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Supplementary Tables

Supplementary Table 10bservedH,**C and®P chemical shifts of ne®-acetylated NmA capsular
polymer, referenced to 2;8imethyl2-silapentanesulfonic acid (DSS).

Atom Internal hal ywPdhal yBPJi al yBIPJ Free Free
h al y b | moiety at nor | moiety at moiety at aManNAc bManNAc
6-P moiety | reducing end | reducing end | reducing end (Values from | (Values from
p 0 r n Coxoret al)® | Coxonet al’)°

H1 5.422 5.407 5.126 5.046 5.121 5.028

H2 4.448 4.443 4.333 4.462 4.319 4.451

H3 4.137 4.131 4.060 3.842 4.047 3.828

H4 3.780 3.857 3.690 3.552 3.620 3.522

H5 3.989 3.923 3.968 3.549 3.863 3.416

H6 4.240 4.177 4.186 4.181 ~3.939 3.890

H6' 4.173 3.978 4.138 4.138 ~3.939 3.812

H8 2.073 2.067 2.058 2.103 2.048 2.092

C1 97.9 98.0 96.0 95.8 96.0 95.5

Cc2 55.9 55.9 55.9 56.7 56.1 56.9

C3 71.3 70.9 71.6 4.7 71.7 74.9

C4 68.7 68.5 69.3 69.2 69.6 69.4

C5 75.0 75.7 73.6 77.8 74.8 79.2

C6 67.2 65.4 67.6 67.68 63.2 63.2

C7(NAc) | 177.7 177.7 177.7 178.5 177.6 178.6

C8(NAc) | 24.8 24.8 24.8 24.8 24.8 24.9

6P -5.31 0.63 5212 5.21° q G

1P -5.31 -5.20 G q q G

A 1.4 Hz n.dd 1.3 Hz 1.6 Hz 1.7 Hz 1.7 Hz

(1.3 HZj (1.6 HZj
*Lap 7.4 Hz n.d? C C

aloverlaming resonances
bref«-:trencingwas slightly different, an offset of 2.1 ppm to & valueseported inCoxonet al. * was determined
“alues reported by Paet al2.

dnot determined (n.d.), either due to overlap or weak signal intensity



Supplementary Table DbservedH,*C and™P chemical shifts of the repeating units of
O-acetylated NmA capsular polymer, referenced to-@ethyl2-silapentanesulfonic acid (DSS).

Atom Internal Internal Internal Internal Internal Internal
30Ae 30Ae 40A¢ 40A¢ hal ye! |[hal vyl
halyb! [hal yB! |(hal yb! |[hal yB! | Pmoiety P moiety
P moiety P moiety P moiety P moiety p q
i k I m

H1 5.479 5.426 5.461 5.415 5.432 5.381

H2 4.597 4.556 4.513 4.508 4.457 4.454

H3 5.206 5.183 4.341 4.330 4.149 4.133

H4 4.008 4.005 5.203 n.d? 3.792 n.d?

H5 4.120 4.079 4.208 4.158 4.007 3.965

H6 4.290 4.291 4.111 4.107 4.259 n.d?

H6' 4.213 4.193 4.036 4.034 4.197 n.d?

H8 2.079 2.076 2.110 n.d? 2.092 n.d?

H10 2.110 2.111 2.187 n.d? C G

C1 97.5 97.7 97.7 n.d? 97.9 97.9

C2 53.4 53.3 55.9 55.9 55.9 55.9

C3 74.6 74.7 69.6 69.6 71.3 71.3

c4 66.1 66.1 71.0 n.d? 68.7 n.d?

C5 74.9 74.8 72.8 72.6 75.1 75.1

C6 67.0 67.1 66.9 n.d? 67.2 n.d?

C7 (NAc) | 177.3 177.4 177.6 n.d? 177.6 n.d?

C8(NAC) | 246 24.5 24.9 n.d? 24.8 n.d?

C9 (OAc) | 176.1 176.1 175.6 n.d? C C

C10 (OAc) | 23.2 23.2 23.2 n.d? C C

6P -5.28 n.d? -5.84 n.d? -5.20 n.d?

1P -5.28 -5.88 (-5.24) 5.74 5.20 5.72

®not determined (n.d.), either due to overlap or wesignal intensity

b .
overlapping resonances




Supplementary Table.3bservedH, *C and®™P chemical shifts of the termini Gkacetylated NmA
capsular polymer, referenced to 2dimethyl2-silapentanesulfonic acid (DSS).

