
Ligand-Specific Opening of a Gated-P0rin brane (1 1) and TonB promotes uptake 
through channels in the outer membrane, 

Channel in the Outer Membrane of TO~B-mediated transport reactions in- 

Living Bacteria volve energy transduction between two 
distinct bilayers. 

Xunqing Jiang, Marvin A. Payne, Zhenghua Cao, The outer leaflet of the OM contacts 
the external environment, and various nu- 

Samuel B. Foster, Jimmy B. Feix, Salete M. C. Newton, trients, noxious agents, and small molecules 
Phillip E. Klebba* interact with OM proteins during the initial 

stages of transport (12). Because ferric en- 
Ligand-gated membrane channels selectively facilitate the entry of iron into prokaryotic terobactin binds to the outside of a closed 
cells. The essential role of iron in metabolism makes its acquisition a determinant of channel, through which it subsequently 
bacterial pathogenesis and a target for therapeutic strategies. In Gram-negative bacteria, passes, conformational changes in FepA 
TonB-dependent outer membrane proteins form energized, gated pores that bind iron surface loops are a fundamental part of 
chelates (siderophores) and internalize them. The time-resolved operation of the Esch- its suspected transport mechanism. To in- 
erichia coli ferric enterobactin receptor FepA was observed in vivo with electron spin vestigate this possibility, we reacted ni- 
resonance spectroscopy by monitoring the mobility of covalently bound nitroxide spin troxide spin labels with a genetically en- 
labels. A ligand-binding surface loop of FepA, which normally closes its transmembrane gineered cysteine residue in a ligand-bind- 
channel, exhibited energy-dependent structural changes during iron and toxin (colicin) ing surface loop [PL5 (13)] and analyzed 
transport. These changes were not merely associated with ligand binding, but occurred the live bacteria by electron spin reso- 
during ligand uptake through the outer membrane bilayer. The results demonstrate by nance (ESR) spectroscopy during trans- 
a physical method that gated-porin channels open and close during membrane transport port. ESR detects the presence of unpaired 
in vivo. electrons, and the introduction of a stable 

nitroxide free radical creates a molecular 
probe that conveys information about 
the structure and motional dynamics at 

Transport through biological membranes ins (6) and antibiotics (7). A prototypical its site of attachment. Site-directed spin 
is selective and directional, providing a gated porin, Escherichia coli FepA, binds labeling has generated extensive informa- 
regulated influx of solutes required for me- the siderophore ferric enterobactin in tion about membrane proteins in vitro 
tabolism and an efflux of molecules that closed surface loops (8) and transports it (14), including determinations of second- 
function outside the cell. Ligand-gated through an underlying transmembrane ary and tertiary structure and character- 
membrane channels-which exist in a va- channel (9) into the cell. The latter in- ization of conformational change. Pre- 
riety of organisms and tissues, from bacte- ternalization reaction requires the input of vious ESR results with the purified mutant 
ria to the human brain-form specific up- energy and the participation of another protein GluZ80 + Cy~280 (E280C) (15), 
take pathways by binding solutes and mov- protein, TonB (10). Because the TonB labeled with either S-(-oxyl-2,2,5,5- 
ing them through transmembrane pores NH2-terminus resides in the inner mem- tetramethylpyrroline-3-methyl) methane 
(1). In the outer membrane [OM (2)] of 
Gram-negative bacteria, TonB-dependent 
gated porins transport iron in the form of I B Fig. 1. Nitroxide labeling 
ferric siderophores (3). These metal che- A a I :  of FepAE280C in vivo. (A) 
lates are too big (750 daltons) to traverse + 

