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Background: Pathogenic  yersiniae  translocate 
effectors  into  host  cells  to  interfere  with  the 
immune defense.
Result:  Yersinia exotoxin  CNF-Y  enhances 
effector  translocation  by  activating  the  GTP-
binding protein Rac.
Conclusion:  A  crucial  role  of  Rac  in 
translocation  control  and  a  potential  virulence 
function of CNF-Y is revealed.
Significance:  Understanding  the  crosstalk 
between bacterial  and host  cell  mechanisms in 
regulation of effector translocation.

Abstract
Pathogenic  Yersinia spp.  translocate  the 
effectors  YopT,  YopE  and  YopO/YpkA into 
target  cells  to  inactivate  Rho-family  GTP-
binding  proteins  and  block  immune 
responses. Some  Yersinia spp. also secrete the 
Rho  protein  activator  cytotoxic  necrotizing 
factor-Y (CNF-Y) but it has been unclear how 
the  bacteria  may  benefit  from  Rho  protein 
activation.  We  show  here  that  CNF-Y 
increases Yop translocation in Y. enterocolitica 
infected  cells  up  to  5-fold.  CNF-Y strongly 
activated RhoA and delayed in time also Rac1 
and Cdc42,  but when individually expressed 
constitutively active mutants of Rac1 but not 
of  RhoA  increased  Yop  translocation. 
Consistently, knockout or knockdown of Rac1 
but not of RhoA, -B or -C inhibited  Yersinia 
effector  translocation  in  CNF-Y-treated  and 
control  cells.  Activation  or  knockdown  of 
Cdc42  also  affected  Yop  translocation  but 
much less efficiently than Rac. The increase in 
Yop  translocation  induced  by  CNF-Y  was 
essentially  independent  of  the  presence  of 
YopE, YopT or YopO in the infecting Yersinia 
strain  indicating  that  none  of  the  Yops 
reported to inhibit translocation could reverse 

the  CNF-Y effect.  In  summary,  the  CNF-Y 
activity  of  Yersinia strongly  enhances  Yop 
translocation through activation of Rac.

Introduction
The genus  Yersinia comprises three species that 
are pathogenic for humans. Yersinia pestis is the 
causative  agent  of  bubonic  plague  and  the 
enteropathogenic  Y.  enterocolitica and  Y. 
pseudotuberculosis elicit  acute  enteritis  and 
enteric lymphadenitis (1,2). After oral ingestion 
the  enteropathogenic  Yersinia spp.  reach  the 
distal  small  intestine,  from  where  a  subset 
invades and crosses the intestinal mucosa mainly 
via M-cells (3). Once the yersiniae have reached 
the  mucosa  associated  lymphatic  tissue,  they 
subvert immune cell responses like phagocytosis 
and  cytokine  production  and  proliferate 
extracellularly  (4,5).  The  cornerstone  of  this 
phase of infection is the 70 kb virulence plasmid 
(pYV), which encodes for the  Yersinia type III 
secretion  system (TTSS)  and  bacterial  effector 
proteins  termed  Yops  that  are  translocated 
through  the  TTSS  into  infected  cells  (6,7). 
Effector  translocation  is  tightly  controlled  and 
Yops are only translocated when there is intimate 
contact between the bacteria and host cells (8). 
Interestingly, some of the translocated Yops can 
inhibit  the  translocation  process  in  a  negative 
feedback  loop  type  of  mechanism (see  below) 
(9-11)

There  are  at  least  seven  effector  Yops,  which 
interfere  with major  signaling pathways  of  the 
host  cells  (6,10,12).  YopH  is  a  highly  active 
protein  tyrosine  phosphatase  that 
dephosphorylates  focal  adhesion  proteins  in 
macrophages and adaptor proteins involved in T- 
and  B-cell  signaling  (13-17).  YopJ/YopP 
acetylates critical  serine and threonine residues 
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in the activation loop of MAPK–family kinases 
(MAPKK)  and  IKK thus  blocking 
inflammatory  signaling  and  contributing  to 
induction  of  apoptosis  (18-20).  YopM  consists 
mainly of leucin rich repeats (LRRs) and forms a 
complex  with  ribosomal  S6  protein  kinases 
(RSKs) and protein kinase C-like kinases (PRKs) 
which  activates  these  kinases.  The  biological 
consequences  of  activation  of  these  kinases 
remain as yet unknown (21-25). YopK/YopQ that 
exhibits  no homology to  other  known proteins 
has  been  implicated  in  the  control  of  Yop 
translocation and  prevents  inflammasome 
activation  by  inhibiting  cellular  recognition  of 
the TTSS (10,26-29). Three Yops, namely YopE, 
YopO/YpkA and  YopT  inhibit  the  activity  of 
small  GTP-binding  proteins  of  the  Rho family 
(12).   The main  function  of  Rho GTP-binding 
proteins  is  regulation  of  the  actin  cytoskeleton 
and  through  this  they  are  involved  in  a  wide 
range of cellular functions including chemotaxis, 
phagocytosis and establishment of polarity (30). 
Most Rho GTP-binding proteins cycle between 
an  inactive  GDP-bound  and  an  active  GTP-
bound state.  The cycling is tightly controlled by 
three  sets  of  regulatory  proteins;  guanine 
nucleotide  exchange  factors  (GEFs)  which 
catalyze the exchange of bound GDP for GTP, 
GTPase  activating  proteins  (GAPs)  which 
strongly accelerate the intrinsic GTPase activity 
and  guanine  nucleotide  dissociation  inhibitors 
(GDIs) which extract the GDP-bound form from 
membranes  and keep it  in  the  cytosol  (30,31). 
The  multi-domain  YopO/YpkA comprises  a  G-
actin-activated  serine/threonine  kinase  module 
and a module that structurally and functionally 
mimics a GDI, which was reported to bind and 
inhibit  Rac1 (32-35).  YopE acts  as  a  GAP for 
Rho,  Rac  and  Cdc42  in  vitro,  and  in  cellular 
infection  systems  in  which  endogenous  Rho 
family  proteins  were  investigated  it  showed  a 
preference for Rac (36,37).  YopT is  a  cysteine 
protease that removes the C-terminal isoprenoid 
moiety  of  RhoA,  Rac1  and  Cdc42  in  vitro, 
thereby  dislocating  these  proteins  from  the 
plasma membrane and from their GDIs (38). It is 
well  accepted  that  by  blocking  Rho  proteins 
YopE, YopO/YpKA and YopT can downregulate 
chemotactic  and  phagocytic  activities  of 
leukocytes  as  well  as  other  immune  cell 
functions like superoxide anion production and 
IL1-release (39-41). 

