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Effects of T208E activating mutation on MARK2 protein
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ABSTRACT

Microtubule Affinity-Regulating Kinas® (MARK?2) protein has a substantial role
in regulation of vital cellular processes like induction of polarity, regulation of cell
junctions, cytoskeleton structure and cell differentiation. The abnormal function of this
protein has been associated with a numbepadhological conditions like Alzheimer
disease, autism, several carcinomas and development of virulent effeleticobacter
pylori. Here we tried to verify the structural changes induced in M2RIK T208E
activating mutation using molecular modelingdanolecular dynamics simulation. Our
results show that the enzyme structure shifts toward the active state due to T208E
mutation, but this process is not a uniform change in all through the expected regions.
Within the NHobe of the protein, those functiainregions having little or no interaction
with the UBA domain, like Nnalf of b2, b4 strands andC-helix, go through activating
motions and those having close interactions with UBA domain lika@l€of b1, b3 and
b5 strands are comparatively heldglac e and dondt accdobepany. W
only activation segment has noticeable displacements. Free energy calculations also
indicate higher affinity of UBA domain for proteirNobe i n mutant struct
9 kJ/mol) which is suggestive of a moreinmate interaction between the UBA domain
and protein Nobe in mutant structure.

Key words: MARK?2; Kinase protein regulation; UBA domain; Adithibition;
Molecular dynamics simulatioiMolecular modeling

INTRODUCTION

MARK?2/Parlb is a Serine/Threonine protein kinase, structurally related to
AMPK/Snfl subfamily of the CaMK (G&Calmodulindependent proteirkinasey
group of kinasegl, 2]. This protein was originally associated with a class of gene
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products, regulating the polarity of cells @ elegans[3]. In human, there are four
isoforms of MARKs which are best knowar their modulatory effeticon microtubule
associated proteins (MAPE, 4]. They have also beeassociated with regulation of
cell polarity in epithell and neuronal cellb-8].

Conserved sequential arrangement of araicids in all AMPK subfamily members
including MARK2, give rise to Nterminal header (N), catalytic protein kinase domain
(CAT), a putative common docking domain (CD), followed by a Ubig#tsociated
domain (UBA, a spacer domain, and at€minal tail domain, which includes the
kinase associated domain (KA1). In the majority of AMPK subfamily members, kinase
core UBA and KA1 domains are conserved off@s Activation of MARK2 is achieve
through phosphorylation of Thr208, by several upstream kinases like LKB1 and
MARKK [10, 11].

UBA domainis a globulardomainof 40 residues arrangedainly in threeJ-helices.

It is known as the UBA domaidue toits sequencéomologyto the classof ubiquitin-
associategroteins[12]. Howeve, in MARK2, the UBA domainhasan unusualfold
and is attachedto the N-lobe of the kinase core. Accordingly and judgingoy the
publishedstructuresof monc or polyubiquitin dockedonto UBA domainsof other
proteins,UBA is not ableto interactwith ubiquitin [13, 14]. Althoughthereareseveral
functionalrole associateavith otherdomainsof the MARKSs [12, 15], therole of UBA
domainis notclearlydefined ye{16, 17].

Here,we modeledtheinactive corestructuresf native and T208E mutated forms of
human MARK2 protein, covering residues49-363. It has beeneported that His
mutation increasesthe kinase activity by four fold [11]. Both modelswere then
subjectedto 20 ns of moleculardynamics(MD) simulations. Finally, to evahte the
structural and dynamiconsequences of this substitutioncamparative study was
performed on important parts of the native and mutated structures includaigpe NG
lobe and UBA domain. The results showed that activating motions chiefly happen in the
N-lobe and these motions are highly affected by UBA domain. The resutisenssd
regarding the alleged mild adtohibitory role of the UBA domain.