ESR analyses of MTSL- fi 1 1  
the OM through the open channels of labeled bacteria express- 

d' '4 ; - - ing FepAE280C. KDF541 
general porins (4), and channels large 1 I 

k / 1 /+v'- (9) containing plTS449 or 
enough to accommodate them pose a - pFepAE280C was grown 
threat to bacteria, because they would also in LB medium and sub- 
allow the entry of detergents, antibiotics, d cultured into T medium 
and other noxious molecules. Gated por- 1 2 3 4 5 6 7 plus appropriate nutri- 
ins have evolved that solve this nutrition- e tional supplements at 
a1 dilemma by elaborating ligand-binding lob. After 16 hours, bacteria were harvested and suspended in 

surface loops that close their large chan- labeling buffer [50 mM Mops and 60 rnM NaCl (pH 7.5)]. Spin 

nels. The acquisition of iron through li- labels were added [to a final concentration of 20 pM MTSL or 10 
pM MAL6) and incubated 2 hours at room temperature with 

gand-gated porins is a determinant of bac- shaking, and the cells were washed twice with reaction buffer 
terial pathogenesis (5)p and the pores containing 0.05% Tween-20 and once with reaction buffer alone. Afterthe labeling reaction, theviability of 
themselves are routes for the entry of tax- the bacteria was confirmed by plating on LB agar. For ESR analysis, 1 01° cells were suspended in 100 pI 

of 0.01 M NaHPO, (pH 6.9) containing 0.4% glucose. X-band spectra of MTSL-labeled KDF541/ 
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J. B. Feix, ESR Center of the Biophysics Research Insti- spin labels, respectively. (6) ['251]-labeled protein A Western blots with anti-MAL6 sera. MALE was coupled 
tute, Medical College Of Wisconsin, Milwaukee, WI to bovine serum albumin JBSA) and ovalbumin (OVA). New Zealand White rabbits were immunized with 
53226, USA. 
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thiosulfonate (MTSL)  or 4-maleimido- 
teillpo [hlAL6 (16)]  and studieci in deter- 
gent or l~posomes (17) ,  suggested tha t  
FepA could be specifically i~iodified and 
analyzed In xrlvo (18) .  Tn.0 f ind~l lgs  con- 
firmed this expectation: Bacteria liarhor- 
ing pJepAE28L"C were labeled 311- to  59- 
fold Inore t h a n  the  fepA host strain 
KDF541 or  KDF541 expressing t h e  fepX' 
allele tha t  lacks t h e  E28OC mutatioli (Fig. 
1 ). Furthermore, in  LY7estern blots inrotein 

~ L 

imnlunohlots) of cell lysates with anti-  
k lAL6 sera, t he  eligilleered Cvs residue a t  

u 

FepA residue 28G vrras the  major spin- 
laheled site in  the  hacteria (Fig. 1).  

Al though the  in  vivo ESR spectra of 
MTSL attached to  residue 28G closely re- 
sernhled ~ t s  in vitro svectra ( l i ) ,  lnarked , , 

changes appeared during FepA-mediated 
tramport in live bacteria. klTSL-labeled 
FepA showed a two-component spectrum 
in vitro, ~ v i t h  the  majority of its spills 
strongly irnmobilized and a sinall percent- 
age (< 1%)  weakly immobilized (17 .  19) .  
FepAE28GC-MTSL shelved similar spec- 
tra in  viva at  4 ° C  [3%b \veaklr immohi1i:ed 
(peak b in  Fig. ?A) ] ,  hut a n  increase in  
salnnle temnerature to  37°C in  the  nres- 
ence of t h e  siderophore shifted a signifi- 
cant  proportion of the  spin-label popula- 
t ion [I696 in  Fig. 2E: (2L7)] to the  weakly 
ininlollilized state (Fig. 2 ) .  T h e  effects of 
ferric enterohactin o n  F ~ L T A  in  vivo mere 
distinct from those previously observed in  
vitro, and the  bindin,o of t h e  sideropliore 

u 

caused a slight fl~rtl ier immobilization of 
MTSL at  E289C (1 7 ) .  T h e  mobilizatio~i of 
spills in  vivo \\.as so conspicuous that  we 
initially suspected che~l l ical  release of 
k lTSL from FeuA by ferric enterohactin.  
O t h e r  e x p e r i m ~ n t s  rkfuted this possibility 
though. Recooling of the  sailiple to  4 ° C  
re\-ersed the  effects, regelleratilig t h e  
properties and proportion of strongly i n -  
mobilized spins attached to  E28GC (Fig. 
2) .  Secondly. MAL6,  \ ~ h i c l i  forliