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Antibiotic resistance — an arms race
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MRSA — A rising problem in our hospitals

Photo Credit: Gregory Moran, M.D.
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Horizontal gene transfer

\

* Transformation
Uptake and expression of foreign genetic material — may lead to genetic alteration of the
cell

* Transduction
Caused by bacterial viruses (bacteriophages) — transfer of DNA between microorganisms —
material may be integrated into the host chromosome

* Gene transfer agents of Rhodobacterales

* Bacterial Conjugation
Most prevalent means of DNA transfer — involves cell-to-cell contact — utilizes a multi-
protein complex usually encoded on the transferred plasmid or integrative conjugative
element (ICE, transposon)
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Bacterial Conjugation (Type-IV Secretion)

Chromosomal DNA F Plasmid Chromosomal DN 1. Donor Ce" produces p"us

=

Donor pilus Recipient 2. Pilus attaches to the recipient

cell — cells are brought together —

a mating pore is formed
2. =) <=

ONA Polymerase 3. Processing and transfer of the
DNA - the plasmid is nicked and

3. the single-stranded DNA is
retaxalome Yansferasome transferred through the mating
F Plasmid pilus F Plasmid pore
4.

4. Synthesis of the
complementary strand - both
cells are viable donors now

Pilus

Old Donor New Donor

From Wikipedia entry ,Conjugation”
http://en.wikipedia.org/wiki/File:Conjugation.svg — user: Adenosine (2009)

Gram-positive conjugation 2014-04-07 Walter Keller /

\_

A Gram-negative model: the VirB/D T4SS

Gram-negative T4SS are relatively Al
well understood

Several proteins have been
crystallized — in 2009 even the structure
of the outer membrane complex got
solved

Qe l\.s
ae\N

23
Virg11 virs11
hexamer monomer

Key components:
* ATPases — to provide the necessary
energy

* Relaxases (+ auxiliary proteins) — to

process the plasmid DNA it
* Coupling proteins —to link the complexstructure
relaxase-DNA C0mp|€X with the Wallden, K. , Rivera-Calzada, and Waksman, G. (2010) Microreview: Type IV
conjugative pore iezgrge_ti;rizsystems: versality and diversity in function. Cell Microbiol. 12,
* Muramidases — to locally disrupt the
bacterial cell wall
Gram-positive conjugation 2014-04-07 Walter Keller /

6/6/14



G- vs. G+: Differences and Similarities
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Differences...

* Vastly diverse cell envelope composition
- No need of an equally large core-complex — only one membrane
- More prominent role of muramidases — significantly thicker peptido
glycan layer

* No pili encoded in Gram-positive T4SS
-> Cell-to-cell contact & surface attachment based on a wastly different
mechanism
- Candidate proteins found in many systems

Similarities...
* Key transfer proteins are conserved across T4SS (ATPase, muramidase, ...)

* Only limited amount of proteins with sequence similarities
-> Does not exclude yet undetected structural similarities...

-
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Conjugative Plasmid pIP501
GRAZ
*30.6 kbp / ﬁrst isolated from orf 21 (replication |nmanon!ac(or)
Streptococcus agalactiae / studied in orf 20 (CmpR) orf 22;'e;m2-3m::op:)somerase>
A.! orf 23 (Ermi
Enterococcus faecalis or 19 (terminal ‘°°°‘jf"“? p _ ot2a Para famiy)
orf 18 (resolvase) — orf 25 (ParA family)
— orf 26
. orf 17 (RepR) — /' —orf 27
* Broad host range (even G- bacteria) 1P501 : ort 28
o P
orf 16 (DNA binding protein) 5 S 30603 bp * ort 20 (Orad)

* Encodes for antibiotic resistance genes
against Chloramphenicol & Erythromycin

* The 15 transfer proteins are organized in
a single operon

related proteins
A. tumefaciens Ti-plasmid

VirD2 VirB4

tra region of pIP501 //////////////

oriTIPwa  TraA B C D E

TraO
TraN (dsDNA binding)