YopE was shown to act as a negative regulator of 
Yop translocation.  This  notion comes  from the 
finding  that  Yersinia YopE  mutants 

hypertranslocate the other Yops and that there is 
an  inverse  correlation  between  the  amount  of 
translocated YopE and general Yop translocation 
activity (9,11). These and further studies brought 
forward the concept that activation of Rho GTP-
binding  proteins  and  the  ensuing  actin 
reorganisation  which  occurs  upon  adhesion  of 
Yersinia to  host  cells  support  Yop  delivery 
(42,43).  While  Yop  delivery  progresses  the 
increasing  amount  of  YopE  in  the  host  cell 
cytoplasm  is  thought  to  prevent  further 
translocation  by  downregulating  Rho  GTP-
binding proteins. Inactivation of Rho (A, -B and 
-C) with bacterial toxins as well as knockdown 
of Rac1 via siRNA were reported to inhibit Yop 
translocation  (42-44),  however,  a  more 
comprehensive  analysis  of  the  Rho  family 
proteins  involved  in  Yop  translocation  has  not 
been performed. 

Even though the Yersinia virulence machinery is 
very  effective  at  downregulating  Rho  GTP-
binding  proteins,  some  Yersinia strains  also 
secrete a Rho protein activator termed cytotoxic 
necrotizing factor (CNF)-Y (45,46). CNF-Y is a 
close  homolog  of  cytotoxic  necrotizing-factors 
1-3  from Escherichia  coli and  like  these 
deamidates Rho GTP-binding proteins at  Gln63 
(RhoA)  or  Gln61  (for  Rac  and  Cdc42). 
Deamidation at this position inhibits the intrinsic 
and GAP-stimulated GTPase activities of these 
Rho  family proteins  and  thereby renders  them 
permanently  active  (47,48). While  CNF-1  was 
reported  to  act  equally well  on  Rho,  Rac  and 
Cdc42 in vitro and in cell cultures, CNF-Y was 
found to preferentially modify and activate RhoA 
(49). Presently there have been no reports of how 
the activity of CNF-Y may fit into the virulence 
strategy of Yersinia.

Here,  we report  that  CNF-Y strongly increases 
the  translocation  of  Yops  into  Y.  enterocolitica 
infected cells.  The CNF-Y effect  appears to be 
due to activation of mainly Rac and - to a minor 
extent - Cdc42, but not RhoA, and to the failure 
of  Yops  to  downregulate  CNF-Y-activated 
translocation.

Experimental procedures

Yersinia strains and infection conditions
The  Y. enterocolitica  and Y. pseudotuberculosis  
strains used in this study are listed in Table 1. 
WA-314  was  transformed  with  YopE-beta-
lactamase (pMK-bla) or YopE-ovalbumin (pMK-
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ova)  plasmids  for  FRET-based  real-time 
translocation analysis. 
In  addition,  we  generated  the  Y.  enterocolitica 
mutants  WA-314E/T and WA-314E/T/O 
by  using  the  phage  recombinases  Red and 
Red as  previously  described  (50).  Briefly, 
mutants  were  generated  by  consecutively 
replacing  the  coding  region  of yopT  by  a 
chloramphenicol  resistance  cassette  (Cmr)  and 
yopO  by  a  spectinomycin  resistance  cassette 
(Spr)  in  the  pYVE  plasmid.  Correct 
replacement of the respective  yop  genes by the 
resistance  cassettes  was verified  by  PCR  and 
SDS-PAGE of secreted Yop proteins and western 
blotting.  To  rule  out  any  unwanted 
recombination in  the  chromosome  due  to  the 
action  of  Red and Red,  we  transferred  the 
mutated  plasmids  to  the  previously pYV-cured 
strain WA-C.
For infection, overnight cultures grown at 27°C 
were diluted 1:20 into fresh LB broth and grown 
for another 1.5 h at  37°C.  Shift  of  the  growth 
temperature  to  37°C  triggers  activation  of  the 
Yersinia type III secretion machinery for efficient 
translocation of effectors into the host cell upon 
cellular contact. 

Plasmids and expression of proteins
We gratefully acknowledge the gift of plasmids: 
The  plasmid constructs pMK-bla and pMK-ova 
were kindly provided by Erwin Bohn (Institute 
of  Medical  Microbiology  and  Hygiene, 
University of Tuebingen, Tuebingen;  Germany); 
plasmids  encoding  myc-Rac1L61,  myc-
Cdc42L61  and  myc-RhoAL63  by  Dr.  Pontus 
Aspenström  (Uppsala  University,  Uppsala, 
Sweden); GST-PAK-CRIB and GST-Rhotekin by 
Dr. John Collard (Netherlands Cancer Institute, 
Amsterdam,  Netherlands).  The  cloning  of  the 
GST-CNF-1  expression  vector  was  described 
previously (51). The gene encoding CNF-Y from 
Y.  pseudotuberculosis  YPIII  (pIB1)  was 
amplified  using  PCR   primers 
5′CAGGATCCATGAAAAATCAATGGCAA3′ 
and 
5′GACTCGAGTATCTTTTCATTTCCCCCT3′ 
and cloned into the  BamHI and  XhoI restriction 
sites of vector pGEX-2T (Pharmacia,  Freiburg, 
Germany). 
For  expression  of  all  GST-tagged  proteins, 
overnight  bacterial  cultures  were  diluted  1:20 
into LB medium containing 100 μg/ml ampicillin 
and grown at 37 °C to an A600 of 0.6–0.8. Protein 
expression was induced for 3–4 h with 0.4 mM 
isopropyl  1-thio-β-d-galactopyranoside.  After 

sonification,  GST  proteins  were  purified  from 
bacterial  lysates  on  glutathione-Sepharose  4B 
beads (GE Healthcare, Munich, Germany). GST-
tagged  proteins  were  eluted  with  reduced 
glutathione.

