
Europa. whlc11 mlght perslst for decades aftel 
local geolog~cal actnlty has ceased ( 3 1 )  We 
have not detected ally such elldogenic hot 
spots. Upper limits to hot spot circular-equiv- 
alent diameter and temperature in the 1856 of 
Europa's surface covered by o m  most semi- 
tive observatioils (the low-latitude nighttime 
coverage show11 in Fig. 1) are 16.8 km at 130 
K, 6.2 lull at 200 K, 3.4 lull at 273 K. or 2.0 
km at 350 K. This is illuch fainter than a brief 
themma1 event tentatively identified in 198 1 
ground-based obser\,ations (32) .  
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An Aqueous Channel for 
Filamentous Phage Export 

Denise K. Marciano, Marjorie Russel," Sanford M. Simon* 

Filamentous phage f l  exits its Escherichia coli host without killing the bacterial 
cell. It has been proposed that f l  is secreted through the outer membrane via 
a phage-encoded channel protein, plV. A functional plV mutant was isolated 
that allowed E. coli to grow on large maltodextrins and rendered E. coli sensitive 
to large hydrophilic antibiotics that normally do not penetrate the outer mem- 
brane. In planar lipid bilayers, both mutant and wild-type plV formed highly 
conductive channels with similar permeability characteristics but different 
gating properties: the probability of the wild-type channel being open was 
much less than that of the mutant channel. The high conductivity of plV 
channels suggests a large-diameter pore, thus implicating plV as the outer 
membrane phage-conducting channel. 

The pIV protein is one of three filamentous 
phage proteins that are not part of the f l  
virioil but are required for phage export fro111 
the host bacterium. Interest in pIV has been 
stimulated by its sequence similarity to pro- 
teins in the type IV pilus asse~llbly and in 
transport pathways. including type I1 and 
type I11 secretion systems ( I ) .  Both of these 
complex secretion systellls mediate the ex- 
port of protei~ls ill Gram-negative bacteria. In 
type I1 secretion, toxins or degradative en- 
zymes are secreted into the extracellular mi- 
lieu; in type I11 secretion. proteins are secret- 
ed and injected directly into the cytosol of 
euka~yotic host cells, causing cytotoxicity. 
Bacteria with type I1 or type 111 secretion 

systellls include such ilotorious anirnal and 
plant pathogens as Yei,siizicr, S ~ l i ~ ~ o i ~ e l l a ,  Slii- 
gella, and El-~,iiiin. all of which express a pIV 
homolog necessary for secretion or virulence. 
Although it has been postulated that pIV and 
its ho~llologs function as outer ~lle~llbralle 
channels, there has been no direct evidence to 
support this hypothesis. 

The pIV protein exists as a large homo- 
multimer in the outer lnernbrane of E. coli. 
Purified ~nultirners are large cyli~ldrical struc- 
tures, as viewed by scanning tra~lslllissio~l 
electron microscopy (STEM) (2). The fila- 
mentous phage is approxi~nately 1 p m  long 
with a dia~lleter of 6 to 7 nm. A simple 
diffusio~l pore 6 to 7 nm in diameter would 
cause E. coli to be velv sensitive to external 

The University, 1230 York Avenue, New stresses. However. phage-infected E. coli 
York, NY 10021, USA, lnaiiltai~l long-tern1 viability. Thus. if pIV 

*To whom correspondence should be addressed, E-  were to form a chanael, it would   no st likely 
mail: russelm@rockvax.rockefeller.edu (M.R) and be o~e l l ed  0111~ d~lrillg phage export by a 
simon@rockvax.rockefeller.edu (S.M.S.) gating mechanism. 
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R E P O R T S  

We used two assays to test whether pIV ments with bacitracin (MW = 1411) gave 
similar results as the vancomycin experi- 
ments (3). 

To test if pIV increased the permeability 
to carbohydrates, we expressed pIV in the 
strain MCR106, which has a 501-base pair 
internal deletion of the gene IamB encoding 
an outer membrane maltoporin (6), and grew 
the strain on plates containing sugars of in- 

creasing size (Fig. 1B). In the absence of 
LamB, E. coli are unable to grow on malto- 
dextrins larger than maltotriose (7). Esche- 
richia coli expressing low levels of pIVS324G 
grew on 0.2% sugars up to maltohexaose (8). 
They also grew on maltoheptaose, albeit 
poorly, when sugar concentrations were in- 
creased to 0.4% (3). Bacteria expressing 
pIV+ grew poorly on maltotriose and did not 

