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Abstract

Studies of protein allostery increasingly revealrarolvement of the back and forth order-
disorder transitions in this mechanism of proteitivity regulation. Here, we investigate the
allosteric mechanisms mediated by structural desouding the structure-based statistical
mechanical model of allostery (SBSMMA) that we haveviously developed. We show that
SBSMMA accounts for the energetics and causaligllosteric communication underlying
dimerization of the BirA biotin repressor, activatiof the sortase A enzyme, and inhibition
of the Racl GTPase. Using the SBSMMA, we also sthatvintroducing structural order or
disorder in various regions of esterases can aigitunable allosteric modulation of the
catalytic triad. On the basis of obtained resws propose that operating with the order-
disorder continuum allows one to establish an &8luscontrol scale for achieving desired

modulation of the protein activity.
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Introduction

Biological functions on the molecular level arelwstrated and tightly controlled by
a multitude of intra- and intermolecular signalexgnts within a cell. A common theme
underlying many signaling and regulatory mechanigntisat the functional activity of
macromolecules is modulated via remote perturbatipnsmall molecules/ligands, a
pervasive phenomenon known as allostery [1,2].drigenal definition of allostery was
given by Monod, Changeux, and Jacob in their semiongk in 1963 entitled “Allosteric
proteins and cellular control systems” [3]. The maostulates of this definition include: first,
“proteins ... possess two, or at least two, sterenfpally different, non-overlapping
receptor sites”; second, “binding of the allosterffector to the regulatory exosite (allosteric
site) induces conformational alterations affectegjvity of the regulated functional site”.
Recognition of the omnipresence of allosteric mag@ms in proteins spanning from small
monomers, to large oligomeric molecular machined,feom folded globular proteins to
intrinsically disordered ones have greatly exparntiedoaradigm of protein allostery over the
past decades [1,4]. Investigations of allostericlma@isms and cooperativity showed that
signals originated by conformational changes anitlictuations are communicated between
distant sites through changes in the dynamicse§thucture upon binding of an effector
molecule to one of these sites [5-8], leading tom@jecture that allostery is an intrinsic
property of all if not most dynamic proteins [4,Btequent and potentially large contribution
of inherently flexible protein regions, such asface loops, linkers between secondary
structure elements, to alteration of the structstailes and of the overall protein dynamics
have lead to a hypothesis on their potential inewient in allosteric mechanisms [10-13].

While the concept of protein intrinsic disorder viiast introduced for characterizing
native (pre)molten globules and random coils inrgmvents [14], the current view on

protein disorder is much wider, spanning from fio@l and regulatory disordered segments



as short as few residues to fully disordered pnot@mains and proteins [13,15]. Further, the
involvement of disorder in biological functions wazarsely classified into three broad
categories: (i) targeted regulation provided bygbst-translational modifications (PTMs);
(i) structure and interface formation; (iii) adaptlity and variability [16]. More specifically,
these categories include display of the PTMs targaeblecular recognition and structure
formation, distancing and positioning of domaind ahgomers, and effectors of functions or
signals for complex assembly upon ligand bindingratein-protein interaction, to name a
few [15]. As a result, a uniform description andsdification of protein disorder appeared to
be a challenging task, making it hard to proposaigersal set of characteristics for
guantifying and predicting disorder, its structeiaictional features, evolutionary history,
and many other diverse properties [15].

In this work, we focus our attention on the intioadly disordered regions (IDRs) of
proteins, which are abundant in proteomes andr@ve/k to play key roles in cellular
signaling and regulation, transcriptional and ttaimsnal control, and other biological
processes [17-19Rapid developments in the field of protein disordave generated
increasing amount of evidence that points to agmes of allosteric mechanisms in
regulation of protein function that involves IDRaspite the lack of well-defined three-
dimensional structures [20-22]. It has also beewshthat intrinsic disorder enhances
allosteric coupling between protein domains [10Ar8] allows modulation of allostery in a
promiscuous molecular hub [23]. The potential afieaering extrinsic local disorder to
control protein activity in living cells through rtations or external factors has also been
gradually recognized, as illustrated in a numbeeoént work [20,24-26All of the above
hint that disorder can play an important role lostkeric regulation of widely defined protein
functions in many more cases than it was previofmind and documented. Consequently, it

calls for more rigorous experimental studies anceigmment of computational approaches



that would allow to use structural disorder forunohg and tuning desired allosteric effects.
In this work, assumption was that from the struaitperspective, there is no conceptual
difference between intrinsically disordered regiand flexible elements, such as linkers and
loops, and they may be considered as intrinsichigrdered elements [15,27]. To this end,
we are interested in exploring the allosteric eéffexf loosening and rigidifying of protein
regions, which requires a uniform characterizatbnonsidered IDRs for the modeling of
the induced order/disorder, and for quantifyingrtieéfects on the protein function. We
introduced, therefore, an operational definitiopadtein order-disorder, which includes only
structural aspect of this otherwise complex probj&@13,15].

We have previously introduced a structure-basdéstal mechanical model of
allostery (SBSMMA), which provides a quantitativesdription of the causality and allows to
estimate the energetics of allosteric communicaditoper-residue resolution [2,28,29]. In this
study, we use SBSMMA for investigating how ordedisorder and disorder-to-order
transitions work in allosteric regulation of thef@in activity of BirA biotin repressor [30],
sortase A enzyme [31], and Racl GTPase [25]. Weeadplore how alteration of structural
order and disorder can be used in the engineendglasign of allosteric regulation in a set
of esterases. We show that understanding of distakeed allosteric mechanisms gained
from the above examples allows us to propose argesteategy for inducing tunable
allosteric control of protein activity, in whichstirder(order)-to-order(disorder) transitions

play a role of perturbations [2] required for inthgcthe allosteric signal.

Materials and Methods
Sructure-based Satistical Mechanical Model of Allostery (SBSVIMA)
The recently developed SBSMMA [2,28,29] has beadder quantifying the energetics of

allosteric communication upon ligand binding andiorino acid changes in the protein



structure, and for identifying potential regulatexyosites through a reverse perturbation [32]
of allosteric communication at functional sitesthis study, we apply the SBSMMA for
investigating the allosteric effect of disorderetaler and opposite transitions.