Cell culture and transfections
Rac1 (fl/fl) mouse embryonic fibroblasts (MEFs) 
homozygous for a loxP-flanked Rac1 allele (52) 
were  kindly  provided  by  Cord  Brakebusch 
(University  of  Kopenhagen).  Generation  and 
characterization of Rac1-deficient MEFs will be 
described elsewhere (Steffen et al., in revision). 
HeLa and Rac1 (fl/fl) or Rac1 (-/-) MEFs were 
cultured in Dulbecco’s modified Eagle’s medium 
containing 10% heat-inactivated fetal calf serum 
and  supplemented  with  non-essential  amino-
acids  solution  (Gibco/Life  Technologies, 
Carlsbad, USA).
Plasmid  constructs  were  transfected  with  the 
Turbofect transfection kit (Fermentas,  St. Leon-
Rot, Germany) into HeLa cells  as specified by 
the manufacturer.  Constitutively active GTPase 
constructs  were  transfected  16  hours  prior  to 
infection.
GST-CNF-Y-,  GST-CNF-1-  and  GST-treatment 
were  conducted  at  a  final  concentration  of 
1µg/ml. Blebbistatin and Y-27632 were obtained 
from Sigma-Aldrich (St. Louis, USA).

siRNA knockdown
siRNAs  were  transfected  with  Lipofectamine 
RNAiMAX  Reagent  (Life  Technologies, 
Carlsbad, USA) according to the manufacturer`s 
instructions.  Specific  siRNA  against  RhoA, 
RhoB,  RhoC  and  Cdc42  were  obtained  from 
Qiagen  (Hilden,  Germany).  A  pool  of  four 
siRNAs against Rac1 and a pool of non-targeting 
siRNAs were  obtained  from Thermo Scientific 
(Waltham,  Massachusetts,  USA).  Successful 
knockdown was confirmed by western blot using 
the  following  antibodies:  anti-Rac1  (Milipore, 
Billerica,  USA),  anti-Cdc42  (BD-Biosciences, 
Heidelberg,  Germany),  anti-RhoA (Santa  Cruz, 
Heidelberg, Germany), anti-RhoB and anti-RhoC 
(Cell Signaling Technology, Danvers, USA)

Detection of translocated effectors (Digitonin 
lysis assay)
Translocated  effectors  were  analyzed  as 
previously described  (53).  In  brief,  HeLa cells 
were infected at a ratio of 100 bacteria per cell. 
Following incubation at 37°C for different time 
spans (5 to 120 min),  cells were washed twice 
with PBS to  remove  non-adherent  bacteria.  To 
remove extracellular effectors, cells were treated 
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with Proteinase K (500 mg/ml  in  PBS)  for  20 
min  at  room  temperature.  Prior  to  cell  lysis 
protease  activity  was  blocked  by  addition  of 
phenylmethylsulfonyl  fluoride (4 mM in PBS). 
HeLa cells were lysed by addition of digitonin 
(1% in PBS)  at  room temperature  for  20 min, 
with  occasional  vortexing.  Cell  debris  and 
attached bacteria were removed from the lysate 
by  centrifugation.  The  resulting  supernatants 
were  analyzed  by  SDS-polyacrylamide  gel 
electrophoresis,  transferred  to  a  polyvinylidene 
difluoride  membrane  (Immobilion-P,  Millipore, 
Schwalbach,  Germany)  and  immunoblotted 
using  antisera  against  YopH  and  YopE  and 
antibodies  against  actin  (Milipore,  Billerica, 
USA). Blots  were  developed  with 
chemiluminescence  reagent  (Supersignal 
WestFemto,  Pierce Chemical,  Rockford,  USA). 
The  protein  band  intensities  were  quantified 
using  ImageJ  software  and  the  values  were 
expressed as the YopH/actin ratio.

RhoGTPase activity assays
Activity  of  Rho  GTP-binding  proteins  was 
analyzed  by  GST-PAK-CRIB  (for  Rac1  and 
Cdc42) and GST-Rhotekin (for RhoA) pulldown 
assays. GST-PAK-CRIB and GST-Rhotekin were 
expressed as described above.  HeLa cells were 
lysed  in  lysis  buffer  (GST-PAK-CRIB  pull-
down: 20 mM Tris pH 7.5, 150 mM NaCl, 5 mM 
MgCl,  1%  NP-40,  10%  glycerol  and  protease 
inhibitor  cocktail,  alternatively  for  additional 
Rac1 activation timecourse pull-downs: 50 mM 
Tris pH 7.5, 150 mM NaCl, 50mM MgCl2, 1% 
Triton X-100, 0.1% SDS and protease inhibitor 
cocktail; GST-Rhotekin pull-down: 50 mM Tris 
pH 7.5, 100 mM NaCl, 2 mM MgCl2, 1% Triton 
X-100,  10%  Glycerol  and  protease  inhibitor 
cocktail), centrifuged for 10 minutes at 10.000 g 
and supernatants were incubated for 2 h at 4°C 
with  GST-PAK-CRIB  or  GST-Rhotekin 
prebound  to  glutathione-Sepharose  4B  beads 
(GE  Healthcare,  Munich,  Germany).  Beads 
loaded  with  GTP-bound  RhoGTPases  were 
washed three times with PBS buffer  and equal 
amounts of pulldown and total cell lysates were 
resolved by SDS-PAGE and immunoblotting as 
described above. The following antibodies were 
used: anti-Rac1 (Milipore, Billerica, USA), anti-
Cdc42 (BD-Biosciences, Heidelberg, Germany), 
anti-RhoA (Santa  Cruz,  Heidelberg,  Germany) 
and anti-actin (Milipore, Billerica, USA).