increased the permeability of the E. coli outer 
membrane: sensitivity to large antibiotics and 
growth on large carbohydrates. Vancomycin 
is an antibiotic that cannot cross the bacterial 
outer membrane because of its hydrophilicity 
and large size [molecular weight (MW) = 
14491. Wild-type pIV (pIV+) and pIV with a 
point mutation at SerJZ4 + Gly324 
(pIVS324G), which still functioned for phage 
export, were synthesized from plasmids at 
slightly lower levels than in phage-infected 
cells (3). Expression of pIVS324G substantial- 
ly increased the sensitivity of E. coli to van- 
comycin, whereas pIV+ did not (Fig. 1A) 
(4). Even without vancomycin, bacteria with 
pIVS324G did not grow well. However, their 
growth defect was fully rescued by the addi- 

Fig. 2. Purification of mutant A B 670 kD 440 kD 
plV. (A) Silver-stained SDS-poly- 
acrylamide gel electrophoresis 

1 2 3  4 1 
*-+ -* * 1 

(SDS-PACE) gel showing major 7 -- 
purification steps. His-tagged - 
plVS3z4C was ex ressed from 66 
plasmid pPMR132P3z~ in strain 46 

- 
K1312 (MC4100 ompR::Tn70). ,-- 

Lane 1 (1 X load), total cell ly- 30 , 
sate; lane 2 (4X), solubilized - membranes; lane 3 (Mx), elu- 

21 - tion from the Niz+-Sepharose 
column; and lane 4 (MX), F23 F44 
pooled peak fractions from the 
BioCelA5M column. (B) Silver- 
stained SDS-PACE gel showing the elution profile of plV from the BioCel column. Gel filtration 
standards are indicated. Purification of wild-type plV was similar (3). F23 through F44 indicate the 
fractions analyzed. 

tion of 20% sucrose, an osmoprotectant that 
does not cross the inner membrane, further 
suggesting that pIVS324G makes the outer 
membrane ' permeable (3). The pIVS324G 
made bacteria sensitive to concentrations of 
vancomycin 100-fold lower than those affect- 
ing envA and to le  mutants, which are known 
to have leaky outer membranes (5). Experi- 

C % Sugar $1 - 4 . ;\ ;:, 
--F PN~=~'= 

3 

2 
[Vanc] o o 0.1 I 10 loo 1000 

IPTG - + + + + + +  

cn 
0 2 AI8mB 
I -  vector 
W I- t 

vector 

AlamB 
vector 

AlamB 
plV+ 

lamB+ 
vector 

alamB 
vector 

L - 
Fig. 1. Vancornycin sensttivity and growth on rnaltodextrins. (A) Serial dilutions 
of E. coli strain K1712 containing the indicated plasmid were plated on tryptone 
broth plates + 1 mM lPTG and increasing concentrations of vancornycin. PIV+ 

Colony-forming units (CFU) were determined after 24 hours at 37°C. (B) Cultures I ' I 1 I 
of MC4100 pPMR131 (lamEd, empty vector), MCR106 pPMR131 (1lam6106, 

i i 
empty vector), MCR106 pPMR132 (AlamBlO6, plVL), and MCR106 pPMR1325324C (hlamB106, plV5324c) were washed with M63 salts, and plated on 
minimal media containing M63 salts, 10 pM IPTG, 50 &ml chloramphenicol, and 0.2% (w/v) of the indicated sugar. Growth was assessed after 36 
hours at 37°C. Shown is one of three similar experiments. (C) The same strains as in (B) (minus MC4100~1amB106, plVS324(;) were washed and plated 
on minimal media containing M63 salts, 1 mM IPTG, 50 kg/ml chloramphenicol, and the indicated sugar. Growth was assessed after 6 days at 37°C. 
Shown is one of three similar experiments. 
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gron on the larger maltose bugarb undrr these 
conditions. 

E.\c/iei.icl~ici coli expressing p l y t  gren on 
maltoclestriils larger than ~naltotriose oal! n hen 
both the sugar collcelltratioll and gro\\th tiille 
nere illcreased (Fig. 1C). bacler these condi- 
tiom. pIL7 confei~ed a gron th ad! antage ox er 
thc emllty Lector control. As the sugar size 
increased. bacteria IT it11 pIVt requirecl highcr 
sugar concentrationb to gron.: coloilies coulcl be 
seen or1 maltohexnose only \r hen the concea- 
tration \\as increased to 0 . 6 O  0 .  The lllodest 
gronth ad\.antage due to p I \ '  na s  not the 
result of mutation. because all ofthr platcd cells 
for~ned colo~lieb and these bacteria Sren just as 
sloa~ly aftzr rcstrzaking (9). 