Atom hal yBPdhal yBPJi al yBP(C
moiety at moiety at moiety at
non-reducing | reducing end | reducing end
end r n
(0]

H1 5.418 5.137 5.061

H2 4.458 4.345 4.478

H3 4.157 4.077 3.855

H4 3.880 3.696 3.568

H5 3.938 3.987 3.563

H6 4.192 4.200 4.206

H6' 3.972 4.151 4.147

H8 n.d? n.d? n.d?

c1 (97.9f 95.9 95.8

c2 (55.9f 55.9 56.8

C3 n.d? 715 n.d?

c4 68.6 69.4 n.d?

C5 75.9 n.d? n.d?

C6 n.d? 67.3 n.d?

C7 (NAc) | n.d? n.d? n.d?

C8 (NAc) | n.d? n.d? n.d?

6P 1.04 -5.19 n.d?

1P -5.18 C q

%ot determined (n.d.), either due to overlap signal intensity
b overlapping resonances



Supplementary Tabld. Data collection and refinement statistics.

6YUO: WT+Gd

6YUV: native WT 6YUS: H228A+CoA 6YUQ: WT+CPS

Data collection
Space group
Cell dimensions
a,b,c(A)

&) b,
Wilson B (A?)
Resolution range
(highresolution
shell) (A)
R’nerge
I/ sl
CGy2
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

RNork/ I%ree

No. atoms
Protein
Ligand/ion
Water

B-factors (A2)
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles §

P4,2,2

132.9, 132.9, 69.3
90, 90, 90

43.7

50-2.20(2.32
2.20)

0.081 (0.896)
25.2 (4.1)
1.00 (0.91)
89.9 (89.6)
24.5 (25.3)

2.2
28,548
0.182/0.219
3,952
3,857
15

80
55.1
54.9
90.3
56.5

0.003
0.61

P4,2,2

138.3, 138.3, 70.6
90, 90, 90

43.0

50-2.00 (2.07
2.00)

0.048 (0.694)
36.2 (5.0)
1.00 (0.98)
99.9 (99.9)
22.8 (22.9)

2.0
46,709
0.179/0.207
4,092
3,915
12

165
55.4
55.4
64.1
55.7

0.008
0.81

P4,2,2

136.7, 136.7, 70.7
90, 90, 90

63.9

50-2.00 (2.082.00)

0.080 (4.052)
19.6 (0.5)
1.00 (0.22)
100.0 (99.9)
23.5 (156)

2.0
44,759
0.198/0.240
4,022
3,868
114

40
77.5
77.3
89.5
63.4

0.010
1.14

P4,2,2

137.5, 137.5, 70.3
90, 90, 90

64.2

50-1.95(2.02
1.95)

0.060 (2.413)
25.1 (1.4)
99.8 (0.64)
99.9 (99.9)
26.2 (25.6)

1.95
49,462
0.210/0.221
4,037
3,898
92

47
71.3
71.1
85.0
63.2

0.006
0.75

Note: Statistics are based on one crystal per dataset



Supplementary Table 5: Plasmids and primers used in this stdde plasmids for the expression of
CsaGre based on pET22b (Novagen).

