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Structural studies of the membrane complex
of the type 6 secretion system (T6SS)

An example of an integrated structural biology approach

Team « Host-Pathogen Interactions »

Alain Roussel

Secretion system of Gram-negative bacteria
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Structural organization of the secretion systems that span
the double membrane of Gram-negative bacteria

From Costa et al, Nat. Rev. Microb., 2015
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X-ray crystallography and electron microscopy (EM) studies have
provided near-atomic-resolution details of several systems

From Costa et al, Nat. Rev. Microb., 2015
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X-ray crystallography and electron microscopy (EM) studies have
provided near-atomic-resolution details of several systems

From Costa et al, Nat. Rev. Microb., 2015




Type VI secretion system (T6SS)
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Step 1

The T6SS tail complex
assembles onto the membrane
complex. Effectors are recruited
to the spike—tube complex.

Step 2

An unknown extracellular signal
triggers sheath contraction, which
leads to the ejection of the spike—
tube complex across the target
membrane, thereby delivering
effector proteins into the cell.

Membrane
complex

Step 3

The ATPase ClpV disassembles
the contracted TssB-TssC
sheath, which enables a new
T6SS complex to be reassembled
from the released subunits.

Tail complex
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Model for the mechanism of substrate secretion
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From Costa et al, Nat. Rev. Microb., 2015

Type VI secretion system (T6SS)

Enteroaggregative E. coli
(EAEC) cells producing
TssB2-sfGFP

(green)

prey cells (E. coli
W3110) producing
mCherry

(red)

assembly contraction prey lysis

The scale bar is 1 um. Individual images were taken every 7.5 min.

Imaging type VI secretion-mediated bacterial killing From Brunet et a, Cell report, 2013

Type VI secretion system (T6SS)
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From Ge et al, Nat. Struct. Mol. Biol. , 2015
Type VI secretion system: secretion by a contractile nanomachine

extended

Energy per subunit : 12 kcal mol; 1 um sheath : 1500 subunits
Total energy during contraction : 18000 kcal mol*
(equivalent to hydrolysis of 1600 molecules of ATP)

Contraction happens in less than 5 ms
Speed of the VgrG spike : 100 um s
(kinesin moves at a rate of around 0.5 um s?)

Rotation (phage T4) : one turn per 100 nm
For T6SS : 10 turns in less than 5 ms
Rotation : 120000 rpm

. . : ) From Bassler, Phil. Trans. Royal Soc. , 201
Type VI secretion system: secretion by a contractile nanomachine rom Bassler, Phil. Trans. Royal Soc. , 2015




T6SS membrane complex

Type VI secretion system consists of 13 core component proteins, from TssA to TssM
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Model for the mechanism of substrate secretion

From Zoued et al, B.B.A.., 2014

Biogenesis of the T6SS membrane-associated core complex

Biogenesis of the T6SS membrane-associated core complex

DiC STGFP-TssL

sfGFP-TssM TssB-mCh

mCh-TssL Merge

Schematic
diagram

TssM and TssL
co-localize

The membrane complex s
for tail sheath polymerizati

erves as a docking site
on.

From Durand et al, Nature, 2015
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Structure of the T6SS membrane complex determined by negative stain EM
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From Durand et al, Nature, 2015
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Structure of the T6SS membrane complex determined by negative stain EM
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The TssM periplasmic domain
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A. Desmyter

Classical IgG

Selection and production of camelid VHH/nanobodies @AFMB

Single-chain
camelid Ab

From Desmyter et al, COSB, 2015
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Selection and production of camelid VHH/nanobodies @ AFMB
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From Desmyter et al, COSB, 2015
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nb25 disrupts the TssMp:TssJ complex
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nb25 specifically affects T6SS function

WT
WT AtssM nbCt nh0z2 no2s
C 8§ C S5C S C S C S
i ol i T _TolB
36e
30
- - .- Hop
16+
bk 3 J)A .

