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Part 1: Tubulin evolution



to MT?

NP 0011599771 tubulin alpha-1B chain Bos taurus
KAF0912544.1 hypothetical protein E2562 015241 Oryza meyeriana var. granulata alpha-tubulin
XP 002111196.1 conserved hypothetical protein Trichoplax adhaerens i
NP 116616.1 beta-tubulin Saccharomyces cerevisiae S288C

RYY38320.1 tubulin beta chain archaeon beta-tubulin
NP 001029835.1 tubulin beta-4B chain Bos taurus -
QOYW?71780.1:1-425 hypothetical protein B7Z37 26740 Verrucomicrobia bacterium 12-59-8 -
SKA99217.1:32-527 tubulin beta Prosthecobacter debontii

HCN29886.1 hypothetical protein Verrucomicrobiales bacterium
r— \'I\'IP 14ARQE2999 1 tithiilin hata ~rhain Rrauifallic aallanihdiciie

OYW?71806 1 hypothetical protein B7Z37 26700 Verrucomicrobia bacterium 12-59-8 Btub A/
WP 078814220.1:1-470 tubulin beta chain Prosthecobacter debontii

AAO12158.1:1-365 tubulin BtubA partial Prosthecobacter fusiformis

0OLS18786.1 Tubulin-like protein CetZ Candidatus Odinarchaeota archaeon LCB 4
TLY12291.1 cell division protein FtsZ Thaumarchaeota archaeon

PIY89241.1 cell division protein FtsZ Nitrosopumilales archaeon CG 4 10 14 0 8 um filter 34 8
EGG42457 1 tubulin/FtsZ GTPase Candidatus Nitrosarchaeum limnium SFB1

NDB92283.1 cell division protein FtsZ Nitrososphaeria archaeon

WP 048195138.1 cell division protein FtsZ Candidatus Nitrosotenuis uzonensis

WP 179369216.1 cell division protein FtsZ Candidatus Nitrosotenuis sp. DW1

0OLD40844.1 cell division protein FtsZ Thaumarchaeota archaeon 13 1 40CM 2 39 4

WP 101476564.1 cell division protein FtsZ Candidatus Nitrosotalea bavarica

HIE15274.1 hypothetical protein Candidatus Bathyarchaeota archaeon _

WP 048170575.1 cell division protein FtsZ Methanosarcina sp. 2H.A.1B .4
WP 048141608.1 cell division protein FtsZ Methanosarcina horonobensis

WP 013897706.1 cell division protein FtsZ Methanosalsum zhilinae
RLG28248.1 cell division protein FtsZ Methanosarcinales archaeon
RZB29566.1 tubulin-like protein CetZ Candidatus Argoarchaeum ethanivorans
—t PKP58981.1 hypothetical protein CVT89 01865 partial Candidatus Altiarchaeales archaeon HGW-Altiarchaeales-2
WP 027868354.1:24-381 cell division protein FtsZ Escherichia coli FtsZ
RDT57095.1:24-381 cell division protein FtsZ Escherichia coli
WP 090249102.1:25-393 cell division protein FtsZ Pseudomonas peli
WP 163257594.1:1-369 cell division protein FtsZ Clostridium sporogenes
TFI17895.1:22-319 cell division protein FtsZ partial Thiopseudomonas sp. 4R-3cl
WP 024716137.1:1-382 cell division protein FtsZ Bacillus tequilensis
WP 105978931.1:1-377 cell division protein FtsZ Bacillus paralicheniformis -




Amino acids conserved region comparison reveals the bona fide tubulin

specific sites
Bacterial tubulin Eukaryotic tubulin

1TUB

Tub_betta

BacTub_A

I min
Imax

BacTub_B \

Bactub vs Tub

min

FtsZ vs Bactub vs Tub



The “dimerization site” and “MT harpoon” region - hypothetical signs of MT
formation?

