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ABSTRACT Cyclic nucleotide binding domain (CNBD) is a ubiquitous domain of effector
proteins involved in signalling cascades of prokaryota and eukaryota. CNBD activation by cyclic
nucleotide monophosphate (cNMPXxtsidied well in case of several proteins. However, this
knowledge is hardly applicable to cNMRodulated catio channels. Despite the availély of

CNBD crystal structures of bacterial cyclic nucleotgited (CNG) and mammalian
hyperpolarizatioractivated cyclic nucleotidenodulated (HCN) channels in presence and absence
of the cNMP, the full understanding of CNBD conformational changes during activation is
lacking. Here, we describe a novel CNBD dimerization interface found in crystal structures of
baderial CNG channel MiotiK1 and mammalian cAMietivated guanine nucleotigexchange

factor Epac2. Molecular dynamics simulations show that the found interface isatahke

studied timescalef 100 nsin contrast to thdimerizationinterface reportedoreviously
Comparisons with cNbound structures of CNBD show that the dimerization is incompatible with
CcAMP binding. Thus, the cAMidependent monomerization of CNBD may be an alternative
mechanism of the cCAMP sensing. Based @séfindings, we proposa model of the bacterial

CNG channel modulation by cAMP.

Keywords: cyclienucleotide binding domain, CNG channel, Epac2, channel

gating

Abbreviations: CNBD, Cyclic nucleotide binding domain; cNMP, cyclic nucleotide
monophosphate; cAMP, cyclic adenosine
monophosphate; CNG channel, cyclic nucleotidéed
channel; HCN channel, hyperpolarizatiactivated
cyclic nucleotidemodulated channeMD, molecular
dynamics;RMSD, root mean square deviatjidPCA,

principal components analysis



Introduction

The cyclc nucleotide binding domain (CNBD) is a part of many cAMBulated
proteins[1]. Its function has &en well studied for catabolite activator protein
(CAP), protein kinase A (PKA) and guanine nuclectdehange factor (GEF)
Epac2. CAP is organized as a dimer, with its interface being on the CNBD helix C
[2]. Binding of cAMP induces coil-to-helix transition in CNBDBdistal end of
CNBD helix C, and consequent rearrangement of BlWAling domain, which
results in the increase in DNA affinify8]. In PKA, binding of cAMP tothe
regulatory subunit restsl in dissociation of subunits and activation of the catalytic
subunit[4]. As for Epac2, it functios as a monomer, but there are two CNBD
domains in it (CNBBA and CNBDB). In the inactive form, CNBBA and
CNBD-B are bound to each other and occlude the binding sittec$mall G
protein Rap. Upon introduction of cAMP, CNBB movesaway from the Rap
binding site and Epac2 becomes acfile

Besides afommentioned proteins, there exist humber oftetrameric cation
channels whose conductivity is modulated by cyclic nucleotitlesse channels

lie at heart of many cellular processes avete extensively studiedy various
biophysical techniquefg]. ,PSRUWDQW LQVLJKWYV LQWR WKH
gained from structural studig§]. Crystallographic structures revealed not only
the tertiary structure athannelCNBDs, but also their multimeric states. CNBD
from bacterial cyclic nucleotide gated (CNG) channel MlotiK1 crystallizes as a
dimer with noncrystllographic symmetry axi§7, 8] and the structure of the
monomes resembles that of CNBDs from other proteiBscauselte CNBD was
co-purified with a bound cAMP, which was difficult to remove by dialisys, the
crystallographicstructure of the cAMRree CNBD wasdetermined for mutants
with hampeed cyclic nucleotide bindin{7, 8]. Thoudh some cAMPdependent
structural rearrangements were revealed, the findings did not result in a definitive
hypothesis on how the channel activation could prodded]. NMR studies
provided complementary informatiom ¢the CNBD structure in solutigrboth in
presence and absence of cAM#nd foud no evidence of dimerizatid®, 10].
Findly, the 16 A resolutionelectron microscoptructure of the wholength
CAMP-bound MiotiK1 channel revealed that in that state the CNBDs are