A single crystal structure is used to construet@ harmonic model for the
unperturbed and perturbed states of the proteia.efergy function of the unperturbed state

(denoted a$) is given by

2
EO(61) = X jy kij (dij — df (1)

wheredr is the 3N-dimensional vector of displacements efafbms with respect to the

reference structure. Thé,; is the distance betweem@toms andj and the corresponding

distance in the reference structurel?]s The distance-dependent force constantdecays as

(1/d?j)6 with a global distance cutoff at 25 A [33]. In therturbed stat®, in whichn

residue(s) are perturbed,= {p;, p,, ..., P}, the force constant is altered by a scale faetor

so the corresponding energy function is

2

EP/(61) = X jyiep kij(dij — d?j)z +a Yy ep kij (dij — df)” (2)

Here, two types of perturbation are performed. 8l@zing DOWN perturbationA !) is
done witha = 1072, which weakens the force constants of the intenastbetween the
perturbed residue(s) with the neighbors, to sinedlatal disorder. Conversely, induced
rigidity is modelled by stabilizing UP perturbati¢®? T) with « = 102, which increases the
force constants and strengthens the interactiotistive neighboring residues. Next,

configurational ensembles of the unperturbed amaifeed states are explored, providing

(P)

" obtained from the

two corresponding sets of low frequency normal nsoellgg) ande
Hessian matrices of energy functions in Eqgs. () @). The allosteric potential, which

measures the total elastic work exerted on a residue to the change in the displacements



of the neighbors (with a distance cutdff= 11 A) determined by the normal modess
given by
_1 2
Ui (O-) - EZ“ gu,io_u (3)
with g,; = 3. d?j<dc|eﬂ,i —e,,|", obtained from the corresponding normal modesodt b

states, and is a vector of Gaussian distributed amplitudes; (o3, ..., g, ... ) with variance
1/¢,;. The vectow represents a configurational state of the residsethe generic
displacement ofis 6;(c) = X, 0,€,;.

Subsequently, the allosteric potential evaluateafresidue in the unperturbed and
perturbed states in Eq. 3 is integrated over abjiibe configurational statesto obtain the

corresponding local partition functions

Zi = j do'e_Ui(U)/kBT

_ HM <7T 2k3T>1/2 @

Eﬂ,i
which allow one to calculate the free energjes- —kg In z; + constant, hence, the per-

residue free energy change upon a perturb&tisn

(P)
1 Eni
Ag? =-ksT T, %5 (5)

ui
A positive value Oﬂgi(P) indicates an increase of configurational work tegton residué

which may lead to conformational changdse to changes in the configurational ensemble

of its neighbors upon a perturbation. In contrastegative value ojg.(P)

;7 may prevent

conformational changes.
Since a perturbation can generally cause allostesigonse of different signs and

magnitudes in most distal residues, we consideb#t&ground-free allosteric modulation on



a residue by evaluating the deviation of the free energy geainom the mean of all residues

in the protein chain

Ahl@) = Ag'(P) - (Agi(P)>Prot (6)

i
which measures the extent at which the allostespaonse in the residudiffers from the
global effect of the perturbation. Therefore, tHesteric modulatioma "™ andar"”
guantify the purely allosteric effect on residumused by destabilizing DOWN (mimicking
introduced disorder) and stabilizing UP (mimickingroduced order) perturbation on
residue(sp, respectively. In order to have a generic dedonpdf the allosteric signaling
from any protein position to a residue on a sitentd@rest, we also defined the notion of
modulation range, which is the maximal range ajsaéric signal calculated as a difference
between UP and DOWN perturbations

AR = ARPD — AR, 7)

In considering the allosteric effect at the leviesites, one can calculate the average

modulation value for residuésf the site of interesth{") = (AR ).

The per-residue resolution of the SBSMMA allows ¢ixdaustive analysis of
allosteric signaling by perturbing all single raséd and quantifying the allosteric modulation
on every residue. The Allosteric Signaling Map (ASktroduced elsewhere [2,28] contains
the complete description of allosteric signalingethcan be instrumental in modifying
existing regulatory exosites and rational designes allosteric site. Here, in addition to
performing single-residue perturbations, ASMs wadse derived on the basis of two- and
three-residue segment perturbations. The magnatidedulation values should be
considered in relation to the thermal fluctuatioith values abové;T indicating significant
h"

allosteric effect. Noteworthy, low caused by a number of individual residues may

constitute a large cumulative allosteric respongté affected site/region of the protein.



Results
Operational definition of protein disorder and observables used in the work
In order to characterize order/disorder and traorsstbetween these two states, we use here
the following operational definition. We define pem disorder as the absence of rigid
elements of the secondary structure, either irvagtioteins or as a result of destabilizing
(DOWN) mutations in the framework of SBSMMA thatmic substitutions of the original
amino acids with the smallest ones (Ala-/Gly-likéhe rigidifying or introducing order in
the protein chain is achieved via stabilizing (WR)tations into the bulkiest residues (Phe-
/Trp-like) in the place of the original residuesith\the above operational definition, order-
to-disorder transition results in a loss of theichggidity, whereas the opposite transition
rigidifies the local protein segments.

We quantify the allosteric signaling to every resi upon perturbations of all single

residues in form of the allosteric modulation r(mgh:i(P”)

, Which are used to compose the
allosteric signaling maps (ASMs) for the analyseatqins [28,34]. The allosteric modulation
range represents the maximal possible range afttbegth of signaling, which is a result of
the difference between the effects of stabilizid®) and destabilizing (DOWN) mutations

(see Materials and Methods). In the SBSMMA [2,28,20ch perturbation effectively

stabilizes the neighbourhood of a mutated residgilting in modulation ranges (kcal/mol)
that are mostly negativé]ﬁfpm < 0) from the vicinity of the perturbed residue uphe
chain/domain border, but chiefly positiv@}ép”) > 0) in remote locations and other
chains/domains [28,34]. At the same time, compyexditthe protein tertiary/quaternary

structures and local peculiarities in their indivadl chains/domains may result in distinctions

in the sign and value of allosteric modulation@m locations of these structural units. In



other words, while it is expected to observe thsdmier-to-order transition will typically
stabilize surrounding residues within the perturbgdctural unit and will cause some
conformational changes in other parts of the stinegtit can also happen that disorder-to-
order transition will cause conformational change<sertain residues located in the
perturbed chain/domain and, at the same time pnéNent conformational changes in remote
parts of the protein. The opposite scenario is ebgakefor the effects of order-to-disorder
transition. To this end, our first goal here wasetrn how disorder-to-order transition and
vice versa can be involved in different phenomenologies efdhosteric regulation of protein
activity, such as formation of the dimer interfacdirA [30], preorganization of the binding
pocket in SrtA [31], and blocking the active comf@tion of Racl by engineered extrinsic
disorder [25]. Then, using the exhaustive desanptf allosteric signaling contained in the
ASMs of a set of esterase homologues with diffetleetmostability, we addressed a question

of a generic strategy for disorder/order-basedstdlic tuning of protein activity.