—— orf30
Virgg-like - TraM ~ ""'

~oriT
— TraA (relaxase)
~Virb2

VirB6-like - Tral -

Trak =~
TraB
Tral (coupling protein)
-VirDa Tral =

Trah / TraE (ATPase) - VirB4

raF
TraG (muramidase) - Virg1
Modified from: Thompson, J. And Collins, M. (2003) Completed

sequence of plasmid pIP501 and origin of spontaneous deletion
derivatives. Plasmid. 50, 28-35

-- D D

Vir1 Virb4 VirB6 VirBg
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A Preliminary Model :

Tr;nsa'v‘:osylase

PG

2002302002239, 12333, fpassss. 9202,

CM

-

NDP

Coupling
protein

CP

NTP!
Relaxase
iT

Gram-positive conjugation

Interactions (arrows) are based on Y2H and pull-down experiments described in: Abajy, M.Y. et al. (2007) A
Type IV-Secretion-Like System is Required for Conjugative DNA Transport of Broad-Host-Range Plasmid
pP501 in Gram-Positive Bacteria. J. Bacteriol. 189, 2487-2496

A Preliminary Model :

Tr;nsa'v‘:osylase
C TraM
TraC Tral C M
{ I o, 1992, o] T
dﬂé = ﬂ """ TraB Tral Tra0 ‘
ATPase NS~
~ NDP
broten” TP Structure solved: CP
/ * TraK
L]
Relaxase
e & Travi

Interactions (arrows) are based on Y2H and pull-down experiments described in: Abajy, M.Y. et al. (2007) A
Type IV-Secretion-Like System is Required for Conjugative DNA Transport of Broad-Host-Range Plasmid
pP501 in Gram-Positive Bacteria. J. Bacteriol. 189, 2487-2496
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N-terminally truncated construct
transmembrane helix & yet uncharacterized
N-terminal domain have been removed

18.6 kDa (including HisTag)

Solubility optimized:
25 mM Hepes pH 7.6, 75 mM (NH,),SO,

TraMA was successfully purified, biophysically characterized and crystallized, as well as had its
structure solved by Lukas Grumet

Goessweiner-Mohr, N., Grumet, L., et al.
(2013) Acta Crystallogr F. 69, 178-183

(a) ()
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TraM localizes to the cell envelope
of pIP501 harboring E. faecalis cells

100
The opsonophagocytic killing assay showed 80
killing of pIP501 harboring cells & dose ® o
£
dependent inhibition of killing g
= 40
- TraM is surface exposed 20
? NV
& & & &S
RO N LN 4
szﬁ' «@\“ «‘q}» <& &(o‘x‘

Localization assay performed by PhD Karsten Arends (TU Berlin); Opsonophagocytic killing assay performed by
Andrea Kropec-Hibner (Medical University Freiburg)

2014-04-07 Walter Keller j

K Gram-positive conjugation

- 2

Structural similarity search using DALI & MATRAS:

- surprising hits from Gram-positive / -negative T4SS
- VirB8 from G- A. tumefaciens and Brucella suis
- TcpC from G+ Clostridium perfringens (pCW3)

A
raMa Sequence Secondary structure  Superfamily Fold reliability
identity [%] similarity [%] reliability [%] %]
but NTF2 81 747 919 56
TepC C-terminal 182 87.9 93.6 98.7
TepC central 13.9 824 95.5 99.0
VirB8 A.1. 5.8 76.0 826 97.8
VirB8 B.s. 5.9 772 879 984

- very low sequence identity
- similar domains BUT wastly different overall structural composition

b ¥
TepC TepC VirB8
C-terminal domain central domain A. tumefaciens
K Gram-positive conjugation 2014-04-07 Walter Keller j
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Secondary structure based search (as for Trak / TraN)

A vast number of VirB8-like / TraM-like proteins found

The proteins found could be classified based on their structural composition
Class gamma proteins (TraM-like) only found in E. faecalis conjugative plasmids