# Plasmid Primer | Primer sequence

4182 | pStrepCsa€His FF58 p ‘BCGGATCCTTATCTAAAARACAGE ¥

FF57 p @CGCTCGAGTATATTTTGSIGGD W

4815 | pStrepCsacsSerl114AleHis AB78 p-@CTTTTGGGTTCAGCTEASGCGTTGGCHY

AB79 p BCGCCAACGCCACCTTIASACCCAAAABGGY

4816 | pStrepCsacAsp198AleHis AB80 p BTTGCGGAAAAGATGCTATBATTTAAATGAATDAG

AB81 p-@TAATTCATTTAAATGAAAGCATCTTTTCCGCAAG

4817 | pStrepCsa@His228AleHis AB82 p BCAAACTAATTTCTGGEERIGATAATGAAGCAATIGC

AB83 p BCAATTGCTTCATTATCEBGCCAGAAATTAGTIO GG

5082 | pStrepCsacHis201AleHis AB99 p ‘BCGGAAAAGATGATTCAIANTTTAAATGAATTAGAARNT W

AB100 | p-BAATTTCTAATTCATTIR@ATATGAATCATCTTGGBOCY

5374 | pStrepCsacy 144AHis AB134 | pBCCAAATTAGCAGATGCAARACACGCTE®

AB135 | p-®GAGCGTGTTTTGATAGTATTAATTTGG®

5375 | pStrepCsacR148AHis AB136 | p BCAGATTATATCAAAACAEIGAAAACCATTCIORC

AB137 | p BAAAGAATGGTTTTCGARITTTGATATAATGHGE

5376 | pStrepCsacR148KHis AB138 | p ®@CAAATTAGCAGATTARAPACAAAGTCGAAAACTAT TG W

AB139 | p BAAAGAATGGTTTTCGAGTTTTGATATAATCT@ITAG® W

4875 | pCsadHis AB90 p - BCATCTCATATGTTATCTAAAAAACAGGY

FF57 p BCGCTCGAGTATATTTTGSFGGD W

5424 | pCsa@H228AHis AB82 p BCAAACTAATTTCTGGGEIGATAATGAAGCAATI@C

AB83 p - BCAATTGCTTCATTATCEBGCCAGAAATTAGTIO GG

5697 | pStrepCsa@138AHis AB198 | p-PATAATTATTAATGCTAIGCCAAATTAGCAGAATBRAAACACGCTCGARA
ow
AB199 | p-PAATCTGCTAATTTGGBGBEBGCATTAATAATTARGEGATAATTATATGTAB(
CGo ¥
5698 | pStrepCsa@138AH228AHis | AB198 | p -PATAATTATTAATGCTEIEIG@CCAAATTAGCAGAATBRAAACACGCTCGARA
ow
AB199 | p-PAATCTGCTAATTTGGBGGBAGCATTAATAATTARMEGATAATTATATGTAB(
CGo ¥




Supplementary Figures
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Supplementary Figure .1Tailoring Csanediated O-acetylation levels.a, Representative example
of a 1D*H NMR spectrum oB-acetylated NmACPS. The degree Gfacetylation ofthe NmACPS
was determinedaccording to aconvenient, previously published athod®, which is based on
integrating the *H NMR signalef H3,x.and H4,, The two overlapping signals centatr ~5.2 ppm
and are thuswvell isolated fromsignals ohon-O-acetylated ring protors Through omparsonto the
integrated signalsresulting from theanomeric protonof both O-acetylated and notO-acetylated
moieties (HLoac+nonone) S€t to 100%)he percentage ofO-acetylated ManNAcunits is obtained
Precise assignment of the H1 signdlg 2D NMRand anin-depth characterization of theO-
acetylation pattern is shown in Fig. & precisedetermination of theO-acetylation pattern by 2D
NMR isdescibed in the Supplementary Note 1. b, Percentage of Csa@Gediated O-acetylation at
donor (acetylCoA) toacceptor (ManNAC) ratiosf 1:1 (7 mM : 7 mM), 2:1 (14 mM : 7 mM) and 4:1
(28 mM : 7 mM) determined asdescribedin (@). The percentage oD-acetyhted ManNAc moieties
increased with increasingonor to acceptor ratios yieldin@-acetylation level€ompaiableto those
reported for CPS harvested from NmA cultdfesit is important to note that the level 0©-
acetylation isgenerallybelow 100% for polymers harvested from pathogen cultures, not only for
NmA, but also for other meningococcal serogrotfed otherpathogenic bacteri¥'.
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Supplementary Figure 2H NMR analysis ob-acetyl group migration in waterThe integral of the

entire H2 region was set to 100% (see bar) and the relative amounts oOhe,3I0OAG and norOAc
moieties were calculated based on the area of each individual peak as indicated. In the beginning of
the experiment fresh), 4% othe ManNAc residues were alrea@yacetylated in positiorC4. During

two daysof storageat room temperatureno change of theO-acetylation patternwas seen(not
shown)and the sample was transferred to 45°C. Tdafter, 4-O-acetylationsteadily increasean

the expense of -acetylation(not shown) untilonday 10, 12% of all residues weté€-acetylated

(red chromatogram). thdicates 3-O-acetylated residues connected to-@acetylated residues as
described in Lemercinier and Jon@996)?° and further defined in Fig. 2 and the corresponding
results section.
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Supplementary Figure. *H NMR spectra of the non-O-acetylated NmA-CPS a, Non-hydrolyzed
sample and, partially hydrolyzed sample. Chemical structures show spin sysiems, n from left

to right.
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Supplementary Figurd. *H'H COSY spectrum GtacetylatedNmA-CPSSpin systems and
resonances are indicated above or next to the signals (fomgrdimension).
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Supplementary Figuré. *G'H HSQC spectrum @-acetylated NmA-CPSDue to the muiltiplicity:
editing, positive signals (blue) indicate CH groups and negative signals (greegioGps. For each