Disorder-to-order transition in two distant sitesin BirA mediated by allosteric
communication

TheEscherichia coli BirA (Figure 1a) is a bifunctional biotin ligasada biotin operon
repressor [35]: (i) it catalyzes the transfer aitinioyl-5’-AMP (bio-5’-AMP) to the biotin
carboxyl carrier protein subunit of acetyl CoA aaxplase when biotin is in high demand
during rapid growth; (ii) it forms a homodimer witlound bio-5’-AMP for transcriptional
repression of the biotin biosynthetic operon. Congoa of crystal structures shows that
presumably disordered in apo BirA monomer (not shgwelectron density, Suppl. Figure
S1a), the biotin binding loop (BBL, Argl16—Phel2#d adenylate binding loop (ABL,
Met211—Gly222) which bind bio-5’-AMP, and the dingation interface constituting of

two loops (Glul140—Alal46 and Gly193—Alal99) becdiided in the holo BirA dimer
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with two bound bio-5’-AMP molecules (Figure 1a a@appl. Figure S1a). Double-mutant
cycle analysis together with thermodynamic measarggrevealed a coupling between
residues in the binding site and dimerization fiaiez, which are separated by approximately
30 A, suggesting that disorder-to-order transitionisoth IDRs are mediated by allosteric
communication [30].

We derived the Allosteric Signaling Map (ASM, Figutb) of BirA monomer (PDB:

2ewn), which quantifies the allosteric signaling®ad by the single-residue perturbations in

form of the modulation rangﬂni(w) (see also Materials and Methods). We also obtdimed
ASMs with signaling caused by exhaustive pertudsetiof two and three residues in BirA,
provided along with distance maps in Suppl. Figb2a. To understand the allosteric
communication between the effector binding site @dinaerization interface in BirA [30], we
guantified the modulation ranges in the interfamaesed by single-residue perturbations in the
effector binding site and compared them with motiteobtained by the perturbation of
other positions in the structure (Figure 1c). Thet phows that the sign of modulation ranges
changes from negative to positive at approxima28h&, showing the increase in
configurational work exerted in the dimerizatioteiriace as a result of the perturbation of
residues distant from the interface. Strikinglye fiiot shows several outliers located between
30—40 A from the interface that cause negative rtaiitun ranges (Figure 1c). Among them

are residues in the C-terminus and, remarkablydues 219—222 in the disorder adenylate

binding loop (ABL, Figure 1a, orange) with per-mﬁizAhfil;ﬂgr values at —0.58, —0.64, —0.43
and —0.36 kcal/mol, respectively. Disorder-to-orlansition in the ABL causes stabilization
of the dimer interface (negative modulation rangesked by orange in Figure 1c), while the
ordering of the BBL (green, Figure 1a,c) does matse stabilization in the dimer interface.

These observations suggest that interactions batagenosine of bio-5-AMP and the

disorder ABL stabilizes the ABL and the distal dimation interface via direct interaction

11



and allosteric signaling, respectively. This cosaba agrees with the concerted disorder-to-
order transition in both IDRs observed in experitag¢f0].

We further explored and compared the per-residugutation ranges in the interface
caused by perturbing different residue(s) in thdL.ABappears that perturbations of
individual residues can originate strong stabiliz@ffect on the interface residues 193—199
(Figure 1d). Additionally, residues 219, 220 oreg®m negative modulation on residues 140—
144 and 193—199, whereas perturbation of resid@gs222 as well as combinations that
include these positions result in positive modolan some residues in segments 140-144
and 193-199 (Figure 1d). Regardless of the numhe@icambination of perturbed residues,
the largest negative modulation ranges are congigt@bserved on residues 194 and 195,
and the modulation magnitudes increase with thebaurof perturbed residues. For example,

perturbing residue 219 results in modulation rarages).87 and—0.96 kcal/mol on residues

194 and 195, respectively, wheredg s 22D = —1.66 andArZt 221D = —1.79
kcal/mol. The crystal structure of the holo BirArdir shows that Lys194 and Thr195 in the
B-hairpin turn, which are flanked by glycines, iretrwith the BBL of the dimer partner. It
suggests, therefore, that allosteric signalingioaiggd from the ABL (especially, residues
219 and 220) leads to a decrease in the configmativork in residues 194 and 195, which
may facilitate folding of the IDR where dimerizatioccurs. Additional perturbations of
residues 221 and 222, at the same time, may bévewvan the re-structuring of the
allosterically-induced interface via conformatioshbnges.

Figure 1e illustrates how perturbations of resid2E3, 220 can cause large negative

allosteric modulation on residues of the dimerriatee @hZ-*"” = —0.58 andahZ20MD =

—0.64 kcal/mol, top panels) in comparison with the efffeicperturbations of residues 208

and 223 (used as a negative control), which ortgipasitive modulation from outside of the

ABL region @h%%8'D = 0.30 andah®3 P = 0.04 kcal/mol, middle panels). Perturbing

Dimer Dimer
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single residues 219 and 220 causes a stabilizfegtefell localized in the disordered ABL
region (top panels, Figure 1e), which undergoesrdes-to-order transition upon binding
bio-5’-AMP. Increasing the number of perturbed desis for example residues 219—221,
however, may over-stabilize the adjacent regiontbh®fprotein that are folded (bottom

panels).