MATERIALS AND METHOD S

Modeling: In order to construct the wild typIARK2 and mutantMARK2120se
structures, MODELLER software version 9.88] was employedusing two
experimentallydetermined structures of inactive MARKPDB: 2WZJ and 1ZMW) as
templates. Since most parts of the activation segment are missed in 1ZMW structure, we
used the coordinates of 2WZJ structure in order to reconstruct the missmgrpase
structures cover residues-883 and include kinase core, CD motif and UBA domain.
They are all derived frorRattusnorvegicus buthave exactly the same sequence as that
of Homo sapien# our target area of studizig. 1). Of the 1000 models generated with
MODELLER, the one corresponding to the lowest value of the energy and Dope score
was selected for further analysis. In order to check for the quality of model, ERRAT
[19] and WHATIF[20] software packages were used.
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Sp|QTKZIT | MARKZ HUMAN MSSARTPLPTLNERDTEQPTLGHLDSKPSSKSNMIRGRNSATSADEQFHI 50
sp|008679 | MAREZ2 RAT MSSPF”3L3”LNEFD”EQjTLuHLDSstsKSNMLFUFNSP SEDEQPHI 50
sp|QVEZIT | MAREZ HUMAN GNYRLLET IGEGNFAEVELARHILTGEEVAVEIIDETQLNSSSLOKLFRE 100
sp|008679 | MAREZ2 RAT GNYRLLEKT IGKGNFAKVELARHILTGKEVAVEIIDKTQLNSSSLOKLFRE 100
Sp|QTKZIT | MARKZ HUMAN VEIMEVLNHENIVELFEVIETEKTLY LVMEYASGGEVEDY LVAHGRMEEK 150
sp|008679 | MAREZ2 RAT VEIMEVLNHENIVELFEVIETEKTLY LVMEYASGGEVEDY LVAHGRMEEK 150
Sp|QTKZIT | MARKZ HUMAN EARRKFRQIVSAVQYCHQKF IVHRDLEKAENLLLDADMNIKIADFGESNEE 200
sp|008679 | MAREZ2 RAT EARRKFRQIVSAVQYCHQKF IVHRDLEKAENLLLDADMNIKIADFGESNEE 200
Sp|QTKEZIT | MAREZ HUMAN TFGNELDTFCGSPEYAAPELFQGKEY DGPEVDVWSLGVILYTLVSGSLEE 250
sp|008679 | MAREZ2 RAT TEGNELDT :stjiEP3ELﬁ%UKKIDU3EfDIESLUI LYTLVSGSLPFE 250

Sp|QTKZIT | MARKZ HUMAN DGONLKELRERVLRGKYRIFFYMSTDCENLLEKFLILNPSERGTLEQIMK 300
sp|008679 | MAREZ2 RAT DUQNLKELFEFILFUKIR___fMS”D ENLLEKEFLILNPSKRGTLEQIMK 300

Sp|QTKZIT | MARKZ HUMAN DEWMNVGHEDDELEPYVEPLPDYKDPRRTELMVSMGY TREEIQDSLVGQR 350
sp|008679 | MAREZ2 RAT DEWMNVGHEDDELEFYVEPLPDYKDPRRTELMVSMGYTREEI “DSLIUQF 350
Sp|QTKEZIT | MAREZ HUMAN YNEVMATYLLLGYKSSELEGDTITLEPRPSADLTNSSAPSPSHEVQRSVS 400
sp|008679 | MAREZ2 RAT YNEVMATYLLLGYKSSELEGDTITLEPRPSADLTNSSAPSPSHEVQRSVS 400

Figure 1: Protein sequence alignment of Human andNVRARK2 using ClustalX2 version 2[B2].