signal the spin system ishown as circled number antlg position within the moietys indicated for
exampledq 1¢, refers to HIC1 of spin systenq . Very weaksignals belowthe threshold of the

shown contour levels are indicated by dotted circles
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Supplementary Figures. **G'H HMBC spectrum oB-acetylated NmA-CPSaligned with relevant
regions of a*G'H HSQC spectrunThe™C chemical shifts (C3 pf, 74.6ppm; C4 of , 71.0 ppm)
deduced from the HE3 and H4C4 correlations of thé’G*H HSQC experiment (left panel) could be
unambiguously correlated to H2 of the@acetylated and 4J-acetylated spin systemis and|
respectively, inthe *G'H HMBC sgctrum (middle panel).
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Supplementary Figur@. *P-'H HMBC spectra db-acetylated (top) and norO-acetylated (bottom)
NmACPS3P chemical shifts gpbhosphomonoestersire typically ~5 ppm downfield compared to
phosphodiesterresonance® The spectrum at the bottom was recorded with 32 scans, a recycle

delay of 1.5 sec, 409820 points and spectral widths of 10.0 pgn®.0 ppm with a duratiorof 5
hours 40min.
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Supplementary Figure8. CsaC forms stable tetramers in solution as shovlay analytical
ultracentrifugation (AUC). aSedimentation velocity analyses of 3.0 uM (red), 9.1 uM (blue), 18.6 pM
(cyan) and 40.9 uM (black) CsaC. Independé protein concentrationCsaC sediments as a single
species with = 6.1 S. For ease of comparisafi sedimentation coefficient distributions have
been converted to a patlength of 12 mmb, Concentration gradients obtained fd0.9uM CsaGn
sedimentation equilibrium centrifugation were measured g0d0 rgm (cyan), D00 rpm (red),
12,000rpm (green) and 1900 rpm (black). These data were fitted togethvéth the data obtained

for 9.1uM CsaC at the same rotor speeds (data not showmyguaisingle species model. The global
fit (solid lines) yielded a molar mass of 113 kg/mol. As the molar mass obmasit CsaC is
29.3kg/mol, the protein forms stable tetramers in solution. The lower panel shows the difference
between the calculated andhe measured absorbance values as a function of radial position
(residuals).

In order to determine the oligomerization state of CsaC in solution, 3.0 to 40.9 uM of the protein
were subjected to sedimentation velocity analysis in an AUC. Independent teirpomncentration,
CsaC sedimented as a single species with a sedimentation coeffigigpt 8.1 S.Jupplementary

Fig. 8a). From the continuous c(s) distribution moYeh molar mas of about 114 kg/mol was
obtained from sedimentation coefficient and diffusion broadening of the sedimenting boundary.
Since the molar mass of the monomer as calculated from amino acid composition ig28d,
CsaC forms stable tetramers in solutidinis result was also confirmed by sedimentation equilibrium
experiments, where global analysis of the concentration gradients obtained at 4 rotor speeds and
two protein concentrations yielded a molar mass of 113 kg/m®upplementary Fig.8b).
Comparison of the obtained sedimentation coefficient with theatue calculated for an unhydrated,
spherical protein of the same mass as the Gs&@mer yielded a frictional ratio of 1.36. Since for a
spherical, hydrated protein a frictional ratio &f1 to 1.2 is expecte] the CsaC tetramer deviates
substantially from the shape of a sphere. This is consistent with the structure of the potential
tetramer as identifiecby x-ray crystallographyHig. 4a Supplementary Fig9). Hydrodynamic bead
modelling of this high reduotion structure with the program SoM§ using a SoMo overlap bead
model followed by ZENO calculatiopielded s, = 6.3 S The obtained deviation from the
experimental result is within the error limits of the methdd
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Supplemetiary Figure 9. Oligomerizatiomterface of CsaCa, Assembly of the CsaC tetramé,
Qoseup of the tetrameridnterface Y I A y £ & F | @KAStt M iElQdsSuRpof @he dirherization
interface between two protomersy’ | A yf & T &St mE d SR 68 n
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180° 270°

Supplementary Figure @ Fold and secondary structure comparison of Cs&Sadgreen) in apo
form (chain A) with top DALI search histerase A fronBtreptococcus pyogengsyan (pdb: 4rot,
DALI mcore = 18.4, rm.s.d.= 2.59 A). Residues of the catalytic triad are shown in stick
representation.