Calciumion binding in theintrinsically disordered region leads to allosteric activation of

StA

Sortase enzymes of gram-positive bacteria are itapovirulence factors that recognize and
cleave a cell-wall sorting signal (LPXTG) of surgaroteins, followed by transpeptidation of
the proteins to the cell wall. The catalytic dom@esidues 60—206) @&taphylococcus

aureus sortase A (SrtA) is an important target in develgmew antibodies due to their
crucial role in the pathogenicity. The SrtA is atlerically activated b¢a?* that binds in the
B3/B4 loop and the C-terminal end of th@/B7 loop (Argl59—Lys177), coordinated by
residues Glul105, Glu108 (in tiB&/B4 loop) and Glul71. Structural studies of the afé S
enzyme (shown in Figure 2a) indicated thatf6#7 loop is an intrinsically disordered
region with low order parameters in nuclear magnesonance (NMR) [36] and poorly
resolved in X-ray crystallography experiments [3Jh the other hand, the holo structure
with bound sorting signal and allosteric activaiaf* shows thap6/B7 loop is docked to the
protein domain, and th&7/B8 loop, which forms the lid over the sorting signaldisplaced
(Suppl. Figure S1b). These observations, along eathputational studies using molecular
dynamics simulations [31], suggest that foldindhef disordere@®6/87 loop uporCa?*

binding leads to conformational changes inA$8 loop via allosteric signaling, which is

required for the entry of sorting signal.
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Similar to the case study of BirA above, we sthftem the analysis of the ASMs of
apo SrtA (PDB: 1t2p) derived for the single-resigheeturbations (Figure 2b) and upon
perturbations of two and three residues (Supplreig2b). To identify perturbations that

could result in the conformational changes ofiii#8 loop, we analysed the modulation

rangesAhéil/Tés caused by single-residue perturbations in38187 loop and other parts of the

structure (Figure 2c). The plot of the modulatianges shows a change in the sign from
negative to positive at about 20 A, marking theatise at which allosteric effects start to
dominate over those caused by direct interactiBagurbation of residues 171—177
(orange, Figure 2a) in the disordefi&p7 loop causes positive allosteric modulation

Ahéil/gs in thep7/B8 loop, suggesting that disorder-to-order transitbtheB6/37 loop upon

bindingCa?* causes an increase of work exerted orf#ig8 loop that can initiate

conformational changes and facilitate, thus, sabst entry to the cleavage site.
TheAhéP;/B8 value generally increases with the number of tessdperturbed in the

C-terminal end of th6/p7 loop (Figure 2d). For example perturbations anduee 177 and
residues 175—177 cause per-residue modulation saat@et3 and4.93 kcal/mol in the
B7/38 loop, respectively. Figure 2e illustrates moreade of the allosteric regulation in SrtA
involving disorder-to-order transition. The top relwows that perturbation of residue 177
and residues 176—177 stabilize the C-terminal regicthe6/37 andp3/p4 loops, which
constitute thea?* binding site. Interestingly, in addition to thesjtive modulation range in
the distal37/B8 loop, we also observed an increase of configumatiwork exerted in the
B4/H2 loop (residues 121—131), which was suggestatiebinding site for lipid 1l [38] -
another substrate in transpeptidation. The obsesigerling indicates tha&ta?* binding in
the IDR likely leads to the conformational changerguired for preorganization of the
binding pocket for both sorting signal and lipidvi& allosteric signaling. Notably, tf&/p4

loop is highly enriched with charged and polardass from Glu105 to Asp112 (Glu-Glu-

14



Asn-Glu-Ser-Leu-Asp-Asp), which indicates that tlagion is likely to be disordered as
well. We show that perturbing residues 110 andifixhe3/B4 loop also causes positive
modulation ranges in the lid and the lipid 1l bingisite (Figure 2e, middle panels),
predicting the potential allosteric effect of dider-to-order transition in th&3/84 loop.
Additionally, a computational study by Pang and Zbowed that interactions 642" with
negatively charged residues in &34 loop precedes the docking of the C-terminal &nd o
the6/p7 loop to the protein domain [31]. We found thattypebding the3/84 loop (for
example, residues 110 and 111) causes an incréasafmurational work in th@6/37 loop,
possibly facilitating its docking to the domain asubsequent stabilization by electrostatic
interaction between Glul71 and calcium ion (Figeemiddle panels). At the same time,
perturbation of residues 105 and 171 performedamtol experiment did not show any
significant allosteric effect in thg7/p8 andp4/H2 loops (Figure 2e, bottom panels). Taken
together, above data show that the functional égtdf SrtA can be allosterically regulated
by perturbation in the C-terminal end of disordep84 andp6/B7 loops where&€a?* binds,
consistent with the mechanism of allosteric acibraby Ca?* binding documented in other

experimental and computational studies.

Extrinsic disorder for allosteric control of Racl

While allosterically-induced dimerization of BirAd substrate binding in SrtA exemplify
the effects of disorder-to-order transition in ga@soteins, exogenous domains, such as the
LOV2 domain, have been artificially engineered intoltiple proteins to introduce extrinsic
disorder at the insertion site. Here, we show tth@iSBSMMA describes the causality of
light-induced order-to-disorder transition in tHsteric regulation of the guanosine

triphosphate phosphohydrolase (GTPase) activity.
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The Ras-related C3 botulinum toxin substrate T{)Ravhich belongs to the Rho
family of GTPases regulates diverse cellular sigggbathways such as cell migration and
invasion [39]. Racl is stimulated by guanine nutttkoexchange factors (GEFs) to exchange
GDP for GTP through conformational changes in thwéch 1 (S1, residues 35—39) and
Switch 2 (S2, residues 57—67) regions of the G dorflagure 3a). The active GTP-bound
Racl then interacts with downstream effector pnst@ a multitude of signal transduction
pathways. Dagliyan and colleagues have engineggletddensitive molecular switches into
the strategic location at the [Bthairpin turn of two anti-paralldl strands, connecting both
S1 and S2 in the G domain of Racl, RhoA, and Cdt#tZe Rho family of GTPases to
achieve robust and reversible control of thewivo functions by light [25]. Light-induced
disordering of the terminal helices of the inseit€l/2 domain (see Figure 2c in [25])
introduces flexibility at the LB-hairpin turn, resulting in the allosteric inhiloiti of the
GTPase activity and in the alteration of the mogymamics of living cells.