To directly test for channel ac t i~ i ty  in 
electrophysiological assays. \ \c p~iriiled His- 
tagged pI\'- ancl plV"'4" and reconstituted 
them into proteoliposomes ( 1 0 ) .  The pI\' pro- 
teins n ere purified by niclcel-chelate ailcl size 
csclusion chronlatography (Fig. 21 .  Both 

nild-type and mutant protei~ls eluted in sim- 
ilar fractions col~esponding to -670 1tD. ill- 
clicating that they exist as multimerb of sim- 
ilar size. I11 aclclition. both follns of 1311. ap- 
peared sinlilar by 11egati1.e staining slcctroll 
microscopy ( 3 ) .  Both His-tagged proteins 
\?,ere functional, as asscssed by their ability to 
f~inction in phage export ( 11 ). Proteolipo- 
seines \!-it11 pIV""4'' \\,ere f~issd  to planar 
lipid bilayers. Large. single channcls n-ere 
obser\.ed at positi1.e and negative ~o l t agcs  
( -L J , , ,  ancl -r',,,) (Fig. 3. A a11d B 1. 111itiall>. 
ail additioaal smaller chanael \\as observcd 
that had characteristics himilas to those pre- 

iously reported for OiilpC (12 ) .  Subsequent- 
ly. pT\. n as purified from an E. coli oiiipR 
strain. nhich  coiltaiils lo\?. amounts of the 
porins OmpC and OmpF. The ratio of porin 
to pTV from cell Iysates of the oi iy~R strain 
\vas 50 times lower than in the original strain 
( 3 ) .  ancl contaminatiag chanllrls \\.ere \-el-\. 
mrell. obscl.\~ecl after purii?cation. X record- 

; 

530 .-S 

Fig. 3. Current traces of  p l ~ ' ~ ' ~ '  and 
-1:o11-,.. o: $ #  1 %  plV-. (A) Channelsof plVS324C ( 1 1 7 p A )  

1; are ninefold larger than a porin channel 
(") a t  -80  mV.  (B) plV'324C channels 

soo rns f rom ompR strain K1312. (C) p l V  chan- 
nels at various voltages. In (B) and (C), 

the traces were vertically displaced for clarity and marked as closed (C), or  w i th  one ( 0 1 )  or t w o  
( 0 2 )  open channels. The solut ion for (A) was 285 m M  NaCl in the cis and 150 m M  in  the trans 
chamber. In (B) and (C), 150 m M  KCL was in  both chambers. Al l  solutions contained 10  m M  
NaHepes (pH 7.4), 5 m M  MgCl,, and 5 m M  CaCl,. 

ing of plVs"'"C' channels with a contaminat- 
ing chan~lel illustrates the marl<edly greater 
current thsough pIV cha~lnels (Fig.  3A). Both 
p 1 v s 3 2 ~ ~  and pIV independently displayed 

+ closed - open 1 
-+ open 2 

Voltage (mV) 

Fig. 4. Current-voltage relationships of  
plVS324C. (A) The average current for the 
closed, single open ( O I ) ,  and double open ( 0 2 )  
plVS324C channels i n  150 m M  salt (cis and 
trans) was plotted. (B) The 0 1  currents for 
plVS324C channels were measured in  salt gradi- 
ents of  150110, 15011 50, and I501300 m M  KCl 
in the cis and trans chambers, respectively. Both 
chambers had 10 m M  KHepes (pH 7.4), 5 m M  
MgCI,, and 5 m M  CaCI,. In (A) and (B), each 
data point  is the current average ? SD calcu- 
lated f rom an all-points histogram f rom several 
traces of a single experiment. Shown is one of 
five similar experiments. (C) Probability o f  t ime  
in  the closed state (Pcloied) for mu tan t  and 
wild-type plV. The voltage was increased in 
20-mV steps w i t h  a return t o  0 m V  between 
each step. W e  calculated PClo5,, f rom an all- 
points ampli tude histogram of  a 2-min record- 
ing for each voltage: Pcioied = I t  clasedlSt closed 

t t,,,,. Experiments were done in  150  m M  
KCL, 1 0  m M  NaHepes (pH 7.4), 5 m M  MgCl,, 
and 5 m M  CaCI,. Shown is one of  t w o  similar 
experiments. 
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the same channel beha~rior when purified 
from either strain (3). 

