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Supplemental Figure S1A: Annotated MS/MS spectrum showing the three distinct PTMs
detected at residue K983 in the CyaA toxin: (A) unmodified residue, (B) myristoylated K983,
(C) palmitoylated K983, and (D) palmitoleylated K983.

S2



(A) | CyaA- K860 - Unmodified

Precursor ion:

Yo Y8 Y7 Y6 Y5 Ya V3

s Jfffffffﬂ

) b, by b, by by b, by by b
> [M+2H]** = 678.86 m/z yio?* v Ve P o be o Br
> 100 &70%2 791.47 892,51
‘» : : Yo Y10
CIC> b, b, by bs | b b, b 993.56 1140.63 "
.E 50 217,08 36415 46520 56625 71331 23 oatas 115358
o Y2 Y3 Ya o Ys G] . b by
_E 204.13 303.20 41629 | 54533, \ \ \ 859.42 1210.60
¥ o lJ| A I|.. L |l .\ || LA , | ||l. .‘|Il | | bk | L) : Il o
200 300 400 500 600 700 800 900 1000 1100 1200 1300
m/z
(B) a 0 Vi Vi Y Yo Yo Ve Y7 Yo Y5 Ya V3
| CyaA- K860 - Palmitoylation | o -
T G'K|S|E|F'T|T|F|V|E|I D G| K
Precursor ion: by by by by by by by by by by by
— [M+2H]?* = 941.05 m/z
° Ys Yo Y10 Yiu Y12
g\/ b, b, bs 89251  993.56 1140.63  1269.67 1356.70
> 100 A 52540 612.43 741.48
D Y3 Ya FYs Y by
ch 30320 416.29 (54533 64440 [ 78996
= : : i Y13
i b b b b b b b
£ 50 | ’ ) : 862,02 989{759 109064 | 123771 133;5.078 146862 157890 167797
g) 3%26 70 g 723 41 i 2y i ; b
= 5 82 ! : 791 47 Y { | L { ] ; 14
© : “ ; \ (73490
&> 0 Illl I'l ST l l l ; s II';‘II Il I 1 . l ferl l - ll TREN A ; ;
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
C : : o
() ‘ CyaA - K860 - Palmltoleylatlon| ‘&’%L Yu Yio Yo Yo ¥7 Yo Y5 ¥4 Vs
T'G'K|S|E|F|T|T|F|V|E|I|V|G K
Precursor ion: _ﬂﬂﬂﬂ 217
— [M+2H]2+ =940.55 m/z bs by bs bg b; bg by by byg bz bz byy
S Y32 Ys Yo Y10 Yii Y12 :
=~ 100 4 861.01 89251  993.56 1140.63  1269.67 1356.70
= b; b, bs % bg : '
8 52330 61042 73946 88653,
2 » ‘ b, 8 b, by by 12 13 by
c 987.58 1088.62 1235.69 1334.76 146380  1576.89 167596 1732.98
= 501 vy, Va Vs | Vs LYy ; : N R ; : :
0>> 30320 41629 545.33 164440 79147 S :
E t l i I ‘ l l 1%;%4
q) i H H H 2
I 0 |I'I' l -]JI | - '|i I.Lll .Jll T SN S
300 400 500 60 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

m/z

Supplemental Figure S1B: Annotated MS/MS spectrum showing the two PTMs detected
at residue K960 in the CyaA toxin: (A) unmodified residue, (B) palmitoylated K860, and (C)