completelydissociated 11]. As for more complex eukaryotic cyclic nucleotide
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gated (CNG) channels and hyperpolarizatativated cyclic nucleotide
modulated (HCN) channels, the crystallographic strustofethe cytoplasmic
parts revealedsimilar CNBD structureand tetramericoverall assemblywhich
proceed via the interactionbetween theC-linkers [124]. However, noarge
scale structural rearrangementgich could result in ltannel modulationwere
detected between the cNMfee and cNMFbound structuresThus despite the
extensive studies, the full understanding of the cyclic nucleotide modulation of
both prokaryotic and eukaryottation channelkas not been reached

Here,we describea novel CNBD dimerization interface, present in two different
crystallographic structureshe first oneis of MlotiKl CNBD domain R307W
mutant with hampered cAMP binding, PDB ID 3C{&P, andthe otheroneis of
Epac2, PDB IDs 10715 and 2BYV[16]. This dimerization is incompatible
with cAMP binding, and thus theNBD monomerizatiorupon binding of cCAMP
may be a mechanism of theotic nucleotidesensing.We have studied the
stability of the MlotiKl CNBD homodimer and Epac2 CNBD heterodirhgr
means of molecular dynamidso structwal rearrangements were obsendenling

the simulationsThe dimerswere stableon the studied timescal@s a reference,
we have also simulated thether MlotiKl CNBD dimerization interface,
described irthe previous studiesyhich is observed in both tleAMP-bound and
the cAMP-free structure§?, 8]. This interfacdluctuates excessively and partially
dissociate during the simulations.On the basis of our findings,endiscuss the
possibility of CNBD dimerization in the physiological context and propose the
mechanism of the bacterial CNG chanmglting, based orcAMP-disrupted

dimerization of its CNBDs.

Materials and Methods

For molecular dynamics simulations the models were immersed in a water box
with 8 A padding. Sodium and chloride ions were added at a total concentration of
0.2 M in such amuants that the total charge of a system would be equal to zero.
Before the production run, the systems were equilibrated in three steps. First, the
energy of the system was minimized using standard algorifaifsl8]. After

that, the solvent was equilibrated for 1 ps, with the protein atoms festrgined.

Finally, the whole system was released and equilibrateadiditionall ps.



Atomic coordinates for MlotiKl CNBD dimermweretaken from the structuref
R307W mutant (PDB ID3COZ2 [8]) and the model was completed to contain
residues 22B50. The residue W307 was mutatedck to arginine in order to
represent the wildype proteinusing the pfgen utility[17], and the structure was
equilibrated by thestandard procedure. Afténe equilibration, R307 occupied the
confomation similar to that observed in the experimental structukesmic
coordinates for Epac2 CNBD dimereve taken from the PDBD 107F [15].
Residues 1367 were taken for CNBIA, and 305444 for CNBDBD. All the
residues were assumed to be in their standard protonation states, based on by
residue pKa values determined with PROPKA ser{/&9]. In total, three
molecular systems were prepared: the Epac2 CNBD heterodimer, the MlotiK1
CNBD homodimer withtie novel interface, and the MlotiKkl CNBD homodimer
with a previously described interfadéach system was simulated @0 ns at
310 Kwith CHARMM27 parameter§20] with integration timestep of 2 f3he
Epac2 and MlotiK1 dimers with a novel interface were simulatedg NAMD 2
version 2.7[17], andthe MlotiK1 dimer with a previously reported interface was
simulated using GROMACS version 48518]. Bonds betweerthe hydrogen
atoms andheheavy atoms were kept rigid using the SHAKE algorithhmamd?2
simulations, lhe temperature was maintained witie Langevin thermostat with
the damping coefficient of ps’, and he pressure of 1 bar was maintained with
the Langevin pistonbarostatwith the following parameters: period of 100 fs,
decay of 50 fsin GROMACS simulations, theemperature was naained with
the Berendsen thermostahodified to reproduce theorrect sampling of the
temperaturg21], and the pressure was imi@ined usinghe ParinelleRahman
schemdg2?].

