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Supplementary Methods

Circular dichroism measurements

The secondary structure of MakMvan, MakMtb and selected point mutants was
determined by far-UV CD. Measurements of samples (0.1 mg/mL in 50mM BTP pH 7.5,
50 mM NaCl) were performed at 20°C on a Jasco J-815 spectrometer set up to 1 nm
bandwidth, 1 s response, 200 nm/min scanning speed and 10 accumulations. Data were

analysed and deconvoluted using the DichroWeb web server!.



> >>>>>>>>>> [ e et e TV > W>>UlLLu>uw> . .DD, e P
C_Crococec>oc o [3) < LI C orrrooxo<c< N R R R AR <
wwwwowwoao rwo CoIIILIIICIOLIT o S S335555>35- W oWWWWWOOoW<®) o .SN, Qe . Ce
> Fo<o<<a> 00 SADGPDDDGGTDT 0 <oo<<IIVNIIW E w 0o000QI<00 s <0
[T SN T OLDONNIS—1 0- IIIIII o FO0<o0aowo - . T YN CRY=
. 9> >>>>>>Fna> 2 NN A TQLTTTAQAAG ABAATGAAVQPD, . . .
o . EIRT- S ¥ rrrcccococce < wwUWUWwwooowa AWPPPAGGAAPPR 2°0010TTIN>00 - N
o . Y o coo<oa@>0on  ® IO > <T<>a<<<<I<>W W ooowooorUoo 3=
o IR o go<S>>rac3> 0 <NIIIINNIO<O o >I>>>>>m>Lu> > >>3>>><a>>a -
NN ] < << z zzzzzzZzZ0OZO QU wwowoow<ooo i T
B+ <aCnnnan: na > <0oWOOO>0Wo < <<IIIIIXA IO < rrr-ooU<woo x o
[CRNOIOIOIOIOIOICIO N O g PR TR QU T, WL WITRNE § < W< IIWL IS (¢} —_———————
0 oooooo<o:or o.0000oaw@anm Lo>uuu>>uuw>>0 > (%)
<< W o S8 aaaaaa-3> 00— < wwww<<o>owo = E
> >>>>>>u> >0 oF T WWroww>owww oF FHFFFFO0OOHO0 < =
- FZWOoNOWO 'WI N >>>C>>->>>0 S>o>>>>II>>I> = ]
> SILIISSSS S>> U 0000000a00< S{=S3>>>>>>5>> w N
0 _000o0oonuw: o o coopoogooon o~ 0" 000000<000< w Q[
A8>aa>>>>0 05> W wwwuwwSuwwo T i T | o< FIFFFEI>><< -
R C CEIXCECH<-XT RO O<<O0O<DI-<
- >>>>>>> >4 - F>><<<xocww 7]
e s R N 5., T R . of o~ L oLubuuulbJubuw >
0 owwooowo o> C FECrrongow-o - -
S Jaa435<a 4o S8>>>>>>3> 0> E
o zooooona  wo W Cwoo o > [
0 InoooOwwW: wa C O I<OO <
L ¢k wooo ) 0-
Lo 0o R R pr} g
. ‘0 wa 0 0 FZU<O0NLALU O = <
' [ SERNIE Sl = NN < O0Xnnnoowoo 0 ZOOVQOOVOOOOVI o <
' ‘O kI > O>>rrron-><— < ow<<oo<WXO< o
o« RRPRRRT O - = >FO>>>0FFF@ 2 T A0——>2 10> [N
P P R SO, L LW LOCL 0 Cu<<KCoo<WW o«
QR<rFoI<w_>aw DEOODDDNIDE DT F LF—S——F-00< o«
F >>>>>>TakH- <TOWCOOOWWE - W CWWWWWWOonOT
> >Sa>->>r>n<> 0 >0000000<0r L o>u>>>>S>—00
> >51><<I>T00 > —————— Jd==>4 o DOLOD-FEZOONZ ||+ o P o oo g
< g SEEEEERRGER SCANCICICICICIORAUICIVES = SW WL LWL W
o S NOLHNONOTAGW (e parparparparpury TS B o > >>>>>>>>w>>
w S O R | o Soooooagada B o < <<
< P P Y P i | C CCCCCc-<ce< 10} <NO<IIIIET>TOT
[} < I L>ru>>arCJI> < <<<< << o Qe e o e oo |
> 0000000 xa > >>>3>>>>—-—>> D e i i
P R e P 4 <SaorF<ooa—<H-< ol e e e < 0 Jo<aJa<Oa <>
W wwwowwe>o>0 < O<<C<<<C<C—> < @ oooooowowoQ w 0 <<<<ww<<O0a
C rrrrrceceer 0 <o<w>>wwwrr Z,ZZZZZZW0 1 0Z0 < <<<IIIIIWL 0 NOINOINET OO
0w ZZZZZZOOOOO o >ooo0oo<a<ok- OCICCUUIIVO GO | | o 0000OoQWOWWH
O COXCCEXECXEX [=}l=l=]=]ala]ala]alaYaT=} o< <L ILILZSIW F FOFFFFFOOF< QL cooooorc3coc
W >>>>>>ITFO0>> RO rrocccwowcoc < << AT~ | 7}