palmitoleylated K860.
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Supplemental Figure S1C: Annotated MS/MS spectrum of the two peptides containing the
unmodified K860 (A) and K983 (B) residues in the pro-CyaA toxin.
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Supplemental Figure S1D: Semi-quantification of K860 and K983 acylation of both CyaA
and pro-CyaA monomers from high quality MS/MS spectra. The two lysine residues are
always found unmodified in pro-CyaA and acylated in CyaA. We cannot rule-out the
possibility that a small fraction of CyaA remains unmodified, but the abundance of such
peptides appears too low to be detected by the latest generation of LC-MS Orbitrap
instrument used in this study. Absence of PTM on the lysine residue is in blue, palmitoylation
in red, palmitoyleylation in green and myristoylation in yellow. Maybe you can briefly
explain how was done the quantification with the CID data set.
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Supplemental Figure S2: Refolding of CyaA and pro-CyaA into a monomeric toxin. The
protein is refolded by Size Exclusion Chromatography, using a HiLoad 16/600 Superdex 200
pg column (GE Healthcare), as described in Karst ef al., 2014. Briefly, the Superdex 200 pg
was equilibrated with buffer A (20 mM Hepes, 150 mM NaCl, pH 7.4), complemented with 2
mM CaCl.. The sample consists of 5 mL of CyaA at 5 uM or 5 mL of proCyaA at 2 uM
stored in 8 mM urea, 20 mM Hepes, pH 7.4. After elution, monomers and multimers were
pooled separately. Proteins were then concentrated and their hydrodynamic radius measured.
Proteins were aliquoted and stored at -20°C. Note the difference of elution volume between
the two monomeric species, CyaA and pro-CyaA, in agreement with the AUC data (CyaA
monomers are more compact than pro-CyaA monomers).
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Total: 172 Peptides, 85.7% Coverage, 1.5 Redundancy

Supplemental Figure S3: Peptide map of full-length CyaA in the presence of urea. A
sequence coverage map was determined after 2 min digestion with pepsin. Each blue bar
represents a single CyaA peptide. A linear sequence coverage of 85.7% was achieved. The
position of the post-translational acylation sites at K860 and K983 are highlighted by gold
stars.
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Supplemental Figure S4: Peptide map of native CyaA monomers. A sequence coverage
map was determined after 2 min digestion with pepsin. Each blue bar represents a single
CyaA peptide. A linear sequence coverage of 91.0% was achieved. The position of the post-
translational acylation sites at K860 and K983 are highlighted by gold stars.
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Supplemental Figure S5: Differences in amide hydrogen exchange of CyaA at varying
urea concentrations. The structural organization of each domain is displayed in Panel A.
Selected peptides displaying unique HDX-MS behaviors in each of the AC, HR and RD
domains are given in Panel B. Buffer: buffer A, complemented with 2 mM CaCl2.
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Supplemental Figure S6: Differences in amide hydrogen exchange of CyaA at varying
urea concentrations in the absence of calcium. The structural organisation of each domain is
displayed in Panel A. The HDX-MS behaviour of CyaA in various concentrations of urea is
displayed in Panel B. It is evident that in the absence of calcium, no dynamic HDX-MS
