represented the centroid mass of a peptide at time ¢. All samples
displayed uncorrelated HDX with gradual shifts of the isotope envelopes to higher mass, as

64

commonly seen in the EX2 regime.”* All HDX data represent an average of triplicate

measurements. Error bars indicate standard deviations.

MD Simulations. MD simulations were conducted using GROMACS 5 with GPU acceleration®
at 298 K. The coordinates of human S100A11 bound to four Ca** and two annexin peptides (pdb
file 1QLS)* served as starting structure for all runs. Human S1000A 11 and the rabbit variant used
in our HDX/MS experiments have slightly different sequences (84% sequence identity). To ensure
that MD results and HDX/MS data were directly comparable we swapped several amino acids in
the 1QLS starting structure using the mutagenesis and sculpting routines implemented in PyMol
(Schrodinger), as detailed in Supporting Figure S2. Similarly, the annexin A1 peptide of the 1QLS
structure was transformed to the homologous Ax sequence. Simulations were conducted using the
CHARMM 36 force field®® with TIP3P water.®” This combination has previously been shown to

yield reliable folding and equilibrium dynamics.%® The protein was placed in a periodic box with a



minimum distance of 7 A between protein and the box surface. ~8000 water molecules were
added, as well as 70 mM K" and CI, plus additional ions to ensure charge neutrality. After one
round of energy minimization atomic velocities were initiated from a Maxwell-Boltzmann
distribution with random seeds. This was followed by 100 ps NVT and NPT equilibration runs.
Production runs were conducted with a 2 fs time step, using a Parrinello-Rahman barostat and
Berendsen thermostat.®” Bonds were constrained by the linear constraint solver algorithm.”® Short-
range electrostatic and van der Waals cutoffs were set to 10 A. Long-range electrostatics were
treated using Particle Mesh Ewald summation,”' with PME order = 4 and Fourier spacing = 0.16
nm. Two independent 1 ps simulations were conducted for each of the conditions [Cas S100 Ax2],
[Cas S100], [S100 Axz] and apo-S100, for a total of eight 1 us runs. Major structural changes
were observed only for apo-S100, prompting us to perform an additional 200 ns run for this
species to verify reproducibility. All repeat runs employed slightly different starting coordinates

and initial velocities.

Results and Discussion

Molecular Dynamics Simulations. We conducted 1 us MD simulations on [Cas S100 Axz], [Ca4
S100], [S100 Ax2], and apo-S100. Using the [Cas S100 Ax2] X-ray coordinates® as starting point,
structural changes were triggered by removal of calcium and/or Ax. All simulations converged
towards relaxed (meta)stable conformers within ~0.5 us (Supporting Figure S3). As a benchmark,
we verified that [Cas S100 Ax:] maintained a conformation close to the initial X-ray structure
(Figure 2a). Runs without calcium and Ax produced structures consistent with the apo-S100 NMR

coordinates (Figure 2b). These tests confirm that the MD conditions used are adequate.



Target binding site conformations can be characterized by examining the orientation of
helices III/IV (Figure 2c). For helix angles of ~115° or less the binding sites are open and capable

of accommodating Ax. Larger values (around 155°) represent closed binding sites.>**%7> Most

S100 structural studies®**%-72

reported the same angle for both subunits in the homodimer due to
symmetry constraints imposed during analysis’ (Figure 2¢, gray bars). However, in solution’* and
in our unconstrained MD simulations the helix III/IV and helix III’/IV’ angles will not be identical.
Figure 2c therefore displays two angles for each MD structure. Runs for [Cas S100 Axz] and [Cas
S100] maintained open binding sites with angles close to those of the corresponding experimental
structures.**>’? Experimental data for [S100 Axz] are not available; the two MD runs conducted for
this species culminated in somewhat different outcomes. In the first instance both binding sites
stayed open. The second [S100 Ax2] run yielded dissimilar angles of ~85° for helices III/IV (open),

and ~144° for III’/IV’ (closed). Finally, the simulated apo-S100 angles all corresponded to closed