The structuresand the trajectories were analyzed using VMD[23]. For
determination ofthe root mean square deviat®of the atomic coordinates, all
trajectory frames were alignegsing the backbone atoms of both protomers.
Principal componentsanalysis (PCA) [24] of the massveighted covariance
PDWUL[ RI WKH EDFN ER Q4d$ confuRtedUSing & toaBs lgQebvat H V
and g_anaeig of the GROMAGHite[18].



Results and Discussion

Analysis of the novel CNBD dimerization interface

The interface igresent in crystallographidractures of two different proteins,
bacterial CNG channel MlotiK1l R307W mutant (PDB ID 3Cf8P and human
guanine nucleotide exchange factor Epac2 (PDB IDs 1@%3Fand 2BYV[16)]).
The protomers are located slightly asymmetricallyphere are two main
interactions preser{fFig. 1) First, thereD UH H [ W-Bh@adikeYiteractions of
VWUDQG ZLWK ¢ DQG VWUDQG ZLWK 9§ SULPH G
GLPHU ,W DS SHIROW WRK DR\Q MV IS RW R P Hrioll 6FRh@ WL Q X H \
second protomer. Second, there aneneroushydrophobic contacts between the
internal surfaces of the-strands 4 and.39n case of MlotiKl CNBD, the dimer is
further stabilized byhe contact between the-términal helix of one protomer and
-strands 4 and 5 of the other (Fig. 1, (a)). In case of EpAZDCthe dimer is
additionally stabilized byhe contact between the regiont@minal to CNBDA
D Q @oll of CNBD-B (Fig. 1, (b)).
The described interfaces possess contact surface areas of aad A100 A in
MlotiK1 and Epac2 CNBD dimergorrespondigly, as calculated by PISA server
[25]. However, in both dimers the protomers are not independemia The only
physiological form of the MlotiK1 chanel is tetrameric, with the distance between
the Niterminal tails of CNBD domains in the range-40 A, as judged from the
crystallographic structure of the transmembrane [[2&it In Epac2CNBD-A and
CNBD-B are simply a part of the same polypeptide chiimeans thatn both
caseghe local concentrations of the interactingtpmers g extremely highof
the order of 10%v/v andhigher. Thus, the usual expectati@atsoutthe contact
surface areaf physiological interfaces (as e.g.[®7]) are not applicable here, as
the local concentration of interacting partnenscase of Epac2 and MlotiKis
highly elevated, compared the usual concentrations of thieteractingproteins
in cytosol| and the proteis would dimerize evewhen the association constant
arelower than usualThe more thorough consideration of the effects arising with
domain linking (tethering) may be found[i2g].
To sum up,from the general considerations it appears very plausible that the

described dimerization takes place in physiological settings.



Incompatibility of the dimerization with cAMP binding

The decribed dimers possess a very notable feature, which may be directly
relevant for their function. Both dimers are observed in dbsence of the
&1%'TV OtAMPQ@mparison with the cAMBound structures (PDB ID
1VP6 for MlotiK1l CNBD [7] and PDBID 3CF6 for Epac2 CNBO29]) shows

that the presence of cAMP is incompatible witbdimerization. First, the cAMP
bound to the first protomeoccludes the place of binding of the second protomer,
and second, the movement of thd€lix, induced by cAMP binding, wid result

in the steric clashof this helix with the second protomer (Fig).1Thus, the
dimerization via the analyzed interface is impossible in the presence of cAMP.
We propose that theissociationof CNBD dimersupon rise of the cAMP
concentration maynderlie the function of CNBD in the MlotiK1 and Epac2.