VirB8 - 2BHM
T
Brucella suis class alpha: classic VirB8

239

TepC - pCW3 - 3UB1
°pt-p 1w TTRa GG central domain _ Ja{ C-terminal domain } 359

Clostridium perfringens

class beta: VirB8-like double domain

104 359

putative N-terminal domain 8 213

Enterococcus faecalis omain . VirB8-like domain +
class gamma: . .
322 large N-terminal domain

214

Goessweiner-Mohr, N., Grumet, L., et al. (2013) The 2.5 A Structure of the Enterococcus Conjugation Protein TraM
resembles VirB8 Type IV Secretion Proteins. Journal of Biological Chemistry. 288, 2018-2028
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Structurally striking similarities to other transfer proteins

Possible functions of TraM

- Similar to structurally related proteins (postulated: scaffolding factor
of the core complex) ?

- Attachment site for the recipient cell

- Morphogenesis of the actual core-complex

Different overall structural composition points to a different task in T4SS

IM

Very limited number of structurally ,,identical“ proteins

- exclusive / specialized role of the protein in these T4SS
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TraK
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TraK - Overview

N-terminally truncated construct

transmembrane helix has been removed

to make the protein soluble

30.6 kDa (including HisTag)

Solubility optimized (Thermofluor method):

25 mM Hepes pH 7.6, 75 mM Na,SO,

10

TraK was successfully purified via affinity and size-exclusion chromatography

4000

UV reading [mAU]

Flow [mi]

UV reading [mAU]

44.9KkDa
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TraK localizes to the cell envelope of pIP501 harboring E. faecalis cells
Double signal = possible second start codon within the TraK sequence

The opsonophagocytic killing assay showed no killing = TraK is not surface exposed

A B
cw M CcP

% Killing

N
> & &
& & &

Localization assay performed by PhD Karsten Arends (TU Berlin); Opsonophagocytic killing assay performed by
Andrea Kropec-Hiibner (Medical University Freiburg)
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TraK - Localization

4 =
TraK - Crystals

I " 1000[- TraKA crystal form I
——  TraKA crystal form IT
30595
800 24318
= 600
i:; 400
Crystal form | — 14 — Morepheus 85 200
a=b=114.04,c=120.52,a=p =y =90°
o L

2 molecules / AsU; solvent content: 61.6 %

Resolution @ home: ~6 A / Resolution @ SLS: ~3 A ormed b prof. Ruth
MS experiment: Prof. Rut

Structure solved with full MAD data set Birneet?Ge:;irzggr;;)re(ZOMr;nGeraz;/ o

Mass [Da]

Crystal form Il - P2, — Index 85

a=61.94,b=197.05,c=164.12, B =91.04°

Most likely 18 molecules / AsU; solvent content: 46.2 %
Resolution @ home: ~5 A / Resolution @ SLS: ~2.5 A

Data can not be refined = no electron density for 6 of the molecules

Gram-positive conjugation 2014-04-07 Walter Keller

2x10*  2.25x10* 2.5x10" 2.75x10° 3x10* 3.25x10* 3.5x10"
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TraK — The Structure

HisTag + 37 N-terminal residues are not visible in the
electron density map

TraKA comprises a mixed alpha-beta fold
- 7 helices & 9 beta-strands

Beta-strands form 2 beta-sheets - mostly protected from
solvent content by helices and loops

Structural similarity search using DALI & MATRAS:
- no significant hits

Gram-positive conjugation 2014-04-07 Walter Keller /
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TraK — Other TraK-like Proteins

Secondary structure based search for related proteins in a large number of Gram-positive
and —negative conjugative plasmids, genomic islands (Gls), transposable elements and
integrated conjugative elements (ICEs)

Only very limited amount of TraK-like proteins

Mostly from Enterococcus species (one exception: Streptococcus pyogenes)

Nearly identical secondary structure composition

- related systems !?