MD simulations. All MD simulations were carried out using the GROMACS
simulation package version 4.9&lL], with AMBER force field parameters for energy
minimization and MD simulationf22]. The starting atomic coordinates of native and
T208E mutated MARK2was obtained from the modeled structures prepared by
MODELLER. Each protein, native or mutated, was centered in a cubic bdx an
immersed in SPC water molecules so that the shortest distance between the protein and
the box boundaries was 1.0 nm and periodic boundary conditions were applied. To
achieve a neutral simulation box, the net charge of the protein was neutralized by
replacing water molecules with Cand Nd ions. Each solvated and neutralized system
was energyminimized using the steepest descent algorithm until the maximum force
become smaller than 500 kJ/mol.nm. After energy minimization, two separate position
restrainéd MD simulations were sequentially carried out to equilibrate the solvent and
ions around the protein. First, to adjust the system temperature, an NVT MD simulation
was performed for 200 ps at 300 K by imposing thermal energy in a constant volume
conditionusing the velocity rescale algorithm (modified Berendsen thermostat)with
= 0.1 ps[23]. After arrival at the correct temperature, the resulting atom velocities and
coordinates wa used to start an NPT MD simulation at 300 K and 1 atm for 200 ps by
the ParrinelleRahman algorithm with} = 0.2 ps during which density of the system
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was stabilized at around 1000 kg/fi24]. Finally, the productioMD period of 20,000
ps at constant pressure and temperature was performed on natiV@(&ttl mutated
In all MD simulations the LINCS algorithm was used to

MARK2, respectively.
constrain all bondengths[25]. LennardJones and sherainge electrostatic interactions

were calculated with 1-Am cutoffs, and a particle mesh Ewald algorithm was used for
the long range electrostatic interactid@6]. The neighbor list was updated every 10

steps. Eachamponent of the system was coupled separately to a thermal bath, and
isotropic pressure coupling was used to keep the pressure at the desired value. A time

step of 2 fs was used for the integration of equation of motion.

Free energy calculationsFree enagy ( &G) of
and protein Nobe was calculated using molecular mechanics PoiBsttmmann
surface area (MMPBSA) calculations. 400 frames extracted from the last 8000 ps of

each trajectory corresponding to wild and mutantcstines were used for analysis.

nteract.

on

Calculations were performed with the scripts kindly provided by Dimitrios

Spiliotopoulog27].

RESULTS

Quality of models Among the 1000 models generated by MODELLER for

MARK2 structure, the one corresponding to the lowest value of the energy and Dope

score was selected and quality of the model was evaluated by ERFATand
WHATIF [20] software packages. ERRAT calculates overall quality factor for non

bonded atomic interactions and higher ERRAT score means better qualibe o

structureThe ERRATscorefor templatesandthefinal modelwerecalculatedo be 88.3,

Packing quality Score
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Figure 2: WHAT-IF packing quality score profiles calculated for the templates and modeled
structuresThe great majority of residues have a score ab2w@ndnone has a score below
which is indicative of a high quality model.
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95.5 and 86.31, respectively. These values are indicative of high structural figjlity
We also checked the normality of amiacid local environment bWHAT-IF program.
In order to have a reliable structure, the WHITpacking score should be aboweb
which is fulfilled in all templates and final modeled structures (Fig. 2).

MD simulations. Both MARK2 and MARK2t,0se models were subjected to 20 ns
of MD simulations. The backbone root mesquare deviation (RMSD) MIARK2 and
MARK2t08eSt ruct ur es
respectively. As seen, average RMSDMARK2 20ge is higher than that of the nativ
one,indicaing significant conformational rearrangementMARK21,se caused by the

activating mutation. For both models, the backbone RMSD as a function of time reaches
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Figure 3: RMSD profiles for the backbone atoms of wild and mutant structyAss.Time
evolution of RMSD for the Nobe of proteins indicates that the mutant structure is more deviated
from the starting structure as compared to the wild type. (B) RMSD measurementdofoe C
residues indicate that structural deviations are similar in theb€ of wild and mutant structures
(Activation segment was not considered as a partiob€). (C)Backbone RMSD per residue for

MARK?2 (blue line) andVIARK2 15ge (red line). The alphabetically highlighted stdomains are;

A: Glyciner i ¢ h | o-leelx,C: Gatalytit) IGop, D: activation loop, E: UBA domain.

own
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a relative plateau after about 12 nanoseconds (ns) of simulation (data not shown) and
from this time point on, motions have been studied. Comparison of RMSD values in the
two lobes of the protein implies that gross deviations chiefly happen in 4bbeNof

protein and activation segment (Fig. 3).