Molecular dynamics simulations

To analyzestability of the observed dimers on the atomic levelcaeducedthe
molecular dynamics (MD) simulation®Ve simulated theMlotiKl and Epac2
CNBD dimes for 100 ns. Both dimers reveal high degree of stability. The
average RMSD values fdhe backbonatomsare2.3 A for MlotiK1 dimer and
2.1A for Epac2 dimer, and RMSD values filre backbonatomsat the contact
siteare1.8 A for MlotiK1 dimer and1.8 A for Epac2 dimerTime-dependence of
the RMSD for both systems shownin Fig. 2.
Analysis of the dependence of the RMSD on residue number shows that on
average all the residues of the simulated dimers behave similarly (Fig. 3). Outliers
are the unstructti G UHJLRQV EKWIHAHOQV WKHHDQGS . BQRGEG &1%'
KHOLFHV .$79 DQ &8 offHpard. BolWwkver, these regions are distal to
the dimerization interface and their increased mobility should not affect the
dimerization. Also, the Nand Gtermini of all proteins reveal greater mobility,
which is expected for the exposed ends pblypeptide chainAs for the contact
site, its residuesn both proteins do not display any increased mobility compared
to other residued-luctuations of the backbontms are presented Fig. 3
In MilotiKkl CNBD homodimey the protomers are positioned slightly
asymmetrically. As a consequence, tiféedence in mobilities of the pibetween
-strands 4 and 5{4 SLQ D Q GstrRmda® Bldderved The 45 pin of the
protomer B is exposetd the solventand reveals higher mobility as compared
7



to the buried % pin of the protomer A (Fig. 3Also, a small rearrangement of

the 4-5 pin of the protomer Bs observed for one MlotiK1 protomérhis may be
ascribed either to MD artifacts or tthe probable errors in the initial
crystallographic model due to its relatively low resolution .9

As for the Epac2 CNBD heterodimergtfiuctuations othe contact siteesidues

of both protomers (strands 4 and 5) are similar. Thé&4in is much longer in
CNBD-A, it does not reveal any secondary structureitddes not participate in

the dimerization. As a consequence, it fluctuates stronger than the neighboring
UHVLGXHV-st)dnds 4ad 5 of CNBDA are also more mobile that those of
CNBD-B, probably as a consequence of the mobile pin.

To sum up, the molecular dynamics show that the CNBD dimers observed in
crystallographic structures remain stable on the studied time#italeesiduesf

the contact sites fluctuate similarly to othessidues, and thus the observed

interaction is significant.

Molecular dynamics simulations of  the previously reported MlotiK1
CNBD dimer

Previously, it was proposed that the MlotiK1l may dimerizethiea.-KHOLFHV $1
and A[7, 8] (Fig. 4) Howeve, this notionis challenged by a number of other
studies[6, 941, 30]. Here, wetest this dimerization interface by means of
molecular dynamics. As the CNBDs are dissociatedhancAMP-bound state

[11], we u®d the interface frorthe cAMP-free mutant crystallographic structure

as a starting conformation (PDB ID 3CO3]). The dimer regals &cessive
fluctuations, which sometimes resultarpartial dissociation (Fig. 4nd § of the
protomers for example,at the time mark~61 ns) There the interaction is
UHG X FH G KWR MWK the fontact area is of the order @ A2.

In order to further characterize dynamics of this dimer, we ltavaed out the
principal components analyqi24] of the masaveighted covariance matrix of the
EDFNERQH DWR P.VTihe RfaRdisGrev@dlsWiral the conformational
changes are dominated by the first three modes (Fig. 5). There, the protomers
move largely independently as they do not change their own conformdiiudns
move relativeto each other for as much as 20 A during the traje¢figy 5). The

natureof the contacts betweehe protomerss changed dramatically (Fig. 5).