17



Supplementary Figurdl. Crosseyed stereo of Fd-c electron density difference maps contoured
at 3 omitting a, CoA (cyan) and aceig$ker in the active site of Cs&f228A andb, CPDP4
(magenta) and chloride (green) in the active site of wild type CsaC.
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a Proposed Mechanism for CsaC-WT
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Supplementary Figurd2: Proposed reaction mechanisror a, Csa@NVTandb, Csa@H228A. a, The
reactionof Csa@NT proceeds tmough six consecutive steps, starting with donor substrate binding,
nucleophilic attack othe carbonylgroup of acetylCoAby S114 andormation of a first tetrahedral
intermediate. H228 acts as general base deprotonate S114The main-chain amides of F40 and
K115 the canonical components ahe oxyanion hole Supplementary Fig.18), stabilize the
tetrahedral intermediate anionDecomposition of tle tetrahedral intermediatedeads tothe release

of free CoAand the formation of an ace/l-enzymeadduct. Release of the first product allows
binding of the acceptor polysaccharide with one ManNAc moiety positioned in the substrate entry
site. H228 acts asgeneral base to deprotonate the acceptor hydroxyl group, which allows

19



nucleophilic attackof the carbonyl carbo of the acetylenzyme,yielding a second tetrahedral
intermediate.Collaps of the second tetrahedral intermediatsults inthe release of3-O-acetylated
CPSndthe regeneration of free enzym@or the sake of clearity he mairchain amide®f F40 and
K115are depictedonly in schemes showing tetrahedral intermediatg

b, In theCsa@H228A mutant Q138 can substitute H228 in the first hedfaction. Inthe absence of
H22§ the hydrogen bond networlof H201, Q138 and YT8rms aproton rely systenthat stabilizes
the imidic acid tautomenf Q138 The imidic acid form od138canact as a basto deprotonate the
triad serineS114 Thisallows nucleophilic attack of the carbonyl group of the incoming a<edA
and the formation of the first tetrahedral intermediate, whicfinally yields the acetylenzyme
adduct.Because Q138 is locatén the back othe active site- opposite to the substrate entry site
(Fig.5¢) - Q138is too distantly positioned taleprotonatethe acceptor hydroxyin the second haif
reaction The sugar hydroxyl grougemains a poor nucleophile, unable to attack the carbonyl carbon
of the acetylenzyme adductThis prevents hydrolysis of the aceadduct which is thugrapped in
the absence of H228.

20



llell

Lysd8

09A 03B

OAPZL

2P Phed0
. g

Ile233

Tyrl44
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Supplementary Figure 145eneration and ésting of oligosaccharide acceptors with defined degree
of polymerization.a, HPLEAEC with UV detection (214 nm) showing dephosphorylated and purified
oligosaccharides of defined DRndicatesUV-active impurityin the DP3 sample whidk not visible

in HPAE®AD (see DP3 ib)j andwhich isthus not of carbohydrate origirh, HPAE@AD profiling

as additional quality control for thBP3 containing fraction shown ia)( DP3s highly pure and void

of other phosphorylated and noephosghorylated serogroup A oligosaccharideSommercially
available ManNAc and ManN#&®, DP2,as well as a serogroup A oligosaccharide mix (obtained
through partial hydrolysis) before and after enzymatic removal of the -#meducing end
phosphomonoester, are slwvn as standardsc, Spectrophotometric assay used to monitor CsaC
activity in the presence of oligosaccharide acceptors with DP as indicated and commercially available
ManNAc and ManNAGP.Etror bars represent meaf SD.The mean was calculated from rh¢svn

as dotslndependent experimentdDP79: n=6; ManNAc, ManNA&P: n=4; all other DPs: n=Source
data are provided as a Source Data file.

Determination of the minimal acceptor length required by CsaC

Oligosaccharides of defined degree @lymerisation (DP) were prepared as previously
described*™. Briefly, enzymatically synthesized, rOracetylated serogroup A polymer was
incubated in sodium adate buffer (pH 4.8, 73°C, 6h) leading to tbartial hydrolysis ofanomeric
phosphodiester bonsl and yielding oligosaccharideshat carry a phosphomonoester at the non
reducing end®’. Sincethe NmACPS backbone, the natural substrate of Gesa@o(Fig. 1), has free
nonreducing endS'® the phosphomonoester was removedsing cdl intestinal alkaline
phosphatase. The resulting mixture of oligosaccharides was separated by preparative anion exchange
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chromatographyyielding single oligosaccharide species of definB® The homogeneity ofll
oligosaccharidesvas corroborated by analig HPL&ased anion exchange chromatography (HPLC
AEC) Supplementary Figl4a). Due to an unexpected peak the DP3 containing fractiofsee * in
Supplementary Figl4a) which is not uncommon during tétection at 214 nnmand might result
from process related impuritiesHigh Performance Anion Exchange Chromatography coupled to
Pulsed Ampemetric Detection (HPAERAD) wasperformed as additional quality control
(Supplementary Figl4b). This techniquds highly specificofr the detection ofcarbohydrates and
allows the discrimination of oligosaccharides with phosphorylated andpihasphorylated non
reducng end HPAE®AD clearlydemonstrated that the DP3 containing fraction is highly
homogenouscorroboratingthat the impurity does not results fronunintentional cepurification of
other phosphorylated or nophosphorylatedbligosaccharides