behaviour is observed in any region of the protein, regardless of the urea concentration.
Buffer: buffer A (20 mM Hepes, 150 mM NaCl, pH 7.4), complemented with 2 mM EDTA.
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Supplemental Figure S7: Effect of Calcium on the deuterium uptake behavior of CyaA in
6M urea. (A,B) Deuterium uptake profiles of CyaA monitored for each peptide in the
presence of 2 mM EDTA (A) or 2 mM Calcium (B). (C) Fractional uptake differential plot
generated by subtracting the uptake measured for each peptide and at each time point in the
absence (EDTA) and presence of Calcium. A positive difference value indicates a calcium-
induced reduction of solvent accessibility.
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Supplemental Figure S8: Effect of Calcium on the deuterium uptake behavior of CyaA in
3M urea. (A,B) Deuterium uptake profiles of CyaA monitored for each peptide in the
presence of 2 mM EDTA (A) or 2 mM Calcium (B). (C) Fractional uptake differential plot
generated by subtracting the uptake measured for each peptide and at each time point in the
absence (EDTA) and presence of Calcium. A positive difference value indicates a calcium-
induced reduction of solvent accessibility.
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Supplemental Figure S9: Effect of Calcium on the deuterium uptake behavior of CyaA in
1.6M urea. (A,B) Deuterium uptake profiles of CyaA monitored for each peptide in the
presence of 2 mM EDTA (A) or 2 mM Calcium (B). (C) Fractional uptake differential plot
generated by subtracting the uptake measured for each peptide and at each time point in the
absence (EDTA) and presence of Calcium. A positive difference value indicates a calcium-
induced reduction of solvent accessibility.
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Supplemental Figure S10: Differences in amide hydrogen exchange of pro-CyaA at
varying urea concentrations. The structural organisation of each domain is displayed in Panel
A. The HDX-MS behaviour of pro-CyaA in various concentrations of urea is displayed in
Panel B. At 6 M urea, no dynamic HDX-MS behaviour is observed throughout the protein.
At 3 M urea, only the RD region displays dynamic activity. At 1.6 M urea, the AC, HR and
RD domains have dynamic HDX-MS events. Buffer: buffer A, complemented with 2 mM
CaCl2.
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Supplemental Figure S11: Differences in amide hydrogen exchange of pro-CyaA at
varying urea concentrations. The structural organization of each domain is displayed in Panel
A. Selected peptides displaying unique HDX-MS behaviors in each of the AC, HR and RD
domains are given in Panel B. Note that the uptake difference 6 M — 3 M in pro-CyaA shows
no fractional uptake difference in HR (see the red box) while in CyaA it does (Supplemental
Figure S5A). Buffer: buffer A, complemented with 2 mM CaCl2.
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Supplemental Figure S12: Differences in HDX-MS behaviour between monomeric pro-
CyaA and CyaA. Panel A displays peptides located in both the HR and AR domains and
which give the greatest differences in HDX-MS activity between the two proteins. Panel B
displays a Logit representation of the data. Peptides within the AR and HR domains cluster
together and independently of each other, demonstrating significant and unique HDX-MS