Figure 3b shows the ASM of the inactive Racl (PDBd) with the complete
information on the allosteric signaling caused iy DOWN perturbations of single residues
that mimic local disorder (Figure 3b). The ASMsided from perturbing two and three
residues and the distance maps are shown in Stigpte S2c. The ASM revealed that
single-residue DOWN perturbations in the G domdi@®Pase (177 residues) introduce
structural disorder in the protein, which destae#i residues close to the perturbed location
and, at the same time, originate allosteric sigigaihat causes stabilization of distant

residues. In order to analyze allosteric modulatiorthe S1/S2 switches, we plotted the

Ahgil/)sz values to investigate the allosteric effect in #éS2 region caused by structural

disorder at various residual positions of RaclFfd3c), especially the signaling from the
L1 B-hairpin turn (residues 44—50, Figure 3a). The pidtigure 3c shows that structural

disorder near the S1/S2 region causes positive labalo, indicating destabilization and

16



potential conformational changes in the region. Jige of modulation values changes from
positive to negative upon perturbations of incneglyi distant positions, demonstrating that
order-to-disorder transition at distal locationa stabilize the S1/S2 region. Therefore, in the
case of the inactive Racl, extrinsic disorder atlt®V?2 insertion site (orange) can

potentially prevent conformational changes in théS2 region (large negative per-residue
Ahgil/)sz values in Figure 3c) that are required for inteoacwith GEFs and GDP release,

thereby suggesting a mechanism for the light-indwasteric inhibition of the Racl
activity. The ASM shows that disorder in residuds-%60 leads to negative modulation in all

residues in the S1/S2 region (Figure 3d). Moreaer allosteric modulation on S1/S2 can

be enhanced by perturbing more residues in thete 1fer exampIeAhg‘f}?2 = —1.20 and

ARS8 = —4.00 keal/mol. We also show that while destabilizing W8 perturbation

can emanate a strong allosteric signal specifically1/S2 region (Figure 3e, upper panels),
stabilizing UP perturbation in the same positioagses an opposite allosteric response, albeit
less specific one with a mild increase of configioraal work exerted in most parts of the
protein (Figure 3e, bottom panels). One can comgltiterefore, that disorder(order)-to-
order(disorder) transitions at positions 44—50 aetnas an allosteric effector originating
different modes of modulation in the functionaésiind allowing to establish allosteric

control of the Rac1l activity.

Inducing and tuning of allosteric effects via transitions between order and disorder

The regulatory potential of intrinsic disorder ohv&el in BirA (Figure 1) and SrtA (Figure 2)
and of the extrinsic disordered region in Racl (Feg3) involving allosteric mechanisms
hints at the possibility to use back and forth $raans between order and disorder for
inducing allosteric signaling of opposite modesotder to explore this possibility, we

performed corresponding computational experimenta set of esterase enzymes. While
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allosteric regulation in these esterases haveewn documented, we aim to demonstrate in
simulations on the basis of SBSMMA that allostsignaling can be originated by
introducing structural order or disorder in diffetgarts of the protein. The esterases are
hydrolases that are extensively used as biocasalystarious industrial and biotechnological
processes for splitting of ester bonds in divetdessates. The enzyme consists of two
subdomains, the bigger subdomain feature$-dnydrolase fold with 8 centr@lstrands
connected byi-helices, the smaller one consistsidielices where the substrate binding site
is located. The canonical catalytic triad compaskskerine, histidine and aspartic acid is
situated between the subdomains. Here, we perfoexiegustive UP and DOWN
perturbations of the esterase (Est) monomer framrtarine psychrophilic bacterium
Thalassospira sp. GB04J01 (Est-P, PDB: 4v2i), the mesophieudomonas putida (Est-M,
PDB: 40b8) and the hyperthermophilic arch&ynobaculum calidifontis VAL (Est-HT,
PDB: 3zwq). Supplementary Figure S3 contains AShtaioed for these proteins upon
single-/two-/three-residue perturbations and tiséadice maps. The structures of Est
homologs are largely similar with an overall RMS@uel to 1.2 A (Suppl. Figure S4),
allowing to identify a number of segments that exhidifferent secondary structure contents
on the basis of the structure-based multiple sezpiaiignment (sequence identity at 26%,
Suppl. Figure S5). To make sure that only allostsignaling to the catalytic triad is
considered, we set thex&-Ca distance cut off between residues in the segnasmishe
catalytic triad at 17 A as a criterion in the difon of allosteric interaction.

Our goal here is two-fold: first, we would like fiod out how sequence and structural
changes in the non-conserved parts of the strddtoraologues, as a result of the adaptation
to different environmental temperatures, are matgfin the potential changes of allosteric

signaling; second, we will explore if allosterigsaling can be induced and altered by
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disorder(order)-to-order(disorder) modificationgidgterent parts of the proteins including
conserved elements of the secondary structure.

We delineated several segments of residues, S1#€e87 the structure-based
multiple sequence alignment of the homologues (Bljgure S5). First, we explored if
there are common trends in changing of allostdfects because of the structural variations
associated with thermal adaptation. We consideveddegments S1—S4 of the fold with
high sequence/structure variability and differdetreents of secondary structure: segments 1
and 2 (S1 and S2) inclu@estrands, S3 and S4e-helices (Figure 4). Botb andp elements
are different in sizes in corresponding segmeriseich segment, allosteric modulations at
the catalytic residues due to UP and DOWN pertimhatin all overlapping windows of
three residues are evaluated. In general, incrgadithe structural order causes an increase
of configurational work that may lead to conformeatkl changes at the distant catalytic triad.
Local disorder leads to the opposite effect, wiitdwvents conformational changes. In the
structure from the hyperthermophikyrobaculum calidifontis VA1 (Est-HT), which is
presumably more stable than its psychrophilic @s&nd mesophilic (Est-M) homologues,
the effects of both increasing order (UP mutati@s) increasing disorder (DOWN) are
usually more pronounced. The induced allosteripaise can vary depending on the
presence or absence of the secondary structureetsim proteins from different organisms
(Figure 4). For example, Segment 3 (S3) of Est-Hiitains aro—helical piece that reduces
the allosteric effects on the catalytic triad upoatations (both UP/ordering and
DOWN/disordering) in S3, whereas ordering of theturctured loop in S3 of Est-P provides
a potential for conformational changes in the &ctite of the esterase (Figure 4). At the
same time, increasing order/disorder in the flexlbbp of Est-HT in S4 can induce

relatively strong allosteric modulation on the tgta site, whereas allosteric signaling is
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relatively weak upon modifications on tbehelical segment in Est-P and even weaker in
Est-M.