binding sites (Figure 2b), as noted above.*

Details of MD Structures. Figure 3 provides a closer look at examples of # =1 us MD structures,
using a layout consistent with that of Figure 1d. [Cas S100 Ax2] exhibited a globular fold with a
well-developed hydrophobic core (Figure 3a). Both Ax peptides remained tightly associated with
the hydrophobic target binding pockets. The EF-hand calcium binding loops at the protein surface
were firmly rooted in the core via nonpolar anchor residues (L63 and L71). Each EF-hand was in
close contact with an intricately packed ‘“shoulder” consisting of D57/K32/M60/L71. In this
shoulder D57 and K32 were connected by a salt bridge, while K32, M60, and L71 were linked by
close hydrophobic contacts. The K32-D57 salt bridge as well as the adjacent packing contacts are

highly conserved in S100 proteins.” It may seem counter-intuitive to have lysine (a “hydrophilic”



residue) involved in hydrophobic packing, but motifs of this type are common, as governed by the
aliphatic nature of the CoH-CH2-CH2-CH2-CHa- moiety in lysine.”

[S100 Axz] showed partial disruption of the D57/K32/M60/L71 shoulder (Figure 3b). For
the structure exemplified in Figure 3, only one of the target binding sites retained tight Ax contacts.
The second site adopted a closed structure, while the corresponding Ax peptide remained loosely
associated via residual nonpolar contacts (colored in Figure 3b). Closure of this binding sites was a
gradual process that extended over ~0.5 ps (Supporting Figure S4A (q)). The perturbed target
interactions suggest that the corresponding Ax peptide is poised to separate from the complex,
although dissociation did not take place on the time scale of our simulations. Still, the [S100 Axz]
MD structure clearly represents an intermediate en route towards target-free apo-S100.

Except for the absence of Ax, the [Cas S100] 1 ps structure was very similar to that of [Ca4
S100 Ax:]. Both possess open target binding sites and intact D57/K32/M60/L71 shoulders (Figure
3¢). This is different from apo-S100, where target binding site closure in both subunits was

associated with complete disintegration of the D57/K32/M60/L71 shoulders (Figure 3d).

Allosteric Control of Target Binding Sites. Our MD data capture a central aspect of calcium-
mediated allosteric control, i.e., the fact that in apo-S100 the target binding sites collapse to a
closed conformation that cannot bind Ax (Figure 3d). This is in contrast to [Cas S100] where
calcium maintains open target binding sites that are primed for Ax interactions (Figure 3c¢).

For deciphering the mechanism of allostery it is essential to identify the driving force for
binding site closure. This event is not associated with the formation of stable salt bridges. Also,
changes in H-bonding are minor (Supporting Figure S5).>*%° However, [Cas S100] possesses
numerous solvent exposed nonpolar residues in the target binding sites (Figure 4a). Binding site

closure dramatically reduces the accessibility of these residues and allows them to form

10



hydrophobic contacts (A45, F46, V55, M59, L63, A86, F91, Figure 4b). Hence, the main driving
force for binding site closure is the hydrophobic effect (Figure 4a, b).”*” At the risk of sounding
naive, we point out parallels between this [Cas S100] = apo-S100 closure (Figure 4a, b) and
another “allosteric” process, i.e., a spring-loaded mouse trap that snaps close after a rodent pulls at
the bait. Bait movements do not provide the driving force for the closure event. Instead, pulling at
the bait triggers the release of energy stored in the spring. Analogously, Ca®" loss does not provide
the driving force for binding site closure. Instead, Ca®" loss triggers the release of free energy
associated with hydrophobic collapse of the binding site (Figure 4b).”””” Within this picture, the
exposed nonpolar sites in [Cas S100] serve a purpose analogous to that of the spring in the trap.
This digression prompts two questions: (i) How does the presence of Ca’* prevent binding site
closure? (ii) How does the absence of Ca?" trigger binding site closure? Both can be addressed by
examining the temporal behavior of selected atom distances (Figure 4c), with primary focus on
[Cas S100] and apo-S100 (Figure 4d-u).