In a next step, CsaC activibwards oligosaccharidesf DP2DP14 was monitored continuously using
a spectrophotometric assay, inhich free SHyroups of the CoA released after eddtacetyl transfer
NBI Ol énrhibis(2mtBhe2oic acid) to5-thionitrobenzoic acid which can be detected
through absorptioft’ (Supplementary Figl4c).
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Supplementary Figure 15Electrostatic surface potential (bluge positive, red¢ negative, whiteg
neutral) representation of wild type Csaf complex with CRBP4,showing overlay of CH3P4
(magenta) and CoA (cyan, from adefoAsoaked Csall228A).a, Overview of the protomerb,
crosseyed stereo close up of the binding sites and their overlap.
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Supplementary Figure & Ligplot*® of CPSDP4(magenta) in the wild type CsaC structwiein A
Reducing (RE) and noaducing (NREnds, as well as RingDAare labeled
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Supplementary Figurd7. Bifurcated active site arrangement o€saCa, Qystal structure depicting
the active #e of native wild type Csa®, Schematic view of théifurcated active site arrangement
with the canonical triads114, H22&nd D198 in red (right mn) and the additional residudd20],
Q138 and Y79 (left arnm blue.
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Supplementary Figurd8: Csa®xyanion holeoccupied bya, a chloride ion Cl) in the native crystal,
b, the acetyiserine inthe Csa@1228A{AcS114CoA complerandc, the predictedtetrahedralacetyt
serine intermediate Hydrogen bonddashed magenta lines) distances 282 A.

The catalytic machinery oABHfold enzymes is accomplished by an oxyariore, which binds
carbonyl oxygens and stabilizes oxyargomtaining tetrahedral intermediates by interactions with
two backbone amide8?. In the CaGWT structures of the liganftee form and the complex with
CPDP4 the presumed oxyanion hole is occupied by a chloride(see alsoSupplementary Fig.

11b, 16 that may originate from the crystallization buffer. Based on its localization, we pirgbint
FAON and K118\ as the canonical structural components of the oxyanion hole. The chloride ion is
further coordinated by the side chains of S114, Y144 and Rl48&elrsttucture of the CsaC
H228A{AcS114CoA complex, the position of the chloride ionoiscupied by the acetyl group of
AcS114(Supplementary Fig.18b) Based on the Csad228A{AcS114) structure, a tetrahedral
configuration of the carbonyl carbon of AcS114 was predicted as model of the transient tetrahedral
oxyanion intermediatéSupplemenary Fig.18c)
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Supplementary Figurd9: MS analysis of theacetylenzyme intermediateformed by Csa@NT. LC
ESIMS analysis gburified Csa@NT incubateda, without or b, with acetytCoA. After separation by
SDSPAGE and digest of the excised protein band by trypsinMsach sample waanalyzedby LG
ESIMS. Theoretical m/z values are giviarthe right panefor the 2Aold charged peptides containing
the active site serin&114. Spectra in theiddle panel were acquirethy accumulating scans within
+0.1 min around the respective peak maxima in the extracted ion chromatograms of the gizen m/
values.c, Tandem MS spectra of the doubly charged Sddwrtaining peptide in nomcetylated (m/z

= 492.26) and acetylated (m/z = 513.28) form. MS/MS spectra were analysed using the program
ProteinLynx Global Server (Version 2.1, &gt The fragmentation patterof the respective
peptides are given on the rightith the detected Gterminal (yseries) and Nerminal (bseries) ions
indicated on top and belowhe peptide sequencerespectively
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Supplementary Figure20: LCESIMS analysis of the acetyddduct in Csa@NT and CsaCOmutant
forms. a, Purified Csa@T andb-e, indicatedCsaC variants were incubated with acefyA and
processed as described in the legendSofpplementaryFig. 19. Theoretical m/z values are givam

the right panelfor the 2Afold chargedpeptides containing the active site serine S1a4ce) or the
corresponding S114A mutatidb). Spectra ithe middle panelvere acquired by accumulating scans
within £ 0.1 min around the respective peak maxima in the extracted ion chromatograms of the
given m/z values. The peptide identity and the linkaféhe acetyl group to S114 weoenfirmed by
LCESIMS/MS Bupplementary Fig21). The identity of the analyzed mutavariants wasverified by
detection of a peptide that harbors the alanine exchaf§epplementary Fig22).
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Supplementary Figur@l: LCESIMS/MS analysis ohcetylenzyme intermediateformed by CsaC
variants. Tandem MS spectra of the doubly charg8dil4containing peptides in nonacetylated