Switching our attention from the variable to congersegments in these homologous
esterases, we asked a question whether thereraistpet trends in the allosteric effects of
back and forth disorder-order transitions regasitéshe local secondary structure of the
conserved segments under perturbation. It applearsedgardless of the local structural type,
enhancing of rigidity in segments of all types 8, and loops) is likely to elicit
conformational changes at the distal catalytidtri@hereas increased flexibility at the same
locations prevents conformational changes (S5—®ré€ 4). In most of the cases, the
modulation values differ mildly when neighbourimglividual residues in the segments are
perturbed and between corresponding positions tlidi@ent homologues. Also, the strength
of the induced response increases from perturltmbbsingle to three residues. To
corroborate an apparently generic possibility ahg®rder/disorder for allosteric modulation
of protein activity, we further explored a potehbéallosteric tuning upon perturbation of
longer segments of the protein chain. Extendingcsral order and disorder up to eight
residues within th@-strand near S1, in thehelix of S6, and up to six residues in the S7
loop (Figure 5), we show that the magnitude ofnesidue allosteric modulation on the
catalytic triadAh.,; increases as more residues are perturbed. Figals® Shows that in the
case of esterases, ordering of the segment obfeelaops (via stabilizing UP mutations of
several consecutive residues) results in a strogtpesteric modulation than upon
modifications of residues irstrands and-helices. Introducing disorder makes rather
similar modulations regardless of the secondancsire type or its absence in the mutated
protein residues (Figure 5). Taken together, treentations summarized in Figure 5 show

that perturbations introducing rigidity or flexittyt on distal residues can lead to opposite
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allosteric modulation on the catalytic site, thesgth of which can be fine-tuned on a

residue-by-residue basis.

Discussion

Studies of protein allostery, started more thayeé#rs ago from simple phenomenological
models to recent elucidation of allosteric mechasign various proteins furnished with
atomistic details, have produced invaluable undedihg of how Nature harness allostery to
regulate a spectrum of protein activities [1,438hce the last decade, the quest on utilising
allostery for non-competitive remote modulatiorpadtein functions has yielded many
promising outcomes [40], most notably in developatigsteric drugs [41] and in
understanding and using allosteric effects of nnnat[42]. More recently, the allosteric
effects of disorder-to-order transition in intricaily disordered regions (IDRs) have been
observed and investigated in a number of protél8s3D,31,43]. For instance, theoretical
work by Hilser and colleagues considers multi-donm@abteins as composed of discrete
unstructured and structured domains with low agth ligand affinities, respectively
[10,20,44]. Perturbations, such as disorder-to{o@@sition as a result of the effector
binding would lead to alterations in the energydsoape with a population shift towards
states with certain levels of activity. Experimeiytanitration of tyrosine residues in the
intrinsically disordered C-terminal domain of th@fgina-synuclein, which increases the
bulkiness of these residues, was found to allastlyimodulate the membrane binding
affinity of the distal N-terminal domain [43]. Regiizing the emerging potential of allosteric
modulation originated from the alteration of stuuel order and disorder, extrinsic
perturbations, such as destabilizing mutationssam$ory domains, have also been
engineered in proteins [20,24-26]. For examplesagytenhancing mutation of alanine to

glycine in the AMP binding domain of the adenylkitgase fromEscherichia coli was found
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to allosterically affect the catalytic CORE domaihich, in turn, regulates the enzyme
turnover [26].

All the above shaped the goal of this work, whghimed at developing the
computational framework and establishing the sefenferal rules for using disorder/order
and transitions between them in allosteric regoihatf the protein function. We started from
demonstrating the capability of the structure-bagtatistical mechanical model of allostery
(SBSMMA) to describe previously characterized aébas mechanisms underlying BirA
dimerization [30], SrtA activation [31], and Racthibition [25], which involve order-
disorder transitions. To our knowledge, the SBSMis&d here is the first structure-based
model, which allows one to account for the caugalitdisorder-mediated allostery upon
simulating order(disorder)-to-disorder(order) oa lavel of single residues. We showed that
alteration of order/disorder upon binding of alkygt activator in BirA and SrtA, and the
light-induced extrinsic disorder at the LOV2 ingamtsite in Racl originate specific
allosteric signaling to the regulated function&siwith large magnitudes of allosteric
modulation (Panels ¢ and e in Figure 1-3). Thestdiac effects quantified by the SBSMMA,
in terms of stabilization or destabilization, aomsistent with the experimental studies
[25,30,31] on the disorder-driven allosteric regjolain these proteins. Specifically, we
showed how disorder-to-order transition upon bigahbio-5’-AMP in the disordered loop
in BirA may facilitate BirA dimerization, by origating allosteric signaling that results in
stabilization of the dimer interface at about 3@Way. While most of the distal perturbations
located more than 20 A from the dimerization irded cause positive allosteric modulation,
ordering of residues 219-222 in the intrinsicaliyaidered adenylate binding loop (ABL,
orange) stabilizes the interface (Figure 1c), irst with the experimental observation on
the concerted disorder-to-order transitions in Bi8A]. Notably, this allosteric signaling is