dimerization site GTPase loop MT harpoon
CAJ14012.3_bacterial tubulin_A_Prosthecobacter_ TIN|JLVIPQP SLHF LM I I[VLHAJT|G Y V[P RAVMVD LEP|S[V I|D
HCN78743.1_hypothetical protein_Verrucomicrobia TIN|LVIPQP SLHF LM VI[VILHAVIG F V[P RIAVMVD LEP|S|V I|Q
NNE90788.1_tubulin_beta_chain_ Verrucomicrobiale V|T|NJLVIPKPGLHF LI IF|I I HSILG YV]PRITVMIDLEP|G[V I[D H
OAI56928.1 hypothetical_protein_AYO49_03290_Ver TNL V[P QP SLHF LM 11 G YV RAVMC D LEB|s|V I|E bacteria
OAI56929.1:1-416_hypothetical_ protein_AYO49_032 TIN|[LV[PFPGCHF LT| FLj G YV]PRAVLIDLEP|G[VIJA
SKA99217.1:32-527_tubulin_beta_Prosthecobacter_ TIN[LVIPQP SLHF LM IIV G YVIPRIS[VMVD LEP|S[VI|N
WP_133797138.1:1-468 tubulin beta chain Prosthe TIN[LVIPQP SLIHF LM 11V YVIPRIAITMVD LEP|S[V IID
WP_133797138.1_tubulin beta chain_Prosthecobact | ﬁ"ﬁ‘ﬁrﬁﬁmu TV T YVPRAIMVDLED >
NP_001029835.1_tubulin_beta-4B_chain_Bos_taurus VINMVIPFPRL|HFF M Folu b 1 YVPRAVLVDLEP
NP_116093.1_tubulin_alpha-1C_chain_isoform_c_Ho TINJLVIPYPRIHFPL) FL|V M HV[PRAVFVDLEP
NP_476772.1_alpha-Tubulin_at_84B_Drosophila mel TIN|LVIPYPRIHFP L I HV[PRAVFVDLEP e u ka ryotes
WP_146853222.1_tubulin beta_chain_Brevifollis g TIN|LVIPQP SLHF LM I FVIPRA[VMVDLEP
WP_007550732.1 MULTISPECIES: cell division prot MLATK .KPKFATI M LIPRALLVDLDP,
RDT57095.1:24-381_cell_division_protein_FtsZ_Es TVMS|. . .EMGYAM ) «<|s «|- [FAVNTDA]
WP_027868354.1:24-381_cell_division_protein Fts T|VMS|. . .EMGYAM| 2 .|-FAVNTDA
HII79815.1_cell division_protein_FtsZ_ Methanosa TIVIMS|G. . GA[GLAT) el |- [LAFNTAV|
TBR06802.1_cell division protein FtsZ_Candidatu TWILAITK . RP[KFAT LIPRALLVDLDP
WP_010476989.1_cell division_protein FtsZ_Therm F|VILKIAF .GS|. FAT) FE|S.|.[LAINTSR| FtSZ
WP_101476564.1_cell_division_protein_FtsZ_Candi TWILAITK . RPRFAI LIPRALLIDLDP
WP_137710828.1_cell division_protein_FtsZ_Halor RITILD|LG . GVITTVG TN[GN[VILAFHTE S|
WP_154809763.1_cell_division_protein_FtsZ_Metha T|VIMS|G. . GA[GLAT, - +|-[(LAINTAV|
WP_163257594.1:1-369_cell_division_protein_ FtsZ \TI[MV]. . .DK[GLAH l..].LAINTDK




Can “Odin tubulin” make microtubules?