Most attempts to detect cl~annels with 
pI\'S'24" were successhl ( 1 1  > 40). At lon 
voltages (-20 111V < I;',,, < +40 m y )  there 
were occasional channel openings (Figs. 3B 
and 4C). At intermediate x-oltages ( 1  ;,, < -20 

or I:,, > +50 mV) channels opened to hvo 
different cu~sent levels. 0 1  and 0 2 ,  where 0 2  
was double the size of 0 1 .  At larger voltages 
(T:,, < -80 111\' or > + 120 mV) only the larger 
0 2  current level was obsei-ved. l? len  se\-era1 
p l y  multimers were incorporated into the bi- 
layer, the rnaximum current was a multiple of 
the 0 2  current. This suggests that a pTV multi- 
Iner has hvo conductance states or that the 
multirners reconstitute in pairs. 

There were three distinct effects of voltage 
on the activity of the channel. First, at positive 
potentials. the charnels required a greater volt- 
age to open than at negative potentials. Second. 
the single-channel conductance of pl\'""" 
was larger at -I;, than it was at -I;,,. This can 
be seen both in the single-channel recordings 
(Fig. 3B) and in the current-voltage plot, xvhere 
opening to the first conductance le\-el ( 0 1 )  \\as 
1.22 +- 0.03 11s (XSD) at 80 n ~ \ '  and 0.00 = 
0.10 nS at 8 0  IIIV in 150 mnM KC1 (Fig. 4A). 
The asymmetric response to the polarity of the 
voltage suggests that pI~S"-'" charulels recon- 
stitute into the lipid bilayer v-it11 a common 
asqmnztr).. Third. the channel conductance in- 
creased with increasing voltage. The selectivit\. 
of p l ~ ~ x 4 ~  channels was deterinined by t ~ v o  

criteria: quantification of channel current and 
reversal potential in va~ying salt solutions (Fig. 
4B). They were approximately four times more 
permeable to potassiu~n than to chloride. 

In contrast to pIVS324G. cllannels from 
pIV' in  = 7)  were obser\-ed only at \,cry 

high voltages (T',, > 180 inV or I;,, < -120 
mV). which made them inore difficult to 
characterize. For a given voltage. the 0 1  
conductance for plV- was less than that for 
plVS"-'". At 1200 mV. the 0 1  co~lductance 
of PI\'- was 1.2 = 0.2 nS (13)  and the 
percentage of time open xvas 596 (Fig. 4C). ?it 
+80 mV, the plVS3'-'" cha~nlel conductance 
and probability of being open closel>. resem- 
bled that of pIV- at +200 n1V. Tlms, the 
pI~"'?-'" chailnel behaved as if the mutation 
shifted its voltage dependence, thereby in- 
creasing the likelihood of the channel being 
open at lower voltages. 

The channels fonned by pIV'"'4G and 
PI\'+ have many features in common. ( i )  
Both reconstitute into me~llbra~les with a 
coInInon as)-mmetry, xvith a larger channel 
conductance at l:,, than l ; , , .  (ii) Both have 
similar cationic selectivity. (iii) Both have a 
greater probability of opening when at greater 
L',,,. (iv) Both are more liltely to open when 
T',,, is negative (Fig. 4C). (I-) Both channel 
conductances increase with increasing T;,,. 
(vi) Both are extremely large channels in 

comparison to known porin molzcules such 
as OmpC. x,hose conductance is 110 pS at 
150 mA.I KC1 (117). The psimar), difference 
b e h e e n  plV""" and pIV- cl~anaels is their 
probability of opening. This difference con- 
firms that the channel actility is due to pl\' 
and 11ot a contaminant. 

The pTV pore diameter is estimated to be 6 
1m1 if it is assumed that a p l y  multimer has &yo 
conductance states ( 1 4 ) .  This dianleter is large 
enough to accomnlodate an extmding phage (6 
to 7 ~ m )  and is consistent with measurements of 
p l y  pore diameter ( 7  to 8 ~ x n )  in the STEM (-7). 
The pl\'s3'-'b is open much more frequently 
than pIV' at voltages likely to exist across the 
outer rnenlbraile (15). This is consistent with the 
gron-th and antibiotic semiti\-ity experiments, 
indicating that the electrophysiological record- 
ings reflect the in situ behavior of the protein. It 
is also consiste~~t xvith p T V  being a tightly 
gated channel. Transn~embrane aqueous chan- 
nels have been shown to function in the trans- 
port of ions and illetabolites and the transloca- 
tion of DKA and unfolded proteins (16,  I - ) .  
The sequence similarity between pTV and nu- 
merous proteins inl-olved ill pilus assembly 01. 

secretion of folded proteins (18) suggests that 
use of lalge. gated chalmels may be a general 
mechanism for supran~oleculas transport. 
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