Our simulations reveal that the metalation sites became more dynamic after calcium loss,
exemplified by the D68-F73 distance fluctuations in Figure 4d/j/p. F73 represents a quasi-
stationary reference point, while D68 is in the center of the EF-hand. Importantly, the enhanced
D68 dynamics are not directly correlated with target binding site closure events (Figure 4n, t). This
lack of correlation reflects the fact that much of the EF-hand is only weakly coupled to the protein
core (Figure 5a). The same is true for the pseudo EF-hand loops, which extend far into the solvent
(Figure 4a, b). Thus, the problem has to be investigated from a broader perspective, by also
examining events taking place elsewhere in the protein.

The egregious exposure of hydrophobic residues in the [Cas S100] target binding sites can
be maintained because of favorable nonpolar packing between helices II and III adjacent to the

EF-hands. This hydrophobic cluster includes L63, it is capped off by the D57/K32/M60/L71
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shoulder, and it suspends helix III in the open conformation (Figure 5a). Surprisingly, in [Ca4
S100] the shoulder can undergo large perturbations without triggering irreversible binding site
closure, exemplified by events between ¢ = 50 and 80 ns (Figure 4e-i). During this time the K32-
D57 salt bridge underwent dissociation, M60 moved away from L71, L63/L71 drifted apart, and
the binding site began to close (evident from a decreasing V55-A86 distance, Figure 4h). A
snapshot taken at ¢t = 70 ns illustrates the severity of these perturbations, which even included
disruption of D64 and N66 metal ligation in the EF-hand (Figure 5b). Remarkably, these events
stalled at # = 70 ns. Instead of closing all the way, the binding site returned to the fully open state,
and the D57/K32/M60/L71 shoulder underwent re-assembly (Figure 4e-h). The observed behavior
suggests that a key event is not permitted to happen in [Cas S100], which would otherwise allow
binding site closure to go to completion.

Our data suggest that binding site closure in [Cas S100] is prevented by a lack of L63-F73
distance fluctuations (more support for this assertion is provided in the next paragraph). As noted,
L63 represents an EF-hand anchor. F73 remains virtually stationary under all conditions. In [Ca4
S100] L63 and F73 are locked at a distance around 11 A (Figure 4i). The invariability of this
distance results from constraints imposed by calcium-protein contacts in the EF-hand (Figure 5a).
In summary, in [Cas S100] hydrophobic packing of the shoulder/EF-hand region suspends helix III
in the open state. This arrangement is stabilized by L63-F73 distance constraints that arise from
Ca?*-induced rigidification of adjacent to residues (Figures la, 5a). Thus, calcium ensures that
perturbations in the shoulder get “blocked” as they propagate from K32 towards the core (note the
gradually diminishing amplitude at # =~ 70 ns when going from Figure 4e to 4i). In this way
calcium prevents irreversible binding site closure in [Cas S100]. Another example of such a
blocked propagation process, observed in an independent [Cas S100] run, is highlighted in

Supporting Figure S6.

12



In apo-S100 all closing transitions were irreversible. Although different MD runs showed
slightly different sequences, each closing event was associated with major L63-F73 distance
fluctuations and a subsequent L63-F73 distance increase from ~11 A to ~14 A. We will highlight
two runs in more detail. In the first example disassembly of the shoulder took place gradually over
~40 ns (Figure 4k-m). During this time the K32-D57 salt bridge dissociated and M60 moved away
from L71. The L63-L71 distance underwent a major fluctuation which extended to L63-F73. The
latter event triggered closure of the target binding site at 1 = 25 ns (dashed line, Figure 4n). In
another apo-S100 run (Figure 4g-u) dissociation of the K32-D57 salt bridge took place within the
first few nanoseconds, followed by repositioning of M60. Alterations in L63-L71 distance were
minor, but a change in L63-F73 distance within the initial 10 ns allowed the target binding site to
move into a semi-closed state. At # = 60 ns the binding site closed completely, while
simultaneously the L63-F73 distance increased to ~14 A. Our data suggest that L63-F73 distance
fluctuations are the key prerequisite for target binding site closure, rather than the L63-F73
distance increase from 11 A to 14 A. This is evident from the fact that at the transition midpoints
of Figures 4o,u the L63-F73 distances are still relatively small, around 12 A. Also, after the
binding sites had closed, the L63-F73 distance could temporarily return from 14 A back to 12 A
(Supporting Figure S4B, panel x, chain A, 300-600 ns). Numerous other distances were
scrutinized, but no events were correlated with binding site closure as clearly as the L63/F73
behavior.