S2 A dadd-Ja < FII000<IIITOC - = O,0000000Z000
> >>>>>>u>L>u < <<<<IILoLIILT R ] N = O —F-—ZZFJo<x
- 0 oooooooouwo > >>555>5><<I>< DEDNDNDOWO T O W o

> L>>uLu>>uw>> r rrrrrroccca <Va<cc<cccc<< ) @<
r{O000CCTO0CC <RUICOOOIVOO> w z zzzzzzI-OzZo > >>>>5555>>>- o . >
I xoJ000oxc<xXr i - FEEFEE—FWwor B ] < << o .
> orF0o00o00000n @ c0CrIIScoJoco EOEEEEEEEEVEE Z wuwuwuwuww<w<woe - < NNV NI
-I W O -lN=—===== >—J—d [CRRCIOIVICIGIOICIOIOICTO) o > QWS> S>0>>
G . < .u- I B BoosaaSaoias ] < SCWwI<OOWZW
O 000OoWWECOW [« B | Q| o« > < <L
o SL - o Z zIzzzzzzzzZ > 0- I
E 0 00<000ZO 00 - —=>————>—w>>
< -4 oovooo0<xzow [CRNCICICICIOToTOTOT0I010] “< oo<owwwowon
| < <<<<IIO0O<H o noeg<nnneaJoa 00000000000
- - >—0<O00F0F> E OFFOOOFFF> o
= & O COOOOOOO>0T > >=>>>>>11>> i
] - ————— L—>-0 € CCCECCrICXTT
' o< E o SEEEEEdII0— clrrororoccee)
. > <F<<<<<<<I-O <L w >
. fa < X>>>IITI>—< > . o«
' w0 SWw F><+HFrFowoa [ | . - ] WwFOWHFOOoXQOT
' ‘00 O Co<HnOUIONT  © - QIWSIIIC . > >>55>>>>0->< >>>>——<>0>>
. o W >>>>ul > s Py<<<<<<< . F FERROORL<>H
' 1O O Wwwwwwwo - cwe < ' - —=S>———FF->2
' =0 < wooVVVW 0o . .
' ‘S0 > «—>>>>0 <o . L A .
. ) o noonooo OO0 C COCCCCC<oe
! o O _wo<<ooIowo<s ||| ¥ cwweccwoows  |N o wwwwwww<awo .  @E o O <<<IIIULD>EC
. > oRunar<<<nn>ow < <<<<ICOWL
o - < o0oooorowsr 4 ao—Joaoaaa
. Cw 82 T-TTZIuUZ>Z> © 0000000 'OI -
o < r O<orrcrfac>00 - O XCEXXX®  ww:
. I > >>>>>>0>0>— o e
o P > J——JJJ0>TSJ 3 ‘o,
) e 4 >>>>>>—>>>1 XXX¥¥YXYWoo<< o K '
' =3 0 CO00CCO00C0C-00 OIr<>><roww Coow =3
a3 03 03 03 03 03
2 ag 2 a8 2 a3 2 a3 2 3 2 3
39 a 89 a 9 a g9 a 39 H 39
L ET k] ET9 L ES¢ k] ES¢ S ET¢ S E<TQ
] | ] | 3 . i3 3 . i3 ] | 3 . i3
S £ E85 S £ E8 S = §8 S = §8 S E8 S 3 g3
, & %2 , § & §i2 . § %882 . § %882 , § F i , § F i
T TeeF  3:£23 T %eef 3:£23 T 2esF  3:528 T Tesf 3528 T %ecss  3:£28 T %esf  3:£238
HEH STHH HEH STHH R H HTH R H HTH I H STHH R H THH
O5IEES I3 n O5IEESd30a C5IEES 33 C5SEES 839 CSEEES330n CSEEE8330n
S §¥9SEg8s8ss S §¥uSE58s8ss S §32SE58388s S §92SE§8388s S §¥9SE5838ss S §¥9SE§8s8ss
s sSESBOESS s maval.we,n.nu. 8 EaSBSBSEES 8 EaSBSBeSES 8 maval.we,n.nu. s maval.we.n.nu.
S 3GSgESQSSEEL S 336S3ESQSSEEL S 34SaESQSSER e S 34SaESQSSER e S 336S3ESQSEEL S 336S3ESQSSEEL
> 595883 S£585% > S8SRE3 S£585% > 585883 25888 > S8SR8E83 25888 : S85353 S£5385% > S8SRE83 25335 E
S SSSSSSEE<d S SSSSSSEE<d S SSSSSSEEaed S SSSSSSESEaed S SSSSSSTE<o S SSSSSSEE<s