Crystals of TssMp in complex with nb02 and nb25

° e o 30 time (s8) o @
18 g
[ B
[ g
-12
2 5 . .
200 | 44" Data collection Soleil PX2
w12 WT s Gt b0z mbas  bdz - predator SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.@ AS FUNCTION OF RESOLUTION
mAU . RESOLUTION NUMBER OF REFLECTIONS  COMPLETENESS R-FACTOR R-FACTOR COMPARED I/SIGMA  R-meas
A s = LIMIT OBSERVED UNIQUE POSSIBLE OF DATA cbserved expected
=~ 4 4 7 %
B be 2 24,66 937 242 371 65.2% 4,0% 4,0% 932  21.74 4,7%
e P ks T 18.63 1679 364 450 80.9% 5.0% 5.8% 1664  20.24 6.7%
&5 -4 g 15.58 2133 451 547 82.4% 8.3% 7.8% 2116 15.93 9.3%
2 3 13.66 2374 508 620 81.9% 12.4% 12.2% 2341 10.29 14.0%
[V 12,32 2804 597 716 83.4% 19.3% 19.1% 2769 7.48 21.8%
11.30 3024 633 761 83.2% 25.1% 25, 4% 2976  5.72 28.1%
10.50 3363 695 828 83.9% 43.8% 45,5% 3309  3.43 48.9%
07 . 9,85 3607 742 877 84.6% 61.6% 64.,9% 3550 2.47 68.6%
10 12 16 16 mbood 9,31 3750 775 939 83.3% 83.5% 86, 8% 3683  1.74 92.9%
From Nguyen et al, Plos One, 2015 total 23671 5007 6100 82.1% 14.6% 14,8% 23334 7.73 16.5%
The TssMg,/nb25 complex The TssMy,/nb25 complex
™ ™ ™ ™ ™ ™
oM B g A TssM N <
1 366 1128 M II 1 386 i N
i | i
P | i
S — ' Tesvp
TSSMD 380 T na 4 || | 386 i 1129
TosMe s — Tt =
834! 129 it i
1 2 3 4 5 6 7 8 9 S
| [
TssMp - 116 || ( . I TSS M 26Ct
— i I dr I
s - 66 : Ji-d [ 0
o '/ ~ / N HNELACLSGRFGRPGIVE IGVAALWWLITRYGAYLGAETRRDOILLL ILLSLGVLEVCYLFVMEEYVOELTYRRR
ARKE( T IRTLY o
r: e
' - - .- . . w45 B ESPDERGRITQPVGCLLPAECSSDRLEAQLOAMLEGLVAQGIQQICCAPRY YFLLELAERFRRN IDRVVEFLEVL
TssM- kDal 2 3 4 5 6 78 9 10 111213 LRPYROLLLAGIVE! REVRHRWRMDNRWEALFETVOOLFVRLOPSRTGHNWRRSLAVMAATLMMAQGT
32Ct w35 16 =
e — gy & =
-
LT TasM.
e E - ner
» 25 25 -
LR LSGTSAFTGNDEDAGDTY
- L

» 18,4

Limited proteolysis

From Nguyen et al, Acta Cryst F, 2015
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The TssM,/TssJ periplasmic complex

20141017 TssM26Ct 875 166001:1_UV 20141022 TssM26Ct Tss] $75 166001:1_UV

mAU 65.83

1500 TssM26Ct+Tss)

57.70

Crystal of

TssM26Ct
> TssM26Ct

1000

-
-
< wge —  TssM26Ct

-
v o™ Tss)
-

Crystal of
TssM26Ct-Tss)

500

70.11

0 20 40 60 80 100 120 ml

From Durand et al, Nature, 2015

The TssM,g/TssJ periplasmic complex
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From Durand et al, Nature, 2015

Structure of the TssJLM tip complex (in vitro)
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From Durand et al, Nature, 2015

Cell surface accessibility of the T6SS membrane core complex during secretion
ActiveHOOK™ BSA-maleimide
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Cell surface accessibility of the T6SS membrane core complex during secretion

ActiveHOOK™

BSA-maleimide

ONE STEP
REACTION

i py e ~
"

. cysteine mutation

Treatment with a cysteine-reactive, membrane-impermeant
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Cell surface accessibility of the T6SS membrane core complex during secretion
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Cell surface accessibility of the T6SS membrane core complex during secretion
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BSA-maleimide From Durand et al, Nature, 2015

Cell surface accessibility of the T6SS membrane core complex during secretion
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Cell surface accessibility of the T6SS membrane core complex during secretion

T6SS is inactive as no
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Cell surface accessibility of the T6SS membrane core complex during secretion
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Cell surface accessibility and mechanism of action of the T6SS
membrane core complex during secretion

Stage 1 2 3 4 5

From Durand et al, Nature, 2015
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