We conclude that target binding site closure in apo-S100 is the result of a domino cascade
that starts with disintegration of the D57/K32/M60/L71 shoulder. The labile K32-D57 salt bridge
represents the primary “agitator”. Dissociation of this salt bridge is followed by M60 swinging
away from L71. In the absence of Ca®" the hydrophobic packing of residues next to L63 and F73 is

not stabilized by EF-hand mediated rigidification, allowing the formation of extensive new

13



hydrophobic contacts as the target binding sites close (Figure 4b). Complete 1 us trajectories for
all four conditions are provided in Supporting Figure S4. Those data confirm a high propensity of
the K32-D57 salt bridge to undergo reversible dissociation even for [Cas S100 Ax2], in line with
the labile nature of this contact in [Cas S100].

The apo-S100 closing cascades highlighted in Figure 4 refer to collapse of the first binding
site in the dimer. In both instances the collapse of the second site took place ca. 70 ns after the first
one. Those subsequent closure events also required L63-F73 distance fluctuations (Supporting
Figure S7). In a third apo-S100 run both sites underwent initial closure roughly simultaneously
around 25 ns, but chain A settled into a fully relaxed closed state only after ~450 ns (Supporting
Figures S4B, S7). Taken together, these observations suggest that closure events affecting the two

binding sites within a S100 dimer are not directly coupled to one another.

Probing Calcium and Target Binding by HDX/MS. Our MD simulations successfully captured
ns - us events associated with allosteric control. However, conformational fluctuations in solution
can extend to time scales that are orders of magnitude longer,® stretching into realms that are
inaccessible by MD techniques.®®%! A comprehensive characterization of protein dynamics thus
requires the application of complementary approaches that report on dynamics taking place on a
wider time range. Continuous labeling HDX/MS is well suited for this purpose. This technique
monitors the deuteration of backbone amides. HDX/MS reports on protein dynamics because NH
deuteration is mediated by H-bond fluctuations that are coupled to backbone motions. EX2 rate
constants can be expressed as kupx = (kop/kel) keh, Where kop and ke are H-bond opening/closing
rate constants, while kcn reflects deuteration of unprotected sites.’> Deuteration kinetics thus
provide a cumulative picture of H-bond fluctuations that occur on time scales of sub-microseconds

to seconds and beyond.*’ To be clear, the use of HDX/MS in our experiments does not imply that
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changes in H-bonding constitute the mechanistic foundation of S100 allostery. Rather, as noted
throughout the text, rearrangements of hydrophobic moieties were identified as the primary factor
for signal propagation and binding site closure (Figure 4). HDX/MS nonetheless provides a
window into allosteric events, because different allosteric switching states exhibit different HDX
fingerprints.

HDX/MS conditions were designed to mimic those of the MD investigations. Comparison
of the deuteration kinetics for [Cas S100 Axz], [Cas S100], [S100 Ax2] and apo-S100 reveals that
the addition of calcium and/or Ax solicits highly complex responses throughout the protein
(Supporting Figures S8, S9). These range from stabilizing effects to local destabilization. Similarly
convoluted HDX patterns have been reported for other allosteric proteins.®3-% The HDX/MS data
are also consistent with NMR-based HDX experiments on the apo and Cas forms of S100B.%’

The most pertinent HDX/MS results are summarized in Figure 6. Some regions were
highly protected under all conditions, exemplified by peptide 14-17 which is part of the tightly
packed core (Figure 6a). Other segments, such as the N- and C-termini were completely deuterated
already at the earliest time point, attesting to their flexible nature without stable H-bonds (Figure
6d). Calcium and Ax reduced the deuteration of the pseudo EF-hand in an additive fashion,
demonstrating that both binding partners stabilize the H-bonding network in this area (Figure 6b).
The EF-hand showed pronounced synergy between calcium and Ax-mediated stabilization. This
region exhibited complete deuteration in apo-S100, some protection in [Cas S100], and
dramatically reduced HDX in [Cas S100 Ax2] (Figure 6¢). Unlike for the pseudo EF-hand, Ax
alone did not cause significant changes in the EF-hand (Figures 6b and 6¢).