Supplementary Fig. S1 - Amino acid sequence alignment of representative

maltokinases from actinobacteria
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lines above the alignment indicate the domains identified in the three-dimensional
structure (blue: cap subdomain; green: intermediate domain; pink: C-terminal domain)
and the main structural motifs associated with phosphotransfer activity are highlighted.
Residues involved in interactions with the nucleotide are marked below the alignment
(stars: residues involved in polar contacts at the interface between the cap and the
intermediate domain; yellow circles: residues involved in Van der Waals interactions
with the adenine base; green circles: residues involved in water-mediated interactions
with the adenine base; red triangles: residues involved in direct hydrogen bonds with
the y-phosphoryl group; green triangles: residues involved in water-mediated polar
contacts with the phosphoryl groups; blue triangles: residues directly stabilizing
magnesium-coordinating water molecules; magenta triangles: residues involved in

magnesium ion coordination). Figure prepared with Aline2.



Supplementary Fig. S2 - Location of nucleotide and substrate binding sites in MAK
structural homologs

(A) MakMvan; (B) MTRK (PDB accession code 2PUNS3; (C) aminoglycoside-3'-
phosphotransferase-Ila (PDB accession code 1ND4#) and (D) 3',5”-aminoglycoside
phosphotransferase Type Illa (PDB accession code 3TM0°%). Topologically equivalent
domains in the different proteins are colored in a similar way, the (adenosine-5"-[(3,y)-
methyleno] triphosphate (AppCp, A and B) and adenosine 5'-[(3,y)-imido] triphosphate
(AppNp, D) analogues bound at the active site cleft are shown as ball-and-stick (A) or as
sticks (B, D). The substrate and ligands bound to the substrate binding pocket in these
enzymes are shown as spheres with oxygen atoms in red, nitrogen in blue, phosphorus
in orange and carbon in yellow. Notice the different orientation of the y-phosphoryl

moiety in MakMvan (A) and in MTRK (B) or aminoglycoside phosphotransferase (D).
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Supplementary Fig. S3 - Nucleotide binding site

(A) Alternate binding mode of AppCp to MakMvan, Stereogram of MakMvan active site
showing the experimental 2Fo-Fc electron density map (blue mesh, contoured at 10),
and the two modelled conformations of the bound AppCp nucleotide analogue
(represented as ball-and-stick with carbon coloured yellow, nitrogen blue, oxygen red,
and phosphorous orange). (B) The binding mode of ATP to MakMvan, Stereogram of
MakMvan gctive site (the MakMvan; ATP complex [white cartoon] is shown superposed to
the MakMvan: AppCp complex [pink cartoon]) showing the experimental 2Fo-Fc electron
density map (blue mesh, contoured at 0.70) for the bound ligand (sticks, atoms color-
coded as in (A)). The two identified conformations of the AppCp in the MakMvan: AppCp
complex are shown as lines, for comparison purposes. No electron density is found for

the two terminal phosphates, which were removed from the final model.



Supplementary Fig. S4. Conservation of key residues in M .tuberculosis
maltokinase

Surface representation of MakMvar coloured according to residue conservation between
the maltokinases from M. vanbaalenii and M. tuberculosis (red: identical residues,
orange to blue: scale of decreasing conservation of amino acid properties; white:

dissimilar residues). Figure prepared with PyMOL (http://www.pymol.org).
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Supplementary Fig. S5 - Far UV CD spectra of Mak variants
CD spectra of wild-type MakMvan(A) and MakMt (B) and of their point mutants, revealing

no significant differences in secondary structure content.
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Supplementary Fig. S6 - Mutational analysis of MakMvan maltose binding site

(A) Analysis of the effect of point mutations in key residues for MakMvan catalytic
activity. (B) Detailed view of the putative maltose-binding cavity (as in Fig. 6B)
highlighting the residues selected for mutational analysis as ball-and-stick
representation (oxygen atoms in red, nitrogen in blue, phosphorus in orange and
carbon coloured according to sequence conservation as in Supplementary Fig. S4).
AppCp is shown as ball-and-stick with carbons in green. Panel B prepared with PyMOL
(http://www.pymol.org).
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Supplementary Fig. S7 - Mutational analysis of M. tuberculosis Mak P-loop
residues and DFE motif

(A) Analysis of the effect of point mutations in key residues for MakMt catalytic
efficiency (kcat/km). The mutated residues Arg351, Ser144, Asp339, and Asn145 are
conserved in MakMvan (Arg334, Ser136, Asp322, and Asn137, respectively) (B-C)
Detailed view of key interactions in the catalytic loop (B) and in the P-loop (C) of
MakMvan highlighting the residues selected for mutational analysis (dashed rectangles).
Selected residues are shown as sticks and Asp305 and nucleotide as ball-and-stick with
oxygen atoms in red, nitrogen in blue, phosphorus in orange and carbon in green
(nucleotide) or according to sequence conservation (protein, colours as in
Supplementary Fig. S4). Hydrogen bonds are represented as dashed black lines and
magnesium ions as magenta spheres. Panels B and C prepared with PyMOL

(http://www.pymol.org).