Structural changes of Nlobe: N-lobe of the protein is comprised of fibesheets
giving rise to the so called barrel like structure arm@servech e | i shelix) tlatis
proved to have a key role in regulation of numerous kinase proteins a¢#8ity
Through the activation process, this lobe tilts toward tHeb& by rotating against
hinge region, the zone that connectdoNe of protein to €obe [28]. DSSP analysis
shows that through thensulation time, stability of the first thred®sheetqresidues: 49
88) isreducedvithin theMARK21,gestructurecomparedo thatof MARK2. Thisis also

T T T e
12000 14000 16000 18000 20000

MARK?2

T208E

12000 14000 16000 18000 20000
Time (ps)

[ Coil [l B-Sheet |l B-Bridge [l Bend [] Turn [l A-Helix [l 3-Helix

Figure 4: Secondary structure analysis of the native and mutant MARK2 mddeis-dependent
secondary structure fluctuations of MARK2 (top panel) and MARIJg2 (lower panel) models
calculated for the last 8 ns of simulation using the DSSP program. The occurrence of secondary
structure elements isdicated by using a color codEhe Stability ofb-sheets (residues:&0) and

U @helix (residues: 9406) is reduced within the mutant structure. Activation loop of the mutant
model (residues: 19320) mostly assumes bend and coil structures which is suggestive of a non
stable intermediate structure thfis loop. UBA domain secondary structure (residues-3Z%)

does not go through any radical changes in both structures.
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A) B)

Figure 5: Distinctive structural displacementfA) Colored zones show the most deviated-sub

domains oMARK?2 (blue) andVIARK21505( 1 € d ) average structures. Down w:
in MARK21,0ge Structure tightens the ATP binding site. (B) Upon mutation, the protdbél

rotates by about 10 degrees against the hinge region (rotation angle was measured by UCSF

Chimera softwar@ersion 1.5.333]). (C) RMSD changes fdd-half and CGhalf of N-lobe b-sheets

(B1, B2, B3 and B4). UBA neighboring parts (marked by asterisks) are less deviated in mutant

structure while in the wild structure, RMSD changes do not follow an ordered pattern (m stands

for mutated structure).

thec a s e -hetix (resill@s: 9205) (Fig. 4). Comparing the average structure of
MARK2 and MARKZ2r,0ge shows that the Nbbe of the protein has rotated by about 10
degrees toward the-lBbe. This rotation is accompanied by a decrease in the average
distac e beb taenddib6s heet s (from 17. 33j to 12.51;
tightening of the ATP entrance site. As is expected due to T208E mutasbegtof
the Nlobe are dragged toward the kinase active site, but nevertheless RMSD
measurements indict e t hat moftve meme st 0ft dvtard t he ac
uniform and UBAneighboring parts have been less deviated from the starting structure
in comparison with those of having no direct interaction with this domain. In the case of
wild type (MARK2) structure, RMSD pattern does not show an ordered trend like that
of MARK 0ge Structure (Fig. 5).

Activation of protein kinas-dixtowardthes soci at
protein active site, so that several conserved interactions with DFG motif and activation
loop can be formed. Restrictions applied on this motion is a common regulatory
mechaism among protein kinas¢®8]. Superimposing th#1ARK2 and MARK2 1208
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average structures reveal eechelixtith aet outaiht hough
MARK21,0ge Structure, but again like that bfsheetsthis expected motion toward the
protein active site is +maix structare fFig.ré6ynToi n al |
an al y-zelx mbtiGns in more detail, we measured the average bending, tilting and

rotating motions for ¢ atoms of this hek, relative to each other. In the case of
MARK2m0est ruct ur e, anal ysis of bending motio
from Ser92 to 1le103 follow a similar trend but Met104 and Lys105 have a drastically
different bending index. The latter residues gige to the @ e r mi n ehelix with UC