FRET-based real-time translocation analysis 
Methods  for  detection  of  translocated  T3SS 
effectors by effector-beta-lactamase fusions and 

cephalosporin  derived  FRET  substrates  were 
described previously and adapted here for real-
time  analysis  by  live-cell  fluorescence 
microscopy (44,54,55). Cells were seeded in 96-
well plates (black with clear bottom, Greiner bio-
one) at a density of 2 x 104 cells per well. Prior 
to  infection,  cells  were  treated  with  DMEM 
containing  CCF4-AM loading  solution  (CCF4-
AM loading kit, Invitrogen, Karlsruhe, Germany; 
1 mM CCF4-AM and 2.5 mM probenecid final 
concentration) for 15 min at room temperature. 
CCF4-AM  is  a  cell  permeant  compound,  in 
which  the  fluorescent  dyes  coumarin  and 
fluorescein  are  linked to  a  cephalosporin  core. 
For infection at a  ratio of 200 bacteria per cell, 
the  medium  was  replaced  by  an  adjusted 
bacterial suspension in fresh DMEM containing 
CCF4-AM loading solution. Then the cells were 
immediately transferred  into  the  environmental 
chamber  of  the  spinning  disk  live-cell 
microscope. Intracellular CCF4 hydrolysis (due 
to translocated YopE-beta-lactamase-fusion) was 
monitored by excitation at 409 nm and detection 
of green fluorescence emission at 520 nm from 
the  intact  CCF4  substrate  (FRET)  and  blue 
fluorescence  emission  from the  cleaved  CCF4 
product  at  447  nm  (coumarin). Images  were 
recorded at  intervals  of  5  min for 3 h using a 
spinning-disc  confocal  system  (Improvision, 
Coventry,  U.K.),  equipped  with  a  CSU22 
spinning  disc  (Yokogawa,  Tokyo,  Japan)  fitted 
on to an Axiovert 200M microscope (Zeiss) with 
a  temperature-  and  CO2-controlled 
environmental  chamber  (Solent  Scientific, 
Segensworth, U.K.). Images were acquired using 
a  dry  immersion  EC  Plan  Neofluar  objective 
[×10  magnification;  NA  (numerical  aperture) 
0.3], a C-9100-2 EM-CCD (electron-multiplying 
charge-coupled  device)  camera  (Hamamatsu). 
Analysis  of  fluorescence  intensities  was 
performed  with  Volocity  software  version  6.1 
(PerkinElmer,  Waltham,  MA).  Live  cell  data 
were  quantitatively  analyzed  by  calculation  of 
the  fluorescence  index  Q  =  (Pcells –  Pbackground)/
(Scells – Sbackground) P: fluorescence intensity of the 
CCF4  hydrolysis  product  S:  fluorescence 
intensity of the uncleaved CCF4  substrate. This 
was  necessary  to  compensate  for  background 
fluorescence and loss of CCF4 substrate from the 
cells.

Fluorescence microscopy
HeLa cells were fixed in 3.7% formaldehyde in 
PBS  for  10  minutes  and  permeabilized  with 
0.1% Triton  in  PBS for  5  minutes.  Actin  was 
stained  with  Alexa  568-labeled  phalloidin 
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(Molecular  Probes,  Karlsruhe,  Germany). 
Coverslips  were  mounted  in  MOWIOL 
(Calbiochem,  Darmstadt,  Germany)  containing 
0.18%  p-phenylendiamine  (Sigma-Aldrich, 
Munich,  Germany)  as  anti-fading  reagent. 
Images of fixed samples were acquired using an 
Axioplan  epifluorescence  microscope  (Zeiss) 
equipped  with  an  oil-immersion  plan 
Apochromat 63x NA 1.4 objective.  Acquisition 
and  processing  of  images  was  performed  with 
SPOT  4.6  advanced  software  (Spot  Imaging 
Solutions, Sterling Heights, Michigan, USA).

Quantification of cell-associated bacteria
Assays  were  performed  in  6-well  plates  with 
HeLa  cells  treated  with  GST/GST-CNF-Y  or 
expressing Rac1L61. After 1 h of infection with 
WA-314  (MOI  100)  cells  were  thoroughly 
washed  three  times  with  cold  PBS  to  remove 
non-binding bacteria and subsequently lysed in 
lysis buffer (1% Triton in PBS). Cell-associated 
bacteria were then quantified by serial  dilution 
and culture on LB agar.

Results

CNF-Y  increases  translocation  of  Yersinia 
effectors into target cells 
Earlier studies showed that inhibition of Rho or 
Rac in host cells reduced Yop translocation by Y. 
enterocolitica and  Y.  pseudotuberculosis (9,42-
44).  To  find  out  whether  the  converse  is  also 
true, namely whether Rho GTP-binding protein 
activation  in  host  cells  stimulates  Yop 
translocation, we employed the toxins CNF-Y of 
Y.  pseudotuberculosis and  CNF-1  of  E.  coli. 
CNF-1 was reported to modify and permanently 
activate RhoA, Rac1 and Cdc42 in vitro and in 
cells  whereas  CNF-Y was  proposed  to  have  a 
preference  for  RhoA in  cells  (49).  HeLa  cells 
were pretreated with these toxins for two hours 
before infection with Yersinia enterocolitica wild 
type WA-314 and Yop translocation was assessed 
by  selective  lysis  of  the  HeLa  cells  with 
digitonin  and  detection  of  the  released 
(=translocated)  Yops  by  western  blot  (53).  In 
CNF-Y treated cells, the amount of translocated 
YopH rapidly increased within the first 60 min of 
infection  and  then  leveled  off.  Untreated  cells 
showed a much slower YopH accumulation rate, 
which did not reach a maximum up to 120 min 
of  infection  (Fig.  1A,  left  panel;  see  also  Fig. 
1C).  These  different  translocation  kinetics 
resulted  in  about  5-fold  higher  levels  of 
intracellular YopH in CNF-Y- and CNF-1-treated 
cells as compared to untreated cells after 60 min 