The situation is different for the novel type of dimerization. There, only the first
mode somewhat corresponds to relative domain motions (Fig. 5). However, its
amplitude is lower than the amplitude of any of the first three modes of the
previously reported dimer, and the dimerization interfaggeéservedThis mode

is rathera result otthe overall flexibility of CNBD.

Thus we conclude thathe previously reportetype of dimerizationis probably
unspecific and simply reflects the hydrophobic nature of the interfasbould
alsobe noted, that in this interfatlke contact site surfa@eea is lower than ithe
dimerizationinterfaceproposed above-600 X versus 800 Aand 1100 A The
~-KHOLFHV $9 ZKLF khdtRu@GWemBrxnd helicBdB, are directed
almostopposite to each other (Fig. f§hereasLQ WKH QR Y HO-hel@geg; HUIDFH
$ fcross at much lower angle (9®%ig. 3). To sum up, it appears thét the
CNBD dimerization occurs it is much more likely to proceed via the newly
reported interfacedescribed abov@ndnotvia the previously reported one.

Implications for CNG Channels Gating

Bacterial CNG channels consist of three domafoar-helical trans membnae

(TM) voltage sensingike domain,two-helical TM ion channel pore domaiand
CNBD. Mammalian CNGsnd homologous to them HCMse more compleand

hawe elongated N and Gtermini and, most important, @-linker, consisting of
several .-helices, between the pore domain and CNPBesence of thifinker
undoubedly results in qualitative differences. Tiee the CNBD is no longer
connected directly to the S6 helix of the ion pore, treddistance between the
CNBD and the membrane is mudharger Moreover, the crystallographic
structures of the cytoplasmic parts of HCN2 and HCN4 reveal tetrameritkeng
assemblieswhere the interaction is mediated by thdirker [12, 14, 31].
Finally, the gating processtself is different in mammalian and bacterial CNG
channels at least in one aspect: while in the former it is strictly cooperative (Hill
coefficientsin the range3-4), in the latter it is not (Hill coefficientsf ~1.5)[7, 8,

6]. Thus, the differences between the mammalian and bacterial channels are
significant, and we will limit ourselves tahe discussion of only the bacterial
&1*YV JDWLQJ

The MlotiK1l CNBD has beerextensively studied experimentally 1, 30, 32].

It is a general conclusion thatitldomain behaves as a monomer in soluf@n

9



10, 30]. However, as we have already pointed out, the concentration of the protein
used in these experiments is of the order of 0.1% v/v, meanwhile in the
physiological context ithe functional tetrameric channel there are four CNBDs
in avery close proximity, withthe effectivelocal concentration of the order of 10
20% v/v. Thus,the proposed dimerization could easily go undetected in the
experiments. Finally, we would like to make a remark about the study of
Cukkemane et a[30]. There, three different methods were used to determine the
dissociation constarkp of CAMP (isothermal titration calorimetry, tryptophan
fluorescence and -BBD-cAMP fluorescence). In these three techniques the
authors used different giein concentrations (of the order of 50 § Y 5Y

0 D@G 0, perhagunintentionally The resulting I§ were 107+11, 80 and
67.8+£8.7 nM correspondingly30]. The discrepancies between the determingd K
values may result from the methodological differences between the techniques,
but the other explanation is also possible: cAMP competes twéhCNBD
dimerization, andas aconsequencadt has a higher apparentlat higher CNBD
concentrationsThus, the experimental results do not contradict the propofi
MlotiK1l CNBD dimerization, and probably support it.
The possibility of the cAMRdisrupted dimerization of CNBD alles us to
formulate the hypothesis on the gating of MlotiHi.the absence of cAMP, the
CNBDs are inthe dimeric formand the channel is clos€#ig. 6). Binding of
CAMP prevents theCNBD dimerization Thus, n presence of cAMP, the CNBD
domains are comgplely separated, in accord with low resolution electron

microscopy structurgll], and the channel is opérig. 6).
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Conclusions