both having engagement to UBA domain (Fig. 6 and Table 1). It seems that this helix is
bent from the point of Met 104 . -héfixoin til ot
MARK2 r20ge Structure, the Nhalf residues show higer tilting and rotating motions. On
theotherhand measuremenif RMSFfor U Ghelix showsthatthe N-half of this helix is
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Figure 6: Mo t i o n shelborégarding the UBA domain effe¢t) Bending, tilting and rotating

mo t i o n s-helix sesidudd.0n mutant structure (red), rotating and tilting motions show a

decreasing trend from -drminal to Gterminal residues. (B) Key Interactions between UBA

domain and @ er mi nal r e-belixd in eMARKX.fge ald@ge structure (red).
Superimposing this structure on t ihaixishoakedt i ng st r u
to the UBA domain by @erminal residues and bends from this point through the simulation time.
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Table 1: Existence probability of hydrogen bonds involviedthe interaction of UBA domain with the
activation segment residudaring thelast 5 nof simulation

UBA domain Activation Segment MARK2 * MARK2 1505e*
TYR351-Main chain VAL118-Main chain 76.51 17.50
TYR351-Side chain PHE116Main chain 13.15 -
GLU353 Side chain ASN52-Side chain 34.57 24.97
GLU353Main chain GLU117-Side chain 12.30 11.02
LEU360-Main chain LYS77-Side chain 25.37 14.40
TYR363-Side chain GLN130-Side chain 68.32 71.23
GLN349Sidechain LYS105Main chain - 38.87
TYR351-Main chain VAL118-Main chain - 67.21
TYR351-Main chain GLU117Main chain - 9.70
Activation Segment Activation Segment MARK2 MARK2 1508
ASP193Main chain ASN198Side chain 67.91 -
ASN198Main chain ASP193Sidechain 51.44 60.68
ASN180Side chain ASP193Side chain 47.74 98.73
SER197Side chain ASP193Side chain 22.97 -
GLU199Main chain ASP193Side chain 13.07 99.67
CYS166Side chain PHE194Side chain 33.34 15.25
PHE196Main chain PHE194Main chain 15.17 -
ASP193Main chain PHE196Main chain - 26.77
PHE200Main chain SER197Side chain 23.72 18.12
LYS177-Side chain GLU199 Side chain - 111.95*
LYS205Side chain GLU199 Side chain 21.14 -
ASN180Side chain GLU199Side chain - 100.90
LYS205Main chain THR2021-Main chain 69.26 -
ASN204Main chain THR2021-Main chain 29.82 -
LYS205Side chain GLU208 Side chain - 17.55
GLY203-Main chain THR201:Side chain - 36.29
N-lobe Activation Segment MARK2 MARK2 15052
ASN63-Main chain ASN204Side chain 68.33 -
LYS82-Side chain SER197Main chain 44.64

LYS82-Side chain ASN198Main chain 15.95 24.17
LYS82-Side chain PHE200Main chain 30.62 77.33
ASNG63-Side chain ASN204Side chain 70.01 -

*H-bond Occupancy (%) IMARK2 andMARK2 150ge

*More than one Hbondexists
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comparatively less stable compared to tHea@. It is as if the Nhalf is pivoting around

the Ghalf (Fig. 3). Considering all these facts, it seems that the residueseomihal

half have set out toward the active site within the MARJgg structure to fulfill their
activating motion, but the -@rminal half residues that are close to UBA domain are
mostly stuck into this domain, unable to accompany. Although for MARK2 structure a
likewise trend can be distinguished, but it is not as oddee that of MARKZ20se
structure (Fig. 3).

Structural changes of Globe: The Globe of MARK2 mostly consists of several
helices which are stacked on another and a long flexible loop known as activation
segment, which has a prominent role in ATP proper positioning and phesphsier
reaction[28]. According to the DSSP analysis, the stabilitabifhelix (residues: 285
290) and CBlike motif (residues: 308310) has decreased through the simulation time
within MARK2T208E structure. On the other hand, the index of s#agnstructure for
b 6, Bhelix (reidiies: 22Q 2 5 )-helix (fdsidues: 23@ 4 0 )  -helbdof UBA
domain (residues: 32835) is more intense within the mutant protein compared to wild
structure (Fig 4). Activation loop is another part with notideatructural deviations as
the average structures of wild and mutant forms are compared (Fig. 5). Within all
available wild type inactive structures of MARK2, several important residues of this
loop are missed from the-pay structures, probably due toghi fluctuationindices
Comparative RMSF analysis of the simulated structures is also indicative of relatively
high fluctuations of this loop in both wild and mutant structures. Detailed analysis of the
MARK2 trajectories shows that along the simulatidvis toop folds on itself through a
network of hydrogen bonds (Table 1) and mostly takes the structure of turns and bends
(Fig. 4). This structure is tethered to theldde of protein and occludes the ATP
binding site. Along the simulation dIARK21,0ge Structure, those interactions related
to N-lobe loosen up (Table 1) and this loop moves further away frdob&l Actually,
the activation loop moves . 5 away-l & o mehalidh €l Gsultsin
more intense fluctuations of this loop compared to the wild structure (Fig. 3). On the
other hand, in the Xerminal part of this loop, inteesidue hydrogen bonds weaken,
leading to a secondary structure shift from bend and turns to random coilgt)Fig
Accordingly, conformation of the activation loop becomes more stretchecawigher
fluctuation index.

Structural changes of UBA domain Analysis of the structural deviations for the

UBA domain, also suggests a noniform trends in localization df h r daliceddf

this domai n. Wi t hi n thhlig is dotkadr against dhe-Bter uct ur e
through a network of hydrophobic interactions and hydrogen bonds. Residues like
Leu360 and L enelig dtéractfwitto lme73) ¥al79, Tyr53, ThB and

Phel16 from Nobe, while Glu353Asn52, Thr357His72, Thr357GIn117 and Tyr363

Glul30 residue pairs link the two domains by forming a network of hydrogen bonds.
Throughout the 20 ns of simulation, a similar story is also repeated within the mutant
ssructure (Fig. 7 and Table 1). Thi s caus:e
bet ween UB®Abea&anfdrdim 19. 65 in wild structur
one. In agreement, MM/PBSA calculations indicated that free energy of interaction
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betweenthe UBA domain and Nobe of protein reduces frori75 kJ/mol inMARK2

to -184 kJ/mol iInMARK21,0ge Structure, which suggests a more powerful interaction of
UBA domain and Nobe inMARK2zse structure (Table 2). Further analysis show that
wh i |-lelix0f3JBA domain keeps resting againsidbe, the other twbelicesmo v e

away from each othérnanedasauise dEBAudom&iOn j\

i 2 increasein surface accessibilitpf MARK2+1,0sz average structure. However, in

spite of Nlobe approach toward the protein mass center and decrease of UBA domain
distance from the protein-NMbe, these motions are not associated with a significant
reduction in the mean distance of atoms from the protein mass center. In agreement,
compactness ofther ot ein structure remains al most
gyration radius and protein vol uméforwer e
MARK2 mo d e | compar ed t o 2far. MABK2jose sructdre).5 7 . 6
Detailed analyses imply that dragging movements of UBA athobN domains toward

the protein mass center IMARKZ210ge Structure have been compensated by
simultaneous expansion of UBA domasy thatthe total protein volume remains
almost costant in mutant structure.