of  infection (Fig.  1A,  middle  panel).  Similarly 
increased  translocation  levels  were  found  for 
YopE  in  CNF-Y-  and  CNF-1  treated  cells, 
showing  that  the  observed  phenomenon  is  not 
restricted to YopH (Fig. 1A, right panel). Further, 
CNF-Y and CNF-1 could enhance translocation 
of  effectors  into  Y.  pseudotuberculosis infected 
HeLa  cells  and  WA-314  infected  mouse 
embryonic  fibroblasts,  extending  our 
observations  to  other  Yersinia  strains  and  cell 
types  (Fig.  1A,  right  panel  and  see  below). 
Importantly,  control-,  CNF-Y-  and  CNF-1-
treated  cells  showed  a  comparable  number  of 
adhering  WA-314  bacteria,  excluding  that  the 
increase  in  Yop  translocation  was  due  to 
increased bacterial adhesion (Fig. S1A and data 
not shown). 
To verify our results with an independent method 
cells  were  loaded  with  CCF4,  a  compound  in 
which  the  fluorescent  dyes  coumarin  and 
fluorescein  are  linked to  a  cephalosporin  core. 
Excitation  of  intact  CCF4  (409  nm)  in  cells 
results in green fluorescence emission (520 nm) 
due  to  fluorescence  resonance  energy  transfer 
(FRET)  from  coumarin  to  fluorescein. 
Hydrolytic cleavage of CCF4 by beta-lactamase 
leads  to  disruption  of  FRET,  resulting  in 
increased  blue  fluorescence  emission  from 
coumarin  (447 nm)  (54,55).  The  CCF4 loaded 
cells  were  infected  with  WA-314-pmk-bla,  a 
Yersinia  strain  that  translocates  a  YopE-beta-
lactamase  fusion  protein  capable  of  cleaving 
CCF4. Live cell fluorescence recording  showed 
a low but constant rate of FRET disruption, as 
evidenced  by an  increase  in  blue  fluorescence 
(Fig.  1B).  In  the  CNF-Y  pretreated  cells,  an 
accelerated  rise  of  blue  fluorescence  was 
detected upon infection with WA-314-pmk-bla, 
reflecting  a  greatly  enhanced  translocation  of 
YopE-beta-lactamase  (Fig. 1B and 1C; see also 
Movie S1). 
We finally aimed at excluding the possibility that 
the  appearance  of  higher  amounts  of  YopH in 
CNF-Y-treated  cells  was  due  to  enhanced 
stability of the translocated YopH. To this end we 
infected HeLa cells with WA-314 or WA-314E 
(to obtain higher levels of intracellular YopH) for 
1h.  Infection  was  terminated  by  addition  of 
gentamicin and chloramphenicol for 30 min and 
only thereafter GST or GST-CNF-Y were added 
for 4h.  Western blots  of  cell  lysates confirmed 
that after addition of antibiotics no further YopH 
translocation occurred and clearly demonstrated 
that the cellular YopH levels were not affected by 
CNF-Y treatment (Fig. 1D). This indicates that 
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CNF-Y  has  no  effect  on  the  stability  of 
translocated YopH.
Taken together, these results clearly demonstrate 
that treatment of Yersinia infected host cells with 
cytotoxic necrotizing factor-Y results in a large 
increase in Yop translocation.

Active  Rac  and  Cdc42  stimulate  Yersinia 
effector translocation
To get an idea which Rho GTP-binding proteins 
mediate  the  enhanced  Yersinia effector 
translocation upon CNF-Y treatment of cells, we 
first  performed  activity  pull  down  assays  of 
RhoA,  Rac1  and  Cdc42.  CNF-Y  strongly 
activated RhoA after 2 h, but also Rac1 activity 
was clearly enhanced at this time point, whereas 
no Cdc42 activation could be detected (Fig. 2A, 
see also Fig. S2 for a tighter time course of Rac 
activation). After 8 h of CNF-Y treatment, Rac1 
was strongly and Cdc42 was modestly activated 
and their  activation levels were very similar  to 
the levels obtained by 2 h of CNF-1 treatment 
(Fig.  2A).  Surprisingly,  we  could  not  detect 
activation  of  RhoA  by  CNF-1  under  these 
conditions (Fig. 2A). Thus, besides RhoA CNF-
Y activates Rac1 and Cdc42 in HeLa cells albeit 
in a delayed manner when compared to CNF-1. 
Next, the Rho GTP-binding proteins found to be 
activated by CNF-Y were individually expressed 
as constitutively active mutants in cells and the 
effects  on  Yop  translocation  were  evaluated. 
These  experiments  revealed  that  expression  of 
constitutively  active  Rac1  (myc-Rac1L61) 
strongly  increased  YopH  translocation,  even 
exceeding  the  effect  of  CNF-Y treatment  (Fig. 
2B).  Again  increased  bacterial  binding  was 
excluded  as  reason  for  the  enhanced 
translocation  because  equal  numbers  of  cell-
associated bacteria were found for untreated and 
RacL61  expressing  cells  (Fig.  S1B). 
Constitutively  active  Cdc42  (myc-Cdc42L61) 
was  found  to  reproducibly  induce a  moderate 
increase  in  YopH  translocation,  whereas  no 
effect  was  observed  for  constitutively  active 
RhoA (myc-RhoAL63)  (Fig.  2B).   Thus,  these 
results  indicate  that  CNF-Y  effects  on  Yop 
translocation are mostly mediated by Rac.

siRNA  knockdown  and  knockout  cell  lines 
confirm relevance of Rac and Cdc42 for Yop 
translocation
To  further  verify  whether  Rac1  and/or  Cdc42 
regulate Yop translocation,  we made use of (i) 
siRNA knockdown of Rac1 and Cdc42 in HeLa 
cells  and  (ii)  Rac1  knockout  MEFs.  CNF-Y-
stimulated translocation of YopH into HeLa cells 