Supplementary Fig. S8 - Symmetry neighbours in MakMvar crystals

MakMvan js represented as a white cartoon and the nucleotide (two modelled
conformations) as spheres. The P-loop residues Ser136 and Asn137 are represented as
orange spheres. The neighbouring molecules in the crystal involved in significant
crystal contacts are shown as cartoon representations in different colours. The largest
crystal contact interface involves the C-terminal helical domain (dark blue; crystal
contact buries 6% of the total solvent-accessible area), followed by a crystal contact
affecting the tips of the central cleft, particularly the N-terminal domain and a large
portion of the C-terminal domain (pink; buries 5% of total solvent-accessible area). The
crystal contacts mediated by the external face of the intermediate (yellow) and N-
terminal subdomains (marine blue) are less extensive, burying only 3% and 2% of total

solvent-accessible area, respectively.



Supplementary Table S1: MakMvar structural neighbours

Full length protein
Protein name PDB entry Z-score / Number of Amino acid
r.am.s.d. (A) aligned sequence

residues identity” (%)
Methylthioribose kinase 2pul3 19.0 / 3.7 272 10
Choline/ethanolamine 3dxq 18.6 / 4.1 258 13
kinase family protein
Homoserine kinase 2ppq 18.4 /3.3 261 15
YTAA protein 2q83¢ 18.1 /3.3 271 16
Spectinomycin 3ila’ 16.9 /3.6 259 12
phosphotransferase
Putative aminoglycoside 3csv 16.2 /3.6 255 13
phosphotransferase

N-terminal Cap domain

Multicystatin 2w9p8 43/2.6 59 14
Serine/threonine protein 1zy49 4.2/3.3 60 7
kinase GCN2
Putative NTF2-Like 3k7c 41/2.7 61 10
Transpeptidase

(http://ekhidna.biocenter.helsinki.fi/dali_server/start)10.

*Structure-based sequence alignment, as calculated by Dali server




Supplementary Table S2 - Summary of parameters for pockets identified in free

M akaan

Pocket Total SASA Polar SASA Apolar SASA Volume (A3) | Proportion of

number (A2 (A2 (A2 polar atoms
(%)

1 719 352 357 1728 36.6

2 591 345 246 1572 53.3

3 513 221 292 1071 45.5

4 137 48 89 209 54.2

5 377 200 177 724 46.1

SASA - Solvent-accessible surface area




Supplementary Table S3 - Oligonucleotides used as PCR primers

Code Name Sequence (5’-3’)

MakF MakF ATTGATCAACATATGACGCTGGCATTCGGCGATTG

MakR MakR ATCAAGCTTGCCCAGGATGAGGCTGATCGATC

A WT_NdeF CTTACATATGACTCGGTCGGACACGC

B1 S144A_F GACGCCGAACAGAACACCAGTG

C1 S144A R CACTGGTGTTCTGTTCGGCGTC

D WT_HindR ATTAAGCTTGCTAGCGGTCAGGCGGG

B2 N145A_F GACGCCGAACAGAGCCCAGTG

C2 N145A_R CACTGGTGCTCTGTTCGGCGTC
Mak K413A_F GCCTACGAGCTCGACGCGGTGTACGAAGC
Mak K413A_R GCTTCGTACACCGCGTCGAGCTCGTAGGC
Mak Y416A_F CTCGACAAGGCGGTGGAAGCCGCTTACGA
Mak Y416A_R TCGTAAGCGGCTTCCACCGCCTTGTCGAG
Mak Y416F_F CTCGACAAGGCGGTGGAAGCCGCTTA
Mak Y416F_R TAAGCGGCTTCCACCGCCTTGTCGAG
Mak Y420A_F GGTGTACGAAGCCGCTGAGGCCCGTTTCC
Mak Y420A_R GGAAACGGGCCTCGCGGCTTCGTACACC
Mak Y420F_F TGTACGAAGCCGCTGAGGCCCGTTTC
Mak Y420F_R GAAACGGGCCTCGAAIAGCGGCTTCGTACA

Ndel and HindlIII restriction sites are underlined. Mutated codons are boxed.
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