Gram [species system Tprotein

+_|Efoccalis ___|oieso1 [rrak

[orezs ortsa + 35 - ame o
|55 genomic [ereq 05113 l
[776 senomic|ent 03470

o[ 70

1020 30| a0] 50 ¢ 80l 90100 110 120] 130] 140 150 160 170 180 190] 200] 210 220] 230] 240] 250 260 _260]

Jpvers pao

[ows pHw3_026

r

losmisss2|imprersoss 2236
pswiooss  |ortsigmas 030

-
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TraK - Conclusions

ssDNA interaction
- TraK might be involved in the transport of the single stranded plasmid

Localization at the cell envelope but not surface exposed
-> TraK might be an integral component of the core complex
or
- TraK is not positioned near the opening in the peptidoglycan layer

Very limited number of structurally related proteins
- exclusive / specialized role of the protein in these T4SS

Gram-positive conjugation 2014-04-07 Walter Keller J
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17.6 kDa (including HisTag)

Solubility optimized:
25 mM Hepes pH 7.6, 75 mM Na,SO,

TraN was successfully purified via affinity and size-exclusion chromatography

UV reading [mAU]
[o4] € oyng

Flow [ml]

-

(a) (b)
Gram-positive conjugation 2014-04-07 Walter Keller /
TraN is a monomer in solution ' —

TraN is folded in solution with about 34 % alpha-helices & 19
% beta-strands

In the optimized buffer, TraN has a melting temperature of s
about 60 °C and is able to refold nearly completely o

01 1 10 100 1000 10°
log R [nm]

£

[
€D [mdeg]
\

—2x10°-

190 200 210 220 230 240 250

Wavelength [nim] Temperature [-C]
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TraN localizes to the cytoplasm
of pIP501 harboring E. faecalis cells

NC_o0tum

TraN interacts with DNA

$SDNA

* no preference for the
pIP501 oriT sequence

NC_ 001uM

* interaction significantly
stronger for dsSDNA

dsDNA

CW M CP

oriT containing 42mer oligo

O1M WM 2uM M euM s 10M

O1M UM M apM ey BuM 1ouM

random 42mer oligo

OOTUM O1UM TuM  2uM 4N 6uM s 10m

001pM O1pM UM 2uM_aum _6um  Bum 10w

Localization & EMSA assays performed by PhD Karsten Arends (TU Berlin)

I GRAZ
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New band-shift assays

TraN binds to dsDNA in general
- co-operative shift of all fragments
with higher TraN conc.

fragment B - 124 bp fragment C - 485 bp

fragment E - 387 bp fragment F - 434 bp. fragment G - 153 bp

A —O—
8 —O—
c 00—
b _
E
L (fully
. €0
G
H I T

fragment D - 149 bp

fragment H - 331 bp

I GRAZ

246 bp
124bp
485 bp
149bp
387 bp
690 bp
434 bp
153 bp
331bp
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Distinct shift for fragment D (and others) D = o X

A —m— 246 bp
B —m— 124 bp.
c a— 485 bp
: S _— 6000~

L (full) \ 690 bp 3000-
: r o 2000-
H B S 1500-

1000~
750~

500~
250~

Binding site identified
- newly developed method (preliminary data)

Results will be confirmed

via a conventional footprinting assay
(found to be quite tricky)

fragment D - 149 bp

2.5x

5x
100x

10x
25x
50x

Gram-positive conjugation 2014-04-07
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ITC experiments with the specific BS and random DNA

A - B c _— D
. L
C. 22 R O SN O o 10 T Py
(M G o
o 02 T o \
i HH“ ‘ i, i ||| 1
LT | |
P L LT w
. .
:
:
. :
o

kealimole of injectant
kealimole of njectant
536616 00w

2

kealimole of injectant

6

random DNA specific BS reverse specific BS
Random interaction: endothermic protein:DNA=2:1
Specific interaction: exothermic protein:DNA=1:1

specific BS vs. random DNA

o0 05 20 25

1o 18
Molar Ratio

k: 10°
k: 107

Gram-positive conjugation 2014-04-07

Walter Keller J

6/6/14

15



-

-

I 4000 T T T
2000 14478
Crystal form | - P2, — Index 72 1000
a=33.15,b=55.09, c=35,52,  =113.05° J
1 molecule / AsU; solvent content: 39.9 % N k ]
Resolution @ home: <2 A / Resolution @ SLS: 1.35 A 100 12e0t 1«4*;3;5[;;]\10‘ 18x10"  2<10°
Structure solved With SAD data set MS experiments performed by Prof. Ruth