was reduced by approximately 45% when Rac1 
was  knocked  down  and  approximately  28% 
when Cdc42 was knocked down in HeLa cells 
(Fig.  3A).  Rac1-  and  Cdc42  knockdown 
appeared not to have a significant effect on YopH 
translocation  in  GST-treated  control  cells,  but 
definitive  conclusions  were  difficult  because 
under  these  assay  conditions  translocation 
efficiency was near the detection limit (Fig. 3A). 
Next,  we  employed  the  real  time  YopE-beta-
lactamase  translocation  assay  described  above 
using  mouse  embryonic  fibroblasts  genetically 
deleted  for  Rac1  (Rac1  -/-)  and  their  parental 
controls  (Rac1 fl/fl) (Fig.  3B).  Confirming the 
digitonin  lysis  assay,   CNF-Y-treated  Rac1  -/- 
MEFs  displayed  a  pronounced  reduction  in 
YopE-beta-lactamase translocation as  compared 
to CNF-Y-treated control MEFs (Rac1 fl/fl).  In 
addition,  this  assay revealed that  under  control 
conditions  (non CNF-Y-treated),  Rac  -/-  MEFs 
showed  a  markedly  reduced  Yop  translocation 
rate as compared to control MEFs (Fig. 3B).
Since we have confirmed that CNF-Y activates 
RhoA more rapidly than Rac1 and Cdc42,  and 
Rho-inhibitors  were  previously  reported  to 
inhibit  Yop  translocation,  we  sought  to 
unambiguously establish  whether  RhoA,  -B  or 
-C are involved in the CNF-Y effect or in Yop 
translocation by Y. enterocolitica in general (42). 
To this end, specific siRNAs were employed to 
knockdown RhoA, -B and -C individually and in 
different  combinations.  RhoA,  -B  and  -C 
knockdown  was  verified  by  western  blotting 
(Fig. 4C). In addition, we took advantage of the 
fact that stress fiber formation is a sensitive and 
specific  indicator  of  RhoA,  -B and -C activity 
(56). Interestingly, neither treatment with single 
siRNAs  nor  any  of  the  three  possible 
combinations of two siRNAs against RhoA, -B 
or –C could prevent CNF-Y induced stress fiber 
formation (Fig.  4C and data  not  shown).  Only 
treatment of cells with a pool of siRNAs against 
all  three  Rho  isoforms  resulted  in  complete 
inhibition of stress fiber formation (Fig. 4C). As 
expected,  the siRNA pool strongly reduced the 
levels  of  all  three  Rho-isoforms.  Interestingly, 
the  endogenously  very  low  RhoB  levels  were 
upregulated  by the  combination  of  RhoA-  and 
RhoC  siRNAs,  explaining  their  ineffectiveness 
on stress fiber formation (Fig. 4C).  Under these 
conditions, with no detectable Rho A, -B or -C 
activity  left,  we  performed  Yop  translocation 
assays.  Neither  of  the  two translocation assays 
allowed us to detect an effect of RhoA, -B and 
-C  triple  knockdown  on  Yop  translocation  in 
CNF-Y-treated or -untreated HeLa cells (Fig. 4A 
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and  Fig.  4B).  Furthermore,  Y-27632  and 
Blebbistatin,  which  inhibit  the  major  Rho 
effectors Rho-kinase and Myosin II, respectively, 
did  not  affect  CNF-Y-stimulated  YopH 
translocation, although these inhibitors again had 
a  major  impact  on  stress  fiber  formation  (Fig. 
4D).  These results  strongly suggest  that  RhoA, 
-B and -C are not  involved in  Y. enterocolitica 
effector  translocation  in  CNF-Y  treated  or 
untreated cells.

Collectively, we conclude that Rac is the major 
regulator of Yop translocation in Y. enterocolitica 
infected  host  cells,  and  that  its  activation  is 
mainly  responsible  for  increased  Yop 
translocation induced by CNF-Y. 

Yops  inhibiting  Rho  GTP-binding  proteins 
cannot  block  the  CNF-Y  effect  on 
translocation
Both YopE and - albeit less well documented - 
YopT and YopO/YpkA were proposed to block 
Yop translocation by inhibiting Rho family GTP-
binding proteins as part of a negative feedback 
loop (9,57).  We  asked therefore  whether  these 
Yops  can  counteract  the  stimulatory  effect  of 
CNF-Y on Yop translocation. We found that the 
quantities  of  YopH  translocated  by  the  Y. 
enterocolitica  wild  type  strain  and  by  strains 
lacking YopE alone,  YopE plus  YopT or  YopE 
plus  YopT  and  YopO  (WA-314E,  WA-
314E/T  and  WA-314E/T/O)  in  CNF-Y 
pretreated cells were very similar (Fig. 5A). This 
indicates  that  YopE,  YopT  and  YopO  are 
essentially  incapable  of  inhibiting  the  CNF-Y 
effect. 

Finally, it is interesting to note that the levels of 
YopH  translocation  in  WA-314E  infected 
control  cells  and  in  WA-314  infected  CNF-Y 
treated  cells  were  observed  to  be  very similar 
(Fig.  5B).  Since it  was reported before  that  Y. 
enterocolitica YopE  very  effectively  inhibits 
Rac1 and this determines feedback inhibition of 
Yop translocation (9,37),  these  data  underscore 
that the negative feedback of Yop translocation 
brought about by YopE is abrogated by CNF-Y. 
They also support the central conclusion of this 
work  that  Rac  plays  the  central  role  in  the 
boosting effect of CNF-Y on Yop translocation.

Discussion

Considering  the  dramatic  effects  that  Yersinia 
effector Yops can have on host cell function and 