The discussion of our MD data in the preceding sections implicitly focused on allosteric
control along steps 1 and 2 of the thermodynamic cycle of Figure 1d, where Ca®" facilitates Ax

binding by preventing closure of the target binding site. The calcium-mediated Ax affinity
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enhancement is AAG® = -RT In C. The HDX protection patterns of Figure 6b and 6c reflect the
flipside of allosteric control, i.e., the fact that Ax governs the calcium affinity in accordance with
steps 3 and 4 of Figure 1d.*° Deuteration level changes in [Cas S100 Ax:] relative to [Cas S100]
are consistent with Ax-mediated calcium binding enhancement, as Ax allosterically stabilizes the
H-bonding network in all four calcium-binding sites. This is evident from the observation that
HDX levels of the metalation sites are lower when Ax and Ca®" are present together, than when
only Ca*" is bound (Figure 6b, 6¢). Our MD data reveal the basis of this allosteric reciprocity.®
The presence of Ax in [S100 Axz] ensures that several residues close to the calcium binding region
maintain a “holo-like” orientation, e.g., the D57/K32/M60/L71 shoulder does not get disrupted to
the same extent as in apo-S100 (Figure 3b and 3d). Ax enhances the calcium binding affinity by
AAG® = -RT In C. Earlier work suggests that C ~ 10,%-153 such that the allosteric stabilization

associated with either pathway (1/2 or 3/4 in Figure 1d) is roughly 6 kJ mol™.

HDX Experiments and MD-Derived H-Bond Patterns. Classical models of backbone NH
deuteration envision that the transient disruption of amide H-bonds is the sole determinant of HDX
rates.®® Recent studies suggest that other factors such as solvent accessibility and electrostatics
may also exert some influence, but the central role of H-bond fluctuations remains
undisputed 3818990 [t is interesting to compare experimental deuteration values with MD-derived
H-bonding patterns. Figure 7 shows HDX percentages measured after 10 minutes of labeling. Also
shown are MD data reflecting the fraction of time that each backbone amide is H-bonded. This H-
bonding analysis takes into account all possible protein acceptor sites, including carboxylates
which participate in NH contacts in the calcium binding loops (Supporting Figure S4). Readers are

reminded that the MD data only reflect a 1 us time window, while the experimental data report on
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fluctuations that extend to seconds and beyond.** HDX/MS can therefore pinpoint regions
undergoing slow conformational dynamics that go undetected in MD simulations.

Simulated H-bond percentages and experimental HDX levels in Figure 7 are remarkably
consistent throughout much of the sequence range. All four conditions resulted in weak H-bonding
(high HDX levels) at the termini and inter-helical loops. H-bonds in helical regions tended to be
more stable (with lower HDX levels). In the EF-hand around residue 70 simulated H-bonds were
well developed (with low HDX values) for [Cas S100 Axz2] and [Cas S100]. Less pronounced H-
bonding (and elevated HDX levels) were encountered in this region for [S100 Ax2] and apo-S100.
Thus, both experiments and MD simulations revealed that calcium significantly stabilizes H-bonds
in the vicinity of the EF-hands.

Diverging behavior between simulated H-bond patterns and experimental HDX data were
observed in a few instances. The double-headed arrows in Figure 7 highlight segments where
simulations indicate well-developed H-bonds, while the experimental HDX data show a lack of
protection. This behavior was observed around residue 88 close to the center of helix IV for all
conditions, with the exception of apo-S100 (Figure 7d). Similar effects were also encountered for
[Cas S100] and apo-S100 in the vicinity of residue 62 (Figures 7b, 7d). Thus, regions marked with
double-headed arrows undergo H-bond opening/closing transitions that take place on time scales
much slower than the ps regime explored in our simulations. Overall, Figure 7 nonetheless

demonstrates a high level of consistency between simulated and measured H-bond properties.