Birner-Griinberger

Crystal form Il - P2, — Index 42

a=33.10, b= 62.82,c=55.87, B =90.03° Goessweiner-Mohr, N., Fercher, C,, et al.
2 molecules / AsU; solvent content: 38.2 % (2012) Acta Crystallogr F. 68, 1402-1405
Resolution @ home: <2 A / Resolution @ SLS: 1.4 A

Crystal form Ill - P2, — Index 42 -> very similar to crystal form Il
- original native data, 1.8 A

Gram-positive conjugation 2014-04-07 Walter Keller /
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HisTag is lost during crystallization

TraN comprises a mixed alpha-beta fold
- 9 helices & 6 beta-strands

The structure reveals an internal dimer fold

Beta-strands form a ,,beta-barrel” —like motif in the middle
of the molecule (stabilized by hydrophobic interactions)

Gram-positive conjugation 2014-04-07 Walter Keller /
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Two , helix-turn-helix“ —like motifs

Two parallel helices in perfect distance for
interaction with two ajacent major grooves
of dsDNA

The likely involved residues are differently charged
- binding site: presumably no direct or
inverted repeat

— |m- ey N
MGKINLNQIYTA[KJEmMseErRIGK[NRN]YLS[Q]aY[rN
° » w o
NDLsQLITA|KEASQLLGK|NDE|YFA[H|T Y|k R]-
/s ]

KHEILKNFNYRKI[GGJTIIFSDNPN
FPHRLEGIDHIYT|GK[TLFLTKESLEVFKKEKM

z
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Structural similarity search using DALI & MATRAS:

- only hits for one half of TraN
-> excisionases from conjugative transposons and bacteriophages
- another interesting hit: MerR family of transcriptional regulators

B
*

e N
N ¥
B -\7
N
TraN TraN Xis Excisionase
C-terminal half N-terminal half Tn916 - E. faecalis Klebsiella pneumoniae
e LN
S - ~ |
< (\ N\ / -N N ¢ 9 N
~ WA r\} N
G- c- N/ \/ -
Xis Xis TR - MerR family
Bacteriophage Lambda Bacteriophage HK022 Bacillus thuringiensis
K Gram-positive conjugation 2014-04-07 Walter Keller
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Secondary structure based search (as for Trak)
Only very limited amount of ,identical” proteins
Same hits as for TraK - related systems !?

Other proteins are all excisionases from Gram-positive transposons & ICEs

Type | Gram [species ystem [brotein S0 20] ol sol w70l sl o] o0 w0l o 1]
+ [ppsor [Tran -

lortas

lorte.

lps2

...... [HmprEF9392 0281
vz + il [sTH8232 0139

[AMPREF1043 0340
[Hwpreros33 11507
[HMPREF1047 1587
[HMPREFo178 1580

ST1 eeromicy [ssust1_1790
[Acs 116 v-colsa gensmio _|impreroze 1261
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dsDNA interaction

-> TraN might be involved in the processing of ds plasmid DNA prior to the
actual transport

Possible functions:
* auxiliary protein for the pIP501 relaxase TraA
* excisionase of the pIP501 T4SS (rather not)

* transfer regulator — protection of the pIP501 plasmid prior to the establishment of
cell-to-cell contact

Very limited number of structurally related proteins

- exclusive / specialized role of the protein in these T4SS

Gram-positive conjugation 2014-04-07 Walter Keller /
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Stilla lot to do ...

-
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mnsw:asylase

%%%éi’% %“ o

u. 'L--l;la “-"

* |dentification of the core-complex components

* Exploration of the time-resolved build-up of
the conjugative complex

¢ Analysis of the protein-DNA interaction
pathway

* Knock-out studies to identify the essential
transfer proteins
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