dimerization site GTPase loo

) -d Y MT harpoon
OLS18786.1_Tubulin-like_protein_CetZ_Candidatus [[]v N[LVIALPET[KFII Af[fjzasq FHPRALFI DLEPL?\/‘IE
RZB29566.1_tubulin-like_protein_CetZ_Candidatus |L|G LILAIS. .GARLAT F L'r']I HTL) « |+ |- MAINTALN|D LIK
AOZEEQ" D 1_\... daaloaa 2 = 1a A_ do g P Al <oA1 o ool o o o bl o 0 RIAILEUVD L EDILIAVIE
NJK78101.1_cell division_protein_FtsZ_ Nanoarcha [MS|N TWLA[TK . KPKFAT YV LIPRALLVDLDPRAAN
RYG61971.1_tubulin_beta_chain_archaeon L{RIK| N[MVIPFPRLHFF M FQ YVIP RAII LMD LE P|G[TMD
CAJ14012.3_bacterial_tubulin_A_ Prosthecobacter_ [L|R[E TINJLVIPQPSLHF L 11V YVIPRIAVMVDLEP|S|V I|D
HCN78743.1_hypothetical protein Verrucomicrobia |[L|R[E TIN|LVIPQP SLIHF LM VIV FVIPRA[VMVDLEP|S|VIIQ
NNE90788.1_tubulin_beta_chain_Verrucomicrobiale |I[R|E TINILVIPKPGLHF L I IF] YVIPRTVMIDLEP|G|VID
OAI56928.1_ hypothetical protein_AY049_03290_Ver |LR[ELL/T|N[LVIPQPSLHF LM 11 YV|PRAVMCD LEP|S[V IIE
OAI56929.1:1-416_hypothetical protein AYO49_032 |L|GE TINJLVIPFPGCHF LT FL YVIPRAVLIDLEP(GVIA
SKA99217.1:32-527_tubulin_beta_Prosthecobacter_ [LR[E TINJLVIPQP SLIHF L II YVIPR[SVMVDLEP|S[VIN
WP_133797138.1:1-468_tubulin_beta_chain_Prosthe |L[R]E TIN[ILVIPQP SLHF LM IIW YVIPRAIIMVDLEP(S|VIID
WP_133797138.1_tubulin_beta_chain_Prosthecobact |L[R[E TIN[LVIPQPSLHF L IIV YVIPRAIMVDLEP[S[V ID
NP_001029835.1_tubulin_beta-4B_chain_Bos_taurus |LRK NMV[PFPRLHFF FQIL YVIPRAVLVDLEP|GTMD
NP_116093.1_tubulin_alpha-1C_chain_isoform_c_Ho |L|T[E[FQ[T|N|LV|PYPRI|HF P 1 FLV HVIPRAVEF VD LEP|T|V IID
NP_476772.1_alpha-Tubulin_at_84B_Drosophila_mel |L|T[E[FQ[T|N|LV|PYPRIHFP 1| 11 HV[P RAVF VD LEP|T|VVID
WP_146853222.1_tubulin_beta_chain_Brevifollis_g |L|RE[LL[TNLVPQPSLHF LY YV FVIPRAVMVDLEP|SVIE
WP_007550732.1_MULTISPECIES: cell_division_prot [MSN|YR[T|WLA[TK.KPKFAT 1M LIPRALLVDLDPRAAN
RDT57095.1:24-381_cell_division_protein_FtsZ_Es [F|A]D ...EMGYAM VE 3 2 .« +|[-[FAVNTDAOQA LR
WP_027868354.1:24-381_cell_division_protein_Fts [F|]D ...EMGY2 VE|L .« «|-[FAVNTDAQALR
HII79815.1 cell _division_protein_ FtsZ_Methanosa |[L|GDFK|/T[V]MS|G. .GAGLAT o + |+ +|-|LAFNTAVND LK
TBR0O6802.1_cell division_protein FtsZ_Candidatu |MSNYR|T|W|LAITK.RP[KFAT s LIPRALLVDLDPRAAN
WP_010476989.1_cell division_protein FtsZ_Therm [A[SD|LK[F|VILKAF .GS|.FAT E: FE[S.|.[LAINTSRGPD LEE
WP_101476564.1_cell _division_protein_FtsZ_Candi [MS|NYR|T|WLATK.RPRFAT TF LIPRALLIDLDPRAAN
WP_137710828.1_cell_division_protein_FtsZz_ Halor [PA[D[IT[RIT[LD[LG.GV|[TTVG o D. TNGNVILAF HTE SIO FIR
WP_154809763.1_cell_division_protein FtsZ_Metha [L[GD|FK/T|V|MS|G. .GAGLAT, o ofe o] [FAINTAVIND LK
WP_163257594.1:1-369_cell_division_protein FtsZ [FjA[D ...DKGLAH -\LAINTDKOA IIM

Hypothetical OdinTub




Part 2:
Intra- and inter-dimer
interfaces of eukaryotic and
bacterial tubulins



Structural alignment of bacterial and eukaryotic tubulin dimers reveals
different arrangement

What is going on?



Comparison of aBtubulin and BtubAB dimers
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Simulation box




28-nanoseconds-long simulation of bacterial tubulin predicts dimer elongation
(‘extention of intr-dimer interface) but no bending

trajectory of the center of
mass of Btub B subunit
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Eukaryotic inter-dimer interface and bacterial intra-dimer interfaces have
similar ‘compaction-extension’ conformational change

Eukaryotes: Inter-dimer interface Bacteria: Intra-dimer interface becomes
becomes compact after GTP hydrolysis compact when incorporated into mini-
microtubule

GTP extraction
hydrolysis from microtubule ‘
— —_—
N
in the mini-microtubule free in solution
. GDP ‘P GTP

[Alushin et al., Cell 2014] @ “dimerization site”