(m/z= 492.29 and acetylated (m/z =18.28) form obtained fromthe indicated CsaCvariants
incubated with acetylCoA MS/MS spectra were analysed using the program ProteinLynx Global
Server (Version 2.1, Waters). The fragmentation patterns of the respective peptides are given on the
right with the detected @erminal (yseries) and Merminal (bseries) ions indicated on top and
below the peptide sequence, respectively
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Supplementary Figure22: Verification of CsaC mutant forms by ESIMS analysis.Alanine
exchangesn a, Csa@138Ab, CsaD198A and, CsadH228Awere verified by analysis of peptides
containingthe respective exchangé& heoretical m/z values fahese peptidesare given in the right
panel. Spectra in the middle panel were acquired by accumulating scans within sn0atauind the
respective peak maxima in the extracted ion chromatograms of the given m/z values.
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Supplementary Figure 23: Superposition of native wild type CsaC and-8228A(AcS114CoA. a
Calpha trace of secondary structure superposition of &§saC wild type and CshiR28A{AcS114)
CoA (r.m.s.d. 0.384 A, close up of the active sites.
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Supplementary Figure £ Protein topology ofstructurally characterizedd-acetyltransferaseswith

SerHis-Asp triad. Protein topology diagramef O-acetyltransferases with a SéfisAsp triadwere

generated based on the following structuresdHAT, HomoserineO-acetyltransferase of
Haemophilus influenza (pdb code 2b61) NmCsaC, capsulé®-acetyltransferase ofNeisseria
meningitidisserogroup Athis study; SpOatA;, extracytoplasmic domain (residues 4805) of the
peptidoglycanO-acetyltransferase OatA dbtreptococcus pneumonig@db code 5ufy)BdPatB1,
secondary cell wall polysacchari@acetyltransferase oBacillus cereugpdb code 5v8e)PaAlgX,
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alginae O-acetyltransferase dPseudomonas aeruginogpdb code 4knc)Helices andtrandsof the
central fold are shown in red and yellow, respectivalyd additionalsecondary structurelements
are shown inlight blue Theadditional Gterminal carbohydratebinding donain (CBD) oPaAlgX is
shown asa pink sphere.

a, ABHfold. The canaonical ABfald is composed ain 84 G NI Y RS R Y 2-ghéet fAnkddbyNJ f f S f
h-helices The core foldserves as scaffold for the catalytic triad residues, which are placed on
interconnecting loops and whose location in relation to the secondary structure topology defines the

ABH famil§™**®, Thecatalyticnucleophile(Nu)A & f 2 OF 6§ SR 0 S ¢ S SG/ltisparted y R | p
the consensus sequence 8xG whichpositions the nucleophilgserine or cysteineat the tip ofa

very sharp turpcalled the nucleophilic elbowt KS OF G f @ GA0 KAAGARAYS A& f
I YR KFSWhileEthe facid is placed betweenNst Yy R 1 T  IBY*RTh&K &farida hdle is

formed by two main chain amideprovided bythe residue Nerminally adjacent to the catalytic

serine andby a residue located in the oxyanioloop that interconnects strand 3 and helix" A.

Structural information on ABffbld transferases is largely limited to enzymes that are listethe

ESTHER databd3eas members of the homoserine transacetylase (HAT) subfdfiilyAs
representative of this family, the topology dfie HAT ofHaemophilus influenz& is shown in
comparison to CsaC