DISCUSSION

Modulation of enzymatic activity through an extension situated to ttexr@inal of
catalytic core which wraps around the core domain of enzyme is a common regulatory
mechanism in many protein kinag@8]. In MARK2, UBA domain is suggested to be
of such sort. In the current study, we tried to address this possibility by inducing T208E
mutation and analyzing the enzyme behavior through a 20 ns of MD simul@tion
results showed that as is expected for a mutation with a mild activatory function, the
protein sets out toward the active structure but the UBA domain neighboring parts fail
to set out their motion toward the active state. These results are in agteeith those
reports that suggest a mild adtdibitory function for this domain. However, reports
on the functionality of UBA domain have been contradictory looking and enigmatic
although nearly the same approaches have been exploited to studgtitsfiir, 17]

Induction of T208E mutation and studying the protein structure smithll-angle *
ray scattering (SAXS) analysis by Marx and colleagues showed that the UBA domain is
attached to the flbbe during the study and no significancefatiénce in protein
compactness was observed through the andll/g]sRegarding the close interaction of
UBA domain and Nobe, they have suggestedfttiisis domain could be pulling the-N
lobe back and making the catalytic cleft wide open. By removing the UBA domain from
the protein, they come to this conclusion that it has a mildiabtbitory activity [17].

Our results are relatively in concert with these reports and it looks as if the UBA
neighboring parts of the -dbe are hooked by the UBA domain and are not easily
allowed to accomplish their egpted activating motions.

In a separate study, Jaleel and colleagues came to different results by showing that
the enzymatiactivity of MARK2 was strikingly reduced after omission of UBlamain
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Figure 7. Net wor k of i nt e +healix of iUBA domam eandvNelee rof ptbRin
derived from LIGPLOT software analyqid4]. Analysis of the hydrogen bonds and hydropbob
interactions between the UBA domain and proteHobe residues implies that this interactive

network exists in both wild and mutant structures and is even more prominent within the mutant
structure.

Table 2: MM-PBSA binding free energy (kJ/mol) componecdculated for the interaction of UBA domain v
the protein Nlobe

Dc':‘col DGps IIBvdw IIBnps Ixabinding
MARK2 -135.64° 16.3 -3.33° 0.3 -51.78° 2.1 -5.27° 0.1 -175.1° 52.6
MARK2 1208 -126.12° 22.7 -1.18° 0.2 -54.07° 2.3 -5.49° 0.1 -184.6° 22.8

DG, Coulombic term,

DGys Polar sdvation term,

DG,q4w: Van der Waals term,

DGyps Non-polar slvation term,

DGypinging Computational binding free energy
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[16]. Their results suggest that not only the UBAM@in lacksan auteinhibitory role
but its presence is indispensable for the enzymatic activity. Theglatseedthatafter
the activation]JBA domain leaves the protein-ldbe and restagainstC-lobe in a new
position. The only difference of their appiech seems to be the use LKB1 instead of
MARKK as the upstream kinase to phosphorylate and activBi®K2 [16]. Our
findings indicated that althougthe whole structure shows no compactness upon
activation, the UBA domain expands and at the same time the kinase core becomes
more compact. Actually it seems thatpansion of the UBA domain compensates for
compactness of the kinase core, and so the whole protein volume remains relatively
unchanged. We also found that the UBA domain steadily remains attached téothee N
of protein during the whole time of simulat.

Therearealsoreportsindicatingthattheactivity of MARK2 phosphorylatethy LKB1
is about20 times higherthanthat phosphorylatedy MARKK [10, 11]. On the other
hand,comparingthe enzymaticactivity of MARK 2 for structures having and lacking
the UBA domain andfter activationby upstreamkinaseslike MARKK, implies that
the kinase activity is slightly higher, when the UBA domain is omitted [17].
Accordingly, it is reasonabléo assumehat LKB1-MO25-Stradcomplexneutralizes the
UBA domainautcinhibitory functionby detachingt from theproteinN-lobeandprone
the MARK?2 for activity. This supposition is further supported by the fact that the UBA
domain is an indispensable part of the interaction between the -MKBA5-Strad
complex andMARK2. So the observations reported by Jaleel dtLé]. may be justified
in this way.