Part 3: Sequence
conservation and structure
of bacterial tubulin tails



Alignment of btubA amino seq revealed a 38-
amino acids tail

1 IAASFWKIVCLEHGIDPLTGQTAFGVAPRGNWSSFFSKLGESS 60

1 PLIGQTAPGVAPRGNWSSFESKLGESS se
W e e e LR R - -

€1 SGSYVERAIMVDLEPSVIDNVKATSGSL GAGREVLEEZV 120

59 AGREVLPEV 118

121 KCDNVGGIIVLHAIGGGIGSGFGALLIESLKE LSCAVLPSPQVS
119 CDN -SSCLGALLIE._LK._-.Aq_IFVuuunVLPSEGVS
e i
181 LNTLRRSADACLIEFD "‘F;LE'.,..;-;H-V(W"I SPTIVDDLNLLITEALAGI 240
179 AHRKWNIZSPTVDDLNLLITEALAGI 238
e e o e e o e e e e o e
241 LMCAFAPLTPPDRSKFEELGIEEMIKSLF 300
239 VPQPSLHFLMCAFAPLTPPDRSKFE EEMIXSLFE 298
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long tail of BtubA



Bacterial tubulin A has a long tail with a
conservative sequence at the C-terminal

m MX: Alignment Explorer (BtubB align conserv_map vs eukerya.fas) - X
Data Edit Search Alignment Web Sequencer Display Help

(=B [EMErelr «OX xa+Har @238

Protein Sequences I

Species/Abbrv

1.2BTO_A_Chain_A_Tubulin_Btuba_Prosthecobacter_dejongeii

2. WP_133797138.1_tubulin_beta_chain_Prosthecobacter_fusiformis

3. OYW71806.1_hypothetical_protein_B7Z37_26700_Verrucomicrobia_bacterium_12-59-8
4. CAJ14012.3_bacterial_tubulin_A_Prosthecobacter_vanneervenii

5. WP_078814220.1_tubulin_beta_chain_Prosthecobacter_debontii

6. HCN29886.1_hypothetical_protein_Verrucomicrobiales_bacterium Bacteria ARPAA -
7. WP_146853222.1_tubulin_beta_chain_Brevifollis_gellanilyticus RAY AI - -
8. HCN78743.1_hypothetical_protein_Verrucomicrobiales_bacterium ~ F o . o o o e L L L e e e e e e e e e e e e e e e e e e e e e e eeeeeeeee
9. OAIS6928.1_hypothetical_protein_AYO49_03290_Verrucomicrobiaceae_bacterium_SCGC_AgR212-N21SiGisiaP MElv A EIBIEP P A BA PP Pl A A B
10. AAO12156.1_tubulin_BtubA_partial_Prosthecobacter_vanneervenii

11. NNES0788.1_tubulin_beta_chain_Verrucomicrobiales_bacterium

12. KAF0912544.1_hypothetical_protein_E2562_015241_Oryza_meyeriana_var._granulata
13.XP_002111196.1_conserved_hypothetical_protein_Trichoplax_adhaerens
14. pdb|1TUB|A_Chain_A_Tubulin_Alpha-Beta_Dimer_Electron_Diffraction
15. NP_001159977.1_tubulin_alpha-1B_chain_Bos_taurus

16. NP_013625.1_alpha-tubulin_TUB1_Saccharomyces_cerevisiae_S288C

17. pdb|6E88 | A_Chain_A_Tubulin_alpha-2_chain

18. NP_476772.1_alpha-Tubulin_at_84B_Drosophila_melanogaster

MSLRDLVDRRR )
-MBLRBILvVBRRR -|- -
-MSILRBILVDIRRR A|- -
-MSILRBILVDIRRR A|- -
RRR -

Eukaryote

19. NP_116093.1_tubulin_alpha-1C_chain_isoform_c_Homo_sapiens




Bacterial tubulin A has a long tail with a
conservative sequence at the C-terminal




Molecular dynamics of BtubAB: it moves!!!

| PyMOL, illustrating

28 ns
of the
conformational
changes in protein
structure, was
obtained by
GROMACS. The
tail belongs to the
A-chain of
bacterial tubilin

ARIAtIMEY AL




Tubulin tail becomes progressively more compact
during the simulation process

THE LENGTH OF THE TAIL (A-CHAIN)

28 ns

DISTANCE, NM

TIME, NS

The graph made using coordinates of two atoms: the last a-carbon
(ALA-435) in non-tail region and penultimate one (ARG-473) of the tail



Conclusions

1) We found two regions, which are similar between tubulins that can form
microtubules and different to FtsZ, which cannot form microtubules.

2) We identified CetZ from Odinarchaeota as a potential common ancestor of
btubAB and eukaryotic tubulins. We predict that it might form mini-microtubules

3) Bacteria have swapped places of A and B monomer in a dimer, compared to
eukaryotic tubulin. This is confirmed by bioinformatics and molecular dynamics
analysis of properties of bacterial tubulin dimers.

4) Bacterial tubulin A has a long tail with a conservative sequence at the C-terminal,
which adopts a compacted configuration in molecular dynamics simulations.