behaviours between the two.
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Supplemental Figure S13: Hydrophobicity of the primary structure of the CyaA toxin
computed using TMHMM (red trace) and PHD transmembrane helix (blue) prediction
servers (1, 2). Major changes observed by HDX-MS between the hydrophobic regions of
CyaA and pro-CyaA monomers (peptides 539-546, 571-582, 615-622, 682-696, 686-696 and
702-710 see Figures 5 and 6 for details) are located within the predicted hydrophobic regions.
TMHMM is available here:

http://www.cbs.dtu.dk/servicess TMHMM/

PHD transmembrane helix prediction is available here:
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_htm.html

S17



Proteins Assay  Hemolysis Bound Activity Internalized Activity

conditions (%) (% total) (% total)

1 CyaA in urea CaCl, 87+8 2.14 1.55
EDTA <2.0 0.02 <0.01

2 Monomeric CyaA CaCl, 100+ 6 2.70 0.85
EDTA <2.0 0.34 <0.01
3 Multimeric CyaA CaCl, 14+9 2.93 <0.01
EDTA <2.0 0.39 <0.01
4 Pro-CyaA in urea CaCl, <2.0 0.03 <0.01
EDTA <2.0 <0.01 <0.01

Supplemental Table S1: Hemolytic and cytotoxic activities of the different CyaA
species. Toxin binding and translocation into sheep erythrocytes were assayed essentially as
described in Karimova et al., 1998 (3). Adenylate cyclase activity was measured as described
in Ladant ef al., 1988 (4): 1 unit of adenylate cyclase activity corresponds to 1 umol of
cAMP formed in min at 30°C and pH 8.0. The different CyaA preparations were diluted
directly to final concentrations of 5.6-11 nM (1-2 pg/mL) into suspensions of sheep
erythrocytes (5x10%mL) in buffer A (20 mM Hepes-Na, pH 7.5, 150 mM NaCl)
supplemented with either 2 mM CaCl, or | mM EDTA and incubated at 30°C for 20 min. An
aliquot was removed to determine the total adenylate cyclase activity added to each sample.
The cell suspensions were chilled on ice and centrifuged at 4°C, and the pelleted cells were
resuspended in buffer A and separated into two batches. One batch was centrifuged again and
the pelleted cells were lysed with 0.1% Tween 20. The enzymatic activity measured in this
extract corresponds to that of the toxin bound to the cells and was expressed as a percentage
of total activity added to the cells. To the second batch, 20 ug of TPCK (L-1-(tosylamino)-2-
phenylethyl chloromethyl ketone)-treated trypsin (Sigma) were added and the mixture was
incubated for 10 min at room temperature to digest the adenylate cyclase that remained at the
external surface of the erythrocytes. After addition of soybean trypsin inhibitor (5- fold
excess), the erythrocytes were washed again with buffer A and then lysed with 0.1% Tween
20. The adenylate cyclase activity protected from trypsin digestion, corresponding to the
internalized AC activity, was then measured and expressed as a percentage of total activity
added. Activities are expressed as percentages of total CyaA activity added to the
erythrocytes suspension (taken as 100%) and represent the average values (with standard
deviations below 20 %) from at least two independent measurements. Results are in good
agreement with prior studies that showed that about 2-3 % of total CyaA can bind to
erythrocytes while 0.5-1.5 % can be internalized in the presence of calcium (3, 5). The
hemolytic activity was measured after overnight incubation at 37°C with 60 nM of indicated
proteins by quantifying the amount of hemoglobin released at 540 nm (and of intracellular
content released at 405 nm). Complete lysis (corresponding to 100% lysis) was obtained by
the addition of 0.1% Triton.
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Protein species

CyaA monomers

Pro-CyaA monomers

Sedimentation coefficient, S 7.4+0.1 7.1+£0.1
Ry, nm 55+0.1 5.8+0.1
Solvent density, g.mL" 1.006 1.006
Solvent viscosity, g.cm™.s™ 0.013 0.013
Molecular mass, kDa 177 177
Partial specific volume, mL.g™' 0.725 0.725

Supplemental Table S2: Hydrodynamic parameters of CyaA and pro-CyaA monomers
measured by AUC. AUC velocity analysis was performed at 20°C as described in Material
and Methods. Buffer: 20 mM Hepes, 150 mM NaCl, 2 mM CaCl,, pH 7.4. Experimental
details are provided in the material and methods section.

Units used for AUC experiments:

Sedimentation coefficient, S, Svedberg, 1075 sec

Hydrodynamic radius of the protein, Ry, nm

Solvent density, p, g/mL
Solvent viscosity, 7, poise (g.cm™.s™)
Molecular Mass, M, kDa

Partial specific volume, v, mL/g

S19




Supplemental references

1. Combet, C., Blanchet, C., Geourjon, C., and Deleage, G. (2000) NPS@: network
protein sequence analysis. Trends Biochem Sci 25, 147-150
2. Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E. L. (2001) Predicting

transmembrane protein topology with a hidden Markov model: application to
complete genomes. Journal of molecular biology 305, 567-580

3. Karimova, G., Fayolle, C., Gmira, S., Ullmann, A., Leclerc, C., and Ladant, D. (1998)
Charge-dependent translocation of Bordetella pertussis adenylate cyclase toxin into
eukaryotic cells: implication for the in vivo delivery of CD8(+) T cell epitopes into
antigen-presenting cells. Proc Nat/ Acad Sci U S A 95, 12532-12537

4, Ladant, D. (1988) Interaction of Bordetella pertussis adenylate cyclase with
calmodulin. Identification of two separated calmodulin-binding domains. J Biol Chem
263, 2612-2618

5. Gmira, S., Karimova, G., and Ladant, D. (2001) Characterization of recombinant
Bordetella pertussis adenylate cyclase toxins carrying passenger proteins. Res
Microbiol 152, 889-900

S20