Conclusions

Allosteric proteins possess communication pathways that allow the transfer of signals between

remote sites along dynamically coupled residues.!:6%11:15-2123-3491 Previous studies implicitly
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assumed that the starting point of any given communication pathway coincides with an effector
binding site. Hence, it is commonly thought that effector binding (or loss) constitutes the initial
trigger event that subsequently propagates via a domino-like cascade, culminating in
conformational changes elsewhere in the protein. Figure 8a schematically illustrates this classical
paradigm, assuming a scenario where the bound effector promotes an open target binding site.
Loss of the effector (magenta) triggers a cascade of events along an allosteric pathway (blue),
ultimately causing closure of the target binding site (red).

Figure 8a represents a reasonable description of allosteric regulation for many proteins, as
suggested by similar cartoons in numerous reviews and biochemistry texts.®*>?* However,
calcium-mediated S100 control follows a different mechanism, as uncovered in this work. Closure
of the target binding site is the result of an allosteric cascade that is not triggered by the effector.
Instead, the K32-D57 salt bridge acts as an ‘“agitator” that is labile and destabilizes packing
interactions of adjacent residues. Random thermal fluctuations of this agitator represent the initial
trigger of the allosteric cascade. The agitator is coupled to the target binding site by dynamically
linked residues that allow the initial perturbation to propagate, resulting in closure of the binding
site (Figure 8b). The effector (calcium) acts by blocking signals emanating from the agitator, i.e.,
by interfering with the transmission of allosteric signals (Figure 8c). This blockage is achieved by
damping the fluctuations of residues involved in the allosteric cascade.

Figure 8d summarizes details of the signal blocking mechanism uncovered in this study. In
[Cas S100] helix III is suspended in the open conformation by packing interactions within the
D57/K32/M60/L71 shoulder. These interactions extend to adjacent hydrophobic sites such as L63
and L71, and to helix I which is positioned behind helix III (Figure 8d, left hand side). The top
center panel of Figure 8d illustrates events taking place upon calcium loss from [Cas S100]. The

K32/D57 salt bridge is labile and undergoes dissociation/re-association transitions which represent
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the initial trigger event (marked as “1” in the allosteric cascade of Figure 8d). This agitation
propagates via disruption of K32/M60 (“2”’) and M60/L71 (“3”) interactions. The breakdown of
packing interactions becomes irreversible once L63/F73 undergo a major distance fluctuation
(“4”™), allowing helix III to swing downward such that the target binding site closes (“5”). This
closing event is driven by the burial of hydrophobic sites between helices III and IV. If calcium is
present (Figure 8d, bottom center) structural disturbances generated at the K32-D57 agitator
cannot proceed beyond L71, because metal-protein contacts in the EF-hand rigidify the L63-F73
distance. Hence, the allosteric cascade comes to a halt, and the target binding site remains open.

There is prior evidence for scenarios where allosteric pathways are affected by interactions
with other communication channels. For example, the outcome of effector binding can be altered
by affinity modulators, efficacy modulators, agonists, or antagonists.®>* The current work
further expands the spectrum of possible branched signaling scenarios. We uncover a mechanism
where a constitutively active agitator communicates with a remote target binding site. Only in the
absence of calcium does the resulting signal cascade cause binding site closure, while bound
calcium dampens the motion of key residues along the allosteric pathway. Thus, the effector
(calcium) works by blocking the information flow between agitator and target binding site.

In general terms, we propose that an allosteric agitator can be defined as follows: (i) An
agitator is a structurally labile element that undergoes incessant opening/closing fluctuations. (ii)
The open state of the agitator destabilizes adjacent noncovalent contacts. (iii) Coupling of the
agitator to dynamically linked residues allows the propagation of conformational perturbations in a
domino-like fashion, ultimately affecting the structure/dynamics of a remote protein region (e.g., a
target binding site). (iv) Allosteric effectors can block signals emanating from the agitator by

stabilization (rigidification) of elements along the propagation pathway.
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In future work, it will be interesting to determine if similar agitator/blocking scenarios also
apply to other classes of allosteric proteins. The combined MD and HDX/MS strategy applied here

should be well suited for endeavors of this type.
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Figure Captions

Figure 1. (a) Sequence of rabbit SI00A11; helices and calcium binding sites are indicated; side
chains involved in Ca** binding are underlined. (b) Crystal structure 1QLS* of SI00A11 bound to
four Ca?" and two annexin peptides (Ax). (c) NMR structure of apo-S100A11 (pdb file INSH).*¢
(d) Thermodynamic cycle, illustrating the transition between apo-S100 and [Cas S100 Ax2] along
two paths. Steps 1 & 2 refer to Ca?" binding followed by Ax binding. Steps 3 & 4 refer to Ax
binding followed by Ca?" binding. The overall equilibrium constant for complex formation is the

same along both paths, implying that Kc. (Cca Kax) = Kax (Cax Kca) such that Cca = Cax = C.