In this study, wehave described the novel dimerization interface of cyclic
nucleotidebinding domainswhichis disrupted in presence of cAMPwo 100 ns
molecular dynamics simulatiorts the dimers from different proteimemonstrate
that the CNBD dimers stableon this timescaleand that the contact residues
preserve their positian The previously reported interface, on the opposite, is
found to beunstableduring thel00 nsmolecular dynamicsimulation Possibility

of cAMP-disrupteddimerization of QIBD allows us to formulate the hypothesis
of bacterial CNG channel gatintn the absence of cAMP, the CNBDs are in the
dimeric form and the channel is closed. Binding of cCAMP prevents the CNBD
dimerization and thus promotes the channel opening. This sgiefits and
explains the available experimental data channel functianFinally, the novel
interface may be involved in some yet unknown interactions in cases where the

CNBD function is not determined, as for CNBDdomain of Epac2.
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Fig. 1 Dimers of cyclic nucleotide binding domains observed in crystallographic structayes.
Superposition of the cAMBound CNBD monomernfagentd and the CNBD dimer in the
absence of cAMP gfeen for CNG ion channel MlotiKl (PDB IDs 1VP6 and 3COZh)
Superposition of the cAMBound CNBD monomernfagentd and the CNBD dimer in the
absence of cAMPgteer) for guanine nucleotidexchange factoEpac2(PDB IDs 3CF6 and
107F) correspondingly. cAMP is shown in grey, in balls and sticks representation. Note that the
presence of CAMP is irenpatible with dimer formation.
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Fig. 2 RMSD of atomic coordinatesf the backboneatomsduring the trajectory of metular
dynamics simulationef MlotiKl CNBD homodimerand Epac2 CNBD heterodimer. RMSD is
measured relative to theitial (crystallographic) structuse
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Fig. 3 Backbone luctuations as a function tiie residue number. (a) MlotiKkl CNBD homodimer.
(b) Epac2 CNBD heterodimer. Regions with defined secondary structures are highlighted. The

secondary structuris labeled a# [7].
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Fig. 4 Structure of the alternative dimerization interface, proposed in the previous stadg}s
and its fluctuations during the molecular dynamics simulatiorSluctuations ofthe atomic

coordinates of althe backbone atoms are showrwo partial dissociation eventseaobserved at
~46 ns and~61 ns, where the wholdimer RMSD exceeds 5 &nd the contact site arear&iuced

to ~320 A%,
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Fig. 5 Principal components analysis of the simulated trajectories of MlotiKl CNBD ditmairs
interactvia the previously proposed interface wia the noveone In the top row, the first 20
eigenvalues of the masgeighted covariation matrices are showiote that the scales of the
graphs are differentn the middle and the bottom rows, extreme projections of the trajectory on
the corresponding eigenvecsare analyzed In the middle rowthere arethe root mean square
deviations of the backbone atomgtlod protomers A and,Bvith the whole structure being aligned
either bythe protomer A orby the protomer B It can be seen that the first three modéshe
previously reportedimer trajectorycorrespond largely to the relative tioms of the protomers. In

the bottom rowbackbone traces of thextreme conformations along the first three eigenvectors
are shown for the both simulatiorite structures argligned by one of the protomei&he view is

chosen sohatthe correspondingonformational changeare seemost clearly.
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Fig. 6 Model of the bacterial CNG channel activation by cAMBe \iew is from the cytoplasm
perpendicular to the membrane pla@gly the pore helices S5 and S6 are sholwnabsence of
CcAMP, the CNBDs are in dimers’W KH F KD Q Q H afe\tideokebicd btRdtl &hd dtporeis
occluded In presence of CAMP, the CNBDs dissociate, and the ion pore opens. PDB IDs 2AHY
and 3E86 wee used to represent the closed and the cpetie of thepore correspondingli33,

34]. Helicesof the voltage sensdike domainare not shown.
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