There is also another reason to attribute a mild-ealtibitory function to the UBA
domain; Those RD protein kinases that need phosphorylation on activation segment to
ful fildl t heir activity, have a basic resid
contributes to the formation of RD pocket. Substitution of these residues with neutral or
acidic ones, emancipate the kinase from phosphorylation dependency for acfR@tion
30]. In MARK2, Asn198 and Glul99 are situated in this position and the location of
Asn198 is caserved in all members of the AMPK subfamily of kinases which also hold
the UBA or UBAlike domain, except BRSK1 and BRSHK20, 16]. It seems that
although the ionic interaction of t-his con
helix and HRD motif (RD pocket) can trigger the kinase to achieve its active state (even
if it is not phosphorylated but tre UBA domain applies a mild break to this trend and
makes theVJARK2 activation dependent on phosphorylation of the conserved threonine
(Thr208) of the activation looplhe extent of rigidity within the UBA or UBAike
domains may also contribute to the déwf auteinhibition. The sequence of this
domain is not highly conserved among all members, but all have a similar 3D structure
consisting of three alpha helices (U1, U2
residue within thandob2ebel hHARKDHGIINp83&1i n
MARK2, this glycine seems to contribute to the greater flexibility of the UBA domain
and makes the motions of these three helices less dependent on each other. So while the
U shelix is dragged toward the-Mbe through activation, the other two helices can
assume new @oi t i ons . -hdiix nsotiohsed bgess dep@nderdn the other

t wo helices and weakens the restrictions a
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and U2 helices. Within the structure of
place of this glyme which may results in more rigidity of UBA like structure (AID
domain). This may explain the higher ki

AID domain compared to kinase activity MARK2 after omission of UBA domain
[31]. Confirmation of these suggestions awaits more biochemical and structural studies.

Acknowledgment

Authors acknowledge the Research Council thie Shiraz University for the
providedfinancial support.

Conflict of Interest: The authors report no conflicts of interest.

REFERENCES

[ERN

. Manning G Whyte DB Martinez R Hunter T, Sudarsanam SThe protein kinase

complement of the human genome. Scie2@@2;29819121934

2. Drewes GEbneth A Preus U, Mandelkow EM Mandelkow E.MARK, a novel
family of protein kinases that phosphorylate microtukagsociated proteins and
trigger microtubule disruptiorCell 1997;89297-308.

3. Guo S Kemphues KJ. &-1, a gene required for establishing polarity in C. elegans
embryos, encodes a putative Ser/Thr kinaseithasymmetrically distributecCell
1995;81611-620

4. Espinosa | Navarro E.Human serine/threonine pgein kinase EMK1: genomic
structure and cDNA cloning of isoforms produced by ali&ve splicing. Cytogenet
Genome Re$998;81278-282.

5. B6hm H Brinkmann V, Drab M, Henske A Kurzchalia TV. Mammalian
homologues of C. elegans PARare asymmetrically talized in epithelial cellsral
may influence their polarity. Curr Bidl997;7603-606.

6. Zhang X Zhu J Yang GY, Wang QL, Qian L, Chen YM Chen F Tao T, Hu HS
Wang T, Luo ZG Dishevelled promotes axon differentiation by regg atypical
proteinkinase C. Nat Cell Bia2007;9743754.

7. Cohen D Brennwald PJ RodriguezBoulan E Miusch A. Mammalian PARL
determines epithelial lumen polarity by organizing thicrotubule cytoskeleton. J
Cell Biol 2004;164717-727.

8. CohenD, RodriguezBoulan E Misch A.Parl promotes a hepatic mode of apical
protein trafficking in MD® cells. Proc Nati Acad Sci USR004;101:13792
13797

9. Matenia D, Mandelkow EMIhe tau of MARK: a polarized viewf the cytoskeleton.
Trends Biochem S&@009;34332-342.

10. Lizcano JM, Géransson O, Toth R, Deak Morrice NA, Boudeau J, Hawley SA,

udd L, Méakela TP, Hardie D(GAlessi DR LKB1 is a master kinase that activates

http://mbrc.shirazu.ac.ir

162

AM

nas