Figure 2. (a) 1 us MD structure of [Cas S100A11 Axz] (magenta) and X-ray structure (gray,
1QLS).** (b) 1 us MD apo-S100 structure (red) and NMR structure (gray, INSH #5).%¢ (c) Helix
III/IV and III’/IV’ angles. Experimental values are from pdb files 1QLS,* 2LUC,”?> and INSH.”
MD data were averaged over the final 0.5 pus windows of 1 ps simulation runs, and data are shown

separately for subunits A and B from two independent runs for each condition. Error bars represent

standard deviations.

Figure 3. 1 us MD structures for the four simulation conditions. Structures and equilibrium arrows
are arranged in accordance with Figure 1d. One subunit in each panel is grayed out to reduce
clutter. Hydrophobic side chains (I, V, L, F, M, A) are displayed as sticks. Spacefill representation
was used for residues constituting the D57/K32/M60/L71 “shoulder”, which is intact only in
panels (a, c). Ca?>" and Ax are displayed in magenta. Dashed lines indicate the helix III/IV

orientation, which defines whether target binding sites are open (a, ¢), or closed (b, d).
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Figure 4. (a) 1 us MD structure of [Cas S100]. Exposed nonpolar residues in the target binding
site are highlighted in red. (b) 1 us MD structure of apo-S100. (c) Atoms used for tracking protein
conformational dynamics. (d-i) Atom distances for [Cas S100]. Panels (j-0) and (p-u) display two

apo-S100 runs. Dashed lines indicate target binding site closing midpoint (panels n, t).

Figure 5. Close-up views of the EF-hand calcium binding region during MD runs. (a) [Cas S100]
at 1 us. (b) [Cas S100] while undergoing a structural perturbation at = 70 ns. (c) apo-S100. Side
chains comprising the D57/K32/M60/L71 shoulder, as well as those of L63 and F73 are shown as

spheres. EF-hand side chains involved in calcium binding are shown as sticks, and labeled in red.

Figure 6. HDX/MS kinetics of selected segments. (a) Residues 14-17 in helix I, (b) residues 18-30
in the pseudo EF-hand, (c) residues 66-71 in the EF-hand calcium binding site, (d) residues 92-101,
representing the C-terminus. Each panel contains results for four experimental conditions. Data
points represent the average of three independent measurements. Standard deviations are shown as

error bars. Bi-exponential fits (solid lines) were included for illustrative purposes.

Figure 7. Comparison of HDX/MS data at + = 10 min (round symbols, plotted vs. peptide
midpoint) and MD H-bonding patterns for (a) [Cas S100 Axz], (b) [Cas S100], (c) [S100 Axz], and
(d) apo-S100. Solid lines represent the time fraction during which backbone NH sites are H-
bonded during the final 0.5 ps of the MD simulations (data are shown for both subunits and for
two independent MD runs). The H-bonding scale is inverted, such that high HDX levels are

aligned with low H-bond percentages.
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Figure 8. (a) Conventional allosteric mechanism, where effector loss triggers closing of a remote
target binding site. Numbers 1, 2, ... refer to structural events associated with the signaling
cascade. Panels (b) and (c): Generic representation of the mechanism uncovered in this study. (b)
A fluctuating agitator triggers an allosteric cascade that causes binding site closure. (c) The
presence of an effector blocks the cascade, such that the binding site stays open. (d) Cartoon
summary of the calcium-mediated blocking mechanism in SI00A11. The upper pathway results in
binding site closure. In the lower pathway calcium in the EF-hand blocks signal transfer,

information flow stalls, and the binding site stays open.
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Figure 6
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