specific up to per-residue resolution—perturbinmggta residues 219 and 220 in the ABL
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causes strong allosteric response at residuesrtb495b in dimerization interface, whereas
perturbing residues 208 and 223 adjacent to the &igQative control) does not elicit the
allosteric response (Figure 1e). In SrtA, bindifighe allosteric activato€a®* to the C-
terminal regions of disorderg®/4 andB6/B7 loops increases the configurational work
exerted at the distfil7/8 loop and lipid 1l binding site that may inducenémrmational
changes, allowing the entry of substrates to thigesite. The increase in the configurational
work exerted to the ligand entry sites ugta’d*-induced folding of the disorderg®/B4 and
B6/B7 loops is in a good agreement with the confornmalichanges from the apo to the holo
states of the SrtA (Suppl. Figure S1b), especalityel7/p8 loop forming a lid over the
catalytic site. Simulating local disorder at the\LDinsertion site in the inactive Racl
prevents conformational changes in the Switch 12areions, which are required for the
exchange of GDP to GTP. Remarkably, perturbingltess in the insertion site causes the
strongest modulation in the S1/S2 regions, withdiserder-driven allosteric stabilization
localized within the regions only, in accordanc#éwihe observation that conformational
changes induced by the light-controlled extringgoder at L1 are manifested chiefly in the
S1/S2 regions [25]. Our results also suggest thgiheered structures with different
order/disorder characteristics at the L1 site eawl to opposite allosteric effects by causing
and preventing conformational changes, respectivelghe distal Switch 1 and 2 regions.
Altogether, above case studies show that the SBANR/PR8,29] provides an
adequate quantitative description of the allostegulation governed by structural
disorder/order and transitions between them. Tbhezefve decided to explore a possibility of
using disorder-order relationship in the allostéuniting of protein activity, using esterases
from psychrophilic Thalassospira sp. GB04J01), mesophili®geudomonas putida) and
hyperthermophilcRyrobaculum calidifontis VA1) prokaryotes as model proteins. Analysing

these homologs, we found that in addition to vanet in the secondary structure elements
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associated with structure-based strategy of theaa@btation [45,46], they can also be
involved in the tuning of the allosteric signalimgcorresponding proteins. Noteworthy,
inclusion/exclusion of secondary structure elemeatsbe used discretely in proteins from
organisms adapted to different environmental teatpees. For example, distinctive presence
of a-helical elements in S3 of Est-M and Est-HT, an&Est-P and Est-M leads to tuning
of the allosteric signal at the catalytic triadegumably modulating the enzymes’ activity and
its regulation.

In addition to the specifics in potential allostettining in homologs from organisms
adapted to extreme environmental temperatures bsereed persistent trends that are
present in conserved parts of all esterases reggardf the secondary structure type or its
absence. Specifically, we found that introducinmgaural order in any conserved segment of
the structure leads to allosteric modulation oftg@roactivity in the form of inducing
conformational changes in the regulated site (Eiguyr6a). Introducing disorder, on the
contrary, prevents structural changes in the dis@lated site, and the strength of the
modulation gradually increases with the numberestyrbed residues (Figure 5, 6a). We also
found that there is an apparent dependence oétet of allosteric modulation on the type of
the secondary structure that was perturbed: intiodustructural order in flexible loops
causes a more pronounced allosteric effect, whelisasder introduced ifi-strandsg-
helices, and loops leads to allosteric modulatiosirailar strength. The Allosteric Signaling
Maps (ASMs) also show that stronger allosteric oasp can be elicited by simultaneously
perturbing multiple residues in all the proteingds¢d here. The ASMs obtained from
two/three-residue perturbations in BirA, SrtA anacR are shown in Suppl. Figure 2, and
those from the esterases are shown in Suppl. FjuMhile these observations may suggest
potential allosteric effects corresponding to \&ias in the extents of rigid/flexible

structural elements from homologous proteins (iditazh to their involvement in protein
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stability), they also point to the possibility eining the desired allosteric responses via
extrinsic alterations of order/disorder of varym@gnitudes (Figure 5).

In general, allosteric effects induced by engingelisorder/order or by other
perturbations can be predicted and interpretdukiinformation about the allosteric effect of
natural allosteric effector(s), such as ligand nigdand/or disorder-order transitions, is
available. In this case, the mode of signalingiyatihg or inhibiting) and its strength can be
estimated on the basis of the comparison with tkbsatural allosteric effectors. The ASMs
can be used as a guide to explore protein sitésfreghat can lead to or prevent
conformational changes in a targeted site, for e@tartne active site of the esterases, and
estimate the energetics of the signaling, upomiafiehe order/disorder characteristics of the
perturbed sites/regions. In the absence of anyrempatal data on the function-related
protein energetics and on the role of allosterieatérs, the predictive potential of our model
includes localization of allosteric sites and thrersgth of the signaling, as it was described
elsewhere [32,47]. Noteworthy, both negative ansltp@ modulations can be either
activating or inhibiting to the protein functionoiFexample, positive modulation on the
active site can either disrupt the interactionsveen the substrate and the catalytic residues,
or facilitate substrate binding, resulting in ateygc inhibition or activation, respectively. At
the same time, negative modulation can either hitideenzymatic activity due to a
rigidified active site, or increase the proteiniatt by stabilizing flexible loops constituting
the active site. In this work, negative allosteniodulation (stabilization) at the disordered
dimer interface of the BirA monomer facilitatesrfation of the active BirA dimer. On the
other hand, negative modulation prevents the camtional changes in the Switch regions
that are required for Racl activation.

The allosteric tuning of protein activity by strucal order/disorder, and the potential

for its engineering guided by the ASMs were expldnere on three case studies and on a set
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of homologous esterases. On the basis of the cixd@ersistent trends, a generic approach
on using introduced disorder or order is proposedniducing allosteric modulation of
protein activity, and for design of proteins witloateric mechanisms [42]. Briefly, using the
SBSMMA, one can begin by exploring the type of pdrations (either disorder-to-order
transition owice versa) that can potentially cause the required moddlo$t@ric regulation
(activation or inhibition) over the protein activitNext, establishing the quantitative
relationship between the degree of introduced didsmrder and the corresponding allosteric
effects on the protein function will help to delate the extents of required
modifications/perturbations for inducing the taegkallosteric response of variable strength.
The observed correspondence of the strength ddtatic modulation with the extents of
order-disorder transitions (natural or engineenedhe proteins (Figures 4-5) allows to
establish an allosteric control scale that carlifat® protein engineering efforts (Figure 6b).
The allosteric control scale can be used as a gaugstimating the effect of the back-and-
forth gradual transition of the order-disorder aomim on the activity of regulated

functional sites, via stimulating/preventing comf@tional changes, and modulation of their
dynamics. Obviously, the structural dependencdlo$taric modulation should be further
studied on a big number of diverse protein foldsicl will also contribute to the multisided
picture of the allosteric regulation.