b, SGNHold. Members of theSGNHold family are characterized by conserved sequebbmcks that
contain the highly conserved residuesi® (nucleophilen block I), G (in block II), N (in block IIl), and
H (in block V), which gave the family name’’. The SGNHold enzymesharbor a SeHisAsp triad
with the acid placed in a DxxH maiif block Vthat encompasseshe catalytic histidineThespatial
orientation of the catalytic triad residues with qgexct to the overalh k i fald differs considerably
between SGNHand ABHold enzymes.In SGNHold enzymes, the triad residues align almost
perpendicular to the central-sheet and are placed on top of thetBrminal half of the central -
sheet whereasin ABHfold enzymesthe triad residues align almost parallel to the centraiheeton
top of the Gterminal halfof the sheef®. Moreover, he nucleophit serineof SGNHold enzymes is
positioned ina GDS(Linotif close to the Nerminus and is part ofa shorth-helix. The canonical
oxyanion wholeof SGNHold enzymesis tri-, instead ofdi-residuebased as in the ABfdld. In
addition totwo main chain amide (of the serinein block | and the glycine in block the oxyanion
whole is accomplished by th&de chain of theconservedasparagine in block IlAll three residues
are conserved in Oatfof Staphylocoocus aureushereasn OatA of Streptococcus pneumoniae
the glycire in block Il is exchanged by a serine (S4@hosemain chain amide iatypicallyoriented
away from theactive site The function of the conserved asparagiiid91 inSpOatA) in stabilizing
the oxyanion iexemplifiedin the SpOatA: structure withmethylsulfonyl adduct, which is covalently
bound to thenucleophileS438and represents a transitioatate analogué® (Supplementary Fig25).
Like SGNHold hydrolasesSGNHold O-acetyltransferase$ollow a pingpong mechanismnivolving

a covalent acetyénzyme intermediates demonstrated foSpatA:".

¢, SGNHike fold Compared to canonical SGNH enzymes, Sl Hesterases and O
acetyltransferasesxhibita circularly permutecrder of the catalytic residué$®. Similarly to SGNH
enzymes, the nucleophile ifocated in a short h-helix and the triad residues align almost
perpendicular to the central -sheet. The DxxHnotif of SGNHold enzymes is shortend to a DxH
motif***3, So far, twoO-acetyltransferases with an SGNkk fold have been crystallized, the alginate
O-acetyltransferase AlgX &seudomonas aerugino8and the secondary cell wall polysaccharie
acetyltransferases PatB 8facillus ereus In BdPatB, the conserved glycine in block Il is substituted
by an arginine (R359), which atypically contributesits side chain to the oxyanion whole, whereas
the side chain of the conserved asparagine in block 11l (N386) is more distantlprmagiti In AlgX,
the glycine in block Il is conserved, but the asparagine in block I1l is substifutetytmsine (Y328}
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d, Differences in cellulaotalization and donosubstrate usageThe ABHold O-acetyltransferases
CsaC and HAT catalyze reactions in the cytoplasm and use-@oéhds donor substraf€®. The
SGNH and SGNiKe cell wallO-acetyltransferases, by contrast, act in the extracytoplasmic space,
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rely on the translocation of acetyl groups from the cytoplasm, and use an unidentified acetyl group
donor. The proposed pathway for these enzymes inclu@esiptake of an acetyl group from a
cytoplasmic acetyl donor (presumably aceBdA),(ii) translocation of the acetyl group across the
inner membrane through an #érminal multipass transmembrane domain (OatA) or separate
transmembrane protein (Patand Alglfor PatBand AlgX respectively, and (iii) acetyl grouptransfer

onto a carbohydrate acceptor by thet€minal SGNHold domain (OatA) or the separate SGhké
O-acetyltransferase (PatB, Al *** As the nature of the acetyl gup donor of the SGNH/SGNH

like O-acetyltransferases is not known, artificial donor substratpsnifrophenylacetate or 4
methylumbelliferylacetate)have beerusedto study the enzymatic function of these enzymes.
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Supplementary Figure® Comparison of active site residuesapfproposed theoretical intermediate
structure of CsaC anBl, SGNHold representativeSgatA: (pdb id: 5ugl). CsaC intermediate
structure was manually built based on the wild type CsaC structure (pdb id: 6YUV) engy en
minimized in PyMOIThe oxyanion dle of CsaC is formed by Kil5andF4GN, whereas irsOatA,
S438N and N491 accomplish this function. The unique glutamine residue @fX38aC is not part of
the oxyanion hole and an equivalemsidueis missindn SGNHand SGNHike enzymes.
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Supplementary Figure26: Main chain conformation of the oxyanion loapSecondary structure
superposition of wild type CsaC (grey) wattesterase PFE (type iturn, green, pdb: 1va4], acetyl
transferaseHiHAT(type Ili -turn, cyan, pdb: 2b61), ang closest DALI search result esterase A (type |
i -turn, orange, pdb: 4rot, DALiszcore=18.3).
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Supplementary Figure2Part 1: Multiple -sequene@ alignement.
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