survival,  it  is  comprehensible  that  Yop 
translocation  must  be  tightly  controlled.  Rho 
GTP binding  proteins  appear  to  constitute  one 
way of control based on findings that inhibition 
of  Rho  and  Rac  in  cells  can  block  Yop 
translocation  (1,42,44).  Here  we  provide 
evidence  that  the  Rho  GTP  binding  protein 
activator  CNF-Y  strongly  increases  Yop 
translocation.  We found that  the  CNF-Y effect 
was  almost  entirely  dependent  on  Rac  and 
independent of RhoA, -B and -C. This result was 
unexpected because first, CNF-Y was reported to 
prefer RhoA as a substrate over Rac and Cdc42 
and second, inhibition of Rho had been shown to 
affect Yop translocation (42,44). As described by 
Hoffmann et al. (49) and confirmed in this study, 
the  CNF-Y effect  on  the  actin  cytoskeleton  is 
dominated  by  stress  fibers  with  only  few 
membrane  ruffles  and filopodia  present,  which 
suggested  Rho-  but  no  prominent  Rac-  and 
Cdc42 activation, respectively. However, CNF-Y 
can modify Rac and Cdc42 in vitro, albeit  less 
effectively than Rho (49),  and we demonstrate 
here that CNF-Y also strongly activates Rac and 
Cdc42 in cells. CNF-Y activated Rac and Cdc42 
to  the  same  extent  as  RhoA,  but  significantly 
delayed  in  time  when  compared  to  CNF-1. 
Presumably, the lower intrinsic activity of CNF-
Y towards  Rac1  and  Cdc42  requires  a  longer 
accumulation  time  of  CNF-Y in  cells  to  fully 
activate  these  GTP-binding  proteins.  In  fact, 
under our experimental conditions cellular CNF-
Y levels still increased between 2 h, when RhoA 
was already fully activated, and 6 h, when Rac 
was fully activated (data not shown). In contrast 
to  reduced  Yop  translocation  found  in  Y. 
pseudotuberculosis infected cells treated with the 
Rho-inhibitor C3-transferase from  C. botulinum 
(42),  we  could  not  detect  an  effect  of  siRNA 
mediated  knockdown  of  RhoA,  -B  or  -C  or 
constitutively active RhoA on Yop translocation 
by  Y.  enterocolitica.  The  reason  for  this 
discrepancy  is  unclear,  but  Yop  translocation 
might  be  differentially  regulated  by  Rho  GTP 
binding  proteins  dependent  on  the  infecting 
Yersinia strain. It is also interesting to note that 
most  Y.  pseudotuberculosis strains  lack  YopT, 
which  was  reported  to  preferentially  inactivate 
RhoA in cells (58), whereas CNF-Y, which most 
efficiently activates RhoA, has so far only been 
detected in  Y. pseudotuberculosis  strains.  Thus, 
there  might  be  a  specific  role  for  RhoA 
activation  in  an  aspect  of  pathogenicity  of Y.  
pseudotuberculosis not  shared  by  Y. 
enterocolitica.
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That Rac activity was found here to be the major 
determinant of Yop translocation in resting- and 
CNF-Y stimulated  cells  fits  well  with  studies 
demonstrating  that  translocated  YopE  is  the 
decisive factor  in  negative  feedback control  of 
translocation  (9,11).  YopE  was  found  to 
preferentially inactivate Rac in different Yersinia 
infection  systems  (37,59),  and  degradation  of 
ubiquitinated  YopE  in  host  cells  caused  both, 
Rac  activation  and increased  Yop translocation 
(11). Activation of Rac in host cells by secreted 
CNF  toxins  thus  may  represent  another 
mechanism  of  how  yersiniae  promote  Yop 
translocation.  Furthermore,  deamidation of  Rac 
by CNF-1  not  only strongly activates  Rac  but 
also renders it resistant towards inactivation by 
GAPs (47,48).  In  fact,  our  study indicates that 
neither the RhoGAP YopE nor YopT and YopO, 
also  reported  to  act  on  Rac  in  some  infection 
systems,  could counteract the CNF-Y effect  on 
Yop translocation. Interestingly,  cells may have 
devised  a  way  to  overcome  this  potential 
deadlock  because  they  can  ubiquitinate  and 
degrade  CNF-modified/hyperactivated  Rac 
(60,61).  A straightforward  question  for  future 
work is which downstream effectors of Rac are 
involved in Yop translocation.  Considering that 
actin  depolymerization  by  cytochalasin  D  or 
latrunculin  B  inhibited  Yop  translocation  (42) 
and  conversely,  circular  actin  enrichments 
termed  ‘‘actin  halos’’  were  detected around 

hypertranslocating  bacteria  on host  cells,  Rac 
effectors  governing  actin  polymerization  may 
play a role (42,43). By activating proteins of the 
WAVE  complex,  Rac1  triggers  formation  of 
lamellipodia  and  ruffles  which  can  engulf 
invading  bacteria  (62-64).  Enhanced  ruffling 
might  cause  a  larger  fraction  of  the  Yersinia 
surface to come into direct contact with the host 
plasma membrane, leading to a higher number of 
needle  complexes  deposited  and  concomitant 
increase  in  translocation.  Alternatively,  Rac-
dependent actin structures might directly interact 
with  specific  components  of  the  type  three 
secretion system, such as the translocation pore, 
and  thus  stimulate  their  activity.  Future 
experiments  will  have  to  distinguish  between 
these possibilities. 

We  also  found  Cdc42  to  play  a  role  in  Yop 
translocation.  Cdc42  is  known  to  control  cell 
polarity  in  various  cell  types  ranging  from 
mammalian neurons to yeast by orchestrating the 
cytoskeleton, secretory membrane trafficking as 
well as endocytosis (65). It is unclear at present 
which  of  these  Cdc42  functions  contribute  to 
Yop translocation.

Altogether,  CNF-Y  can  considerably  enhance 
Yop  translocation  by  activation  of  Rac  and 
Cdc42 in a cell  culture model.  Whether this is 
relevant  for  the  Yersinia infection  strategy  in 
vivo should be verified in future studies.
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Figure Legends

Figure 1

CNF-Y increases Y. enterocolitica effector translocation into target cells



(A)  Left panel: HeLa cells were treated with GST-CNF-Y or GST for 2 h and subsequently infected  
with WA-314 for 5 to 120 min as indicated. Cells were lysed with digitonin and supernatants were  
analyzed for YopH and actin by western blotting and densitometry of respective protein bands. Bars 
show the YopH/actin ratio of the densitometric values. Middle panel: HeLa cells were treated with  
GST-, GST-CNF-Y- or GST-CNF-1 for 2 h and infected for 1h with WA-314. Bars represent the mean 
±  SD  (error  bars)  of  YopH/actin  ratio  normalized  to  control  (GST-treated  cells)  of  at  least  3  
independent  experiments.  Asterisks indicate significant  differences  compared to control  (One-Way 
ANOVA with Dunnett`s Test *: P = 0.01 to 0.05  and  **: P = 0.001 to 0.01)  Right panel: GST-, GST-
CNF-Y- or GST-CNF-1 treated HeLa cells were infected with WA-314 or  Y. pseudotuberculosis III 
(pIB 102) for 1 h. Digitonin lysis assay was conducted and supernatants were analyzed for YopE and 
actin by western blotting. (B) GST- or GST-CNF-Y treated HeLa cells were pre-loaded with CCF4-
AM substrate and then infected with WA-314-pMK-bla (translocating YopE-betalactamase fusion) and 
WA-314-pMK-ova  (translocating  YopE-ovalbumin  fusion;  negative  control).  Hydrolysis  of  CCF4 
substrate by translocated beta-lactamase was monitored by live cell imaging. Excitation at 409 nm 
resulted in green fluorescence emission (520 nm) of the intact  substrate  and in blue fluorescence 
emission  (447  nm)  of  the  cleaved  hydrolysis  product.  Depicted  merged  images  (green  +  blue  
fluorescence) were taken from representative movies at indicated time points (see also supplementary 
materials  Movie  S1).  GST-CNF-Y treated  cells  show more  rapid  accumulation  of  the  hydrolysis  
product. (C) Live cell data were quantitatively analyzed by calculation of the fluorescence index Q = 
(Pcells – Pbackground)/(Scells – Sbackground) to correct for background fluorescence and loss of CCF-4 substrate 
from the cells. Graphs represent the mean ± SD (error bars) of three independent experiments, each  
condition sampled in triplicate. (D) HeLa cells were infected with WA-314 or WA-314E for 1 h. 
Infection was then terminated by adding gentamicin (50 µg/ml) and chloramphenicol (20 µg/ml). After 
30 min of incubation, GST or GST-CNF-Y were added for 4h. Digitonin lysates were prepared directly 
after infection (1) and after GST (2) or GST-CNF-Y (3) treatment. Supernatants were analyzed for 
YopH and actin by western blot. Data are representative of three independent experiments.

Figure 2

Profiles and kinetics of RhoA-,  Rac1-  and Cdc42 activation by CNF-Y and CNF-1 and effect  of  
constitutively active RhoA, -Rac1 and -Cdc42 constructs on Yop translocation

(A) HeLa cells were treated with GST-CNF-Y or GST-CNF-1 as indicated. Active RhoA, -Rac1 or 
-Cdc42 were precipitated with GST-Rhotekin (RhoA) or GST-PAK-CRIB (Rac1, Cdc42) and analyzed 
by western blotting. The input represents approximately 4% of the cell lysate used for the respective  
pull down at the indicated time point. Immunoblots of pull down assays and inputs were investigated 
with the same antibodies. Data are representative of three independent experiments. (B) HeLa cells 
were  transfected  with  the  constitutively  active  constructs  myc-RhoAL63,  myc-Rac1L61  or  myc-
Cdc42L61.  After  16  h  cells  were  infected  with  WA-314 for  1h,  digitonin-lysed  and analyzed  by 
western blotting. Bars represent the mean ± SD (error bars) of YopH/actin ratio normalized to control  
(GST-treated cells) of 3 independent experiments. Asterisks indicate significant differences compared 
to control (One-Way ANOVA with Dunnett`s Test *: P = 0.01 to 0.05  and  **: P = 0.001 to 0.01)

Figure 3

Knockdown or knockout of Rac1 blocks CNF-Y stimulated Yop translocation

(A) HeLa cells were transfected with non-targeting (n.t.)-, Rac1- or Cdc42 siRNA for 72 h and then 
treated with GST or GST-CNF-Y for 2 h.  Subsequently cells  were infected with WA-314 for 1h,  
digitonin lysed and translocated YopH was analyzed by western blotting. Mean YopH/actin ratio and 
SD of three independent experiments are stated. (B) Rac1 (-/-) and Rac1 (fl/fl) control MEFs were  
treated for 2 h with GST or GST-CNF-Y and subsequently infected with WA-314-pmk-bla for 3 h.  
Live cell imaging data were analyzed and quantified as described above. Graphs represent the mean ±  
SD (error bars) of three independent experiments, each condition sampled in triplicate.

Figure 4



RhoA, -B and -C and downstream targets are dispensable for  Y. enterocolitica effector translocation 
under basal and CNF-stimulated conditions

(A)  HeLa cells  were  treated  with  non targeting  (n.t.)  siRNA or  with  a  siRNA pool  for  48  h  to  
simultaneously deplete RhoA, -B and -C, stimulated with GST-CNF-Y or GST-CNF-1 for 2 h and 
infected with WA-314 for 1h. Cells were lysed with digitonin and supernatants were analyzed for  
YopH, RhoA and actin by western blotting. Data are representative of three independent experiments.
(B) HeLa cells were treated as above, preloaded with CCF4-AM and infected with WA-314-pMK-bla 
for 3 h. Live cell imaging data were analyzed and quantified as described above. Graphs represent the 
mean ± SD (error bars) of three independent experiments, each condition sampled in triplicate. (C) 
Left panel: Alexa Fluor 568 phalloidin staining was conducted of n.t.- , RhoA- or RhoA, -B and -C 
siRNA treated HeLa cells stimulated with CNF-Y for 2 h. Abrogation of stress fiber formation was 
only seen in the RhoA, -B and -C siRNA treated cells, verifying the efficient knockdown of RhoA, -B 
and -C. Right panel: siRNA knockdown of RhoA, -B, and -C was also confirmed by western blot. 
RhoB expression was very low under control conditions, but was found to be upregulated when RhoA 
and RhoC were depleted.  In this case upregulation was efficiently counteracted by RhoB siRNA. (D) 
HeLa  cells  were  treated  with  GST  or  GST-CNF-Y  and  simultaneously  subjected  to  different  
concentrations of small inhibitors Blebbistatin and Y-27632 or DMSO alone for 2h. Evaluation of 
stress fiber formation was conducted by Alexa Fluor 568 phalloidin staining in order to determine 
effectivity of  inhibitors.  After  infection with WA-314 for  1h,  cells  were lysed  with digitonin and 
supernatants were analyzed for YopH and actin by western blotting. Data are representative of three 
independent experiments.

Figure 5

YopE/T/O cannot counteract the CNF-Y mediated hypertranslocation 

(A) HeLa cells were treated with GST or GST-CNF-Y for 2 h and subsequently infected with WA-314 
and Yop mutants WA-314E, WA-314E/T and WA-314E/T/O for 1 h. Digitonin lysates were 
analyzed  for  YopH  and  actin  by  western  blotting.  Data  are  representative  of  three  independent  
experiments.  (B) GST- and GST-CNF-Y treated HeLa cells  were infected with WA-314 and WA-
314E for 1 h. Digitonin lysates were analyzed for YopH and actin by western blotting. Data are  
representative of three independent experiments.

Table 1

Strain Relevant characteristic Source/References

Yersinia enterocolitica

WA-314 Wild-type strain; serogroup O8; clinical 
isolate harboring the virulence plasmid 
pYVO8

(66)

WA-C Plasmidless derivative of WA-314 (66)

WA-314E WA-C harboring pYVE (67)

WA-314E/T WA-C harboring pYVE/T This study

WA-314E/T/O WA-C harboring pYVE/TO This study

WA-314-pMK-bla Wild-type strain, harboring pMK-bla, 
encoding for YopE-beta-lactamase fusion

This study

WA-314-pMK-ova Wild-type strain, harboring pMK-ova, This study



encoding for YopE-ovalbumin fusion

Yersinia pseudotuberculosis

YPIII (pIB102) Wild-type strain with insertional 
inactivation of YadA

(68,69)