Concluding this work, we argue that order/disondelely used in natural proteins as
one of the efficient ways of controlling the pret@ictivity via allosteric mechanisms can be
used in protein design/engineering efforts [42] tAis end, the allosteric control scale can be
used as a foundation for quantifying the grounal@osteric effects of order/disorder, to
be further complemented upon consideration of théem structural and functional

diversity.
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Figure Legends

Figure 1. Allosteric communication mediating disorckr-to-order transitions in BirA and
its dimerization. (a) The crystal structure of BirA monomer (PDB: 2ewD)mer interface
(residues 140—146 and 193—199) is indicated; the BBsidues 116—124) is colored in
green and residues 219—222 within the ABL (211—2#®2)colored in orange. Bound bio-

5’-AMP is shown in pink.l§) The exhaustive Allosteric Signaling Map (ASM), ialn

contains modulation rangmgp D (kcal/mol) exerted at residuielue to perturbation at

residueP. The red-to-blue color gradient is used to inciaatgative-to-positive range of

(PT)
dimer

AhEP”) values. €) Scatter plot of modulation ranges in the diméerfaceAh upon

disorder-to-order transition at residéeersus the average distance between the perturbed

PIT)

imer Values due to residues in the

residue and residues constituting the interface.

BBL and residues 219—222 in the ABL are indicatedrieen and orange, respectivet)). (

TheAhéﬁﬂgr caused by perturbing single, two and three residuéhe ABL (upper panel)
and the per-residue modulation values in the iaterfrom the ASMs (lower panelg) (The
structure of BirA colored according to the modwatranges caused by disorder-to-order
transition of residues located in the ABL. The pded residues (219—222) and residues

208 and 223 as negative controls are labelled cole scheme follows that in (b) and the

radius of the tube-like depiction represents thgmtade of the modulation.

Figure 2. Allosteric signaling caused by calcium o binding to the IDR in SrtA. @) The
crystal structure of apo SrtA (PDB: 1t2p). Calciion (green) and sorting signal (pink) are
superimposed on the apo structure for illustratesidues 171—177 in ti§@&/37 loop are

colored in orange and tf}&/B8 loop is colored in cyanb] The ASM derived for SrtA.d)
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TheAhg;l/Bg loop V@lUES upon disorder-to-order transition at péedrresidué plotted

against the average distance between re$icared residues in tH&7/38 loop. Modulation
ranges caused by perturbing residues 171—177 ipa#3& loop are colored in cyad) The

(2%
AhB7/88 loop

caused by perturbing single, two and three residiwen 171 to 177 (upper
panel) and the per-residue modulation values iB#@8 loop from the ASMs (lower
panel). € The structure of SrtA colored according to thediation ranges caused by

disorder-to-order transition of the labelled resisluThe residues 171 and 105 serve as the

negative control.

Figure 3. Allosteric signaling originated by localdisorder in Racl.(a) The crystal
structure of the inactive Racl (PDB: 1i4d). GDP ecole and magnesium ion are colored in

pink and green, respectively. L1 (44—50) is colaredrange, S1 (35—39) and S2 (57—67)

are colored in cyanbj The ASM derived for RacchTheAhg;%2 values upon simulated

disorder at residul plotted against the average distance between peduesidué® and

residues in the S1 and S2 regions. The modulaatures caused by perturbing residues 44—

50 in the L1 site are colored in cyad) (I'heAhgij)S2 caused by perturbing single, two and

three residues from 44 to 50 (upper panel), anghéineesidue modulation values in the S1
and S2 regions from the ASMs (lower panead).The structure of Racl colored according to
the allosteric modulation caused by local disofdéove) and by rigid packing (below) at the

labelled residues.
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Figure 4. Inducing allosteric response by tuning stictural order and disorder in
esterasesOn the left, the structure of Est-M (PDB: 40b83%lmwn with the catalytic triad
colored in cyan. Segments of protein primary streecthat exhibit different (S1—S4) and
same secondary structure contents (S5—S7) amorthelogues are indicated. On the
right and below, sequence alignments of the homms@re shown with the secondary
structures colored for each segmé@ngfrand—orangey helix—purple and loop—qgrey.
Psychrophilic, mesophilic and hyperthermophilicesses are indicated by P, M and HT,
respectively. Single and stretches of two and thesglues are perturbed via a sliding
window approach within the enclosing black framgeu&ures corresponding to the aligned
sequences are shown for each segment. The heatcorapst of the per-residue allosteric
modulation at catalytic residues (S—serine, D—asgpacid and H—histidine) due to UP
perturbation (above, up arrow) and DOWN perturlvaflmelow, down arrow) are obtained

from the ASMSs.

Figure 5. Incremental tuning of structural order and disorder. Segments S1, S6 and S7

are incrementally perturbed from single to six or éght residues.

Figure 6. Disorder-order transitions establish theallosteric control scale of protein
activity. (a) Introducing structural order and disorder atalikications leads to the inducing
and preventing of conformational changes at prdteictional site, respectively. Red and
blue arrows indicate a decrease and increase @ifooational work exerted at the sit®) (
The allosteric control scale can be used as a gaugeeasuring and tuning of allosteric

response on the basis of the extent of disordegrdrdnsitions.
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Supplementary Figures

Supplementary Figure 1. Structural comparison of tle apo and bound states of (a) BirA
(PDBs: apo—1bia, holo—2ewn) and (b) SrtA (PDBs: ape-1t2p, holo—2kid). The
binding sites of allosteric effectors and proteagions manifesting allosteric effect are

indicated by orange and cyan circles, respectively.

Supplementary Figure 2. Allosteric Signaling MapsASMs) and distance maps for (a)

BirA, (b) SrtA and (c) Racl.

Supplementary Figure 3. Allosteric Signaling MapsASMs) and distance maps for the

(a) psychrophilic Est-P, (b) mesophilic Est-M andg) hyperthermophilic Est-HT.

Supplementary Figure 4. Superimposition of the stratures of psychrophilic (Est-P),

mesophilic (Est-M), and hyperthermophilic (Est-HT) esterases.

Supplementary Figure 5. Multiple sequence alignmenf Est-P (blue), Est-M (green)
and Est-HT (red). Sequence correspondingdadelices strands and loops are colored in
purple, orange and grey;helices are also denoted by tube-like shape$ aticinds by

arrow shapes. The catalytic triad is colored inncya
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* Back and forth order-disorder transitions can induce allosteric signaling
* Allosteric signaling originated by order/disorder follow universal rules
e Allosteric control scale facilitates engineering of the protein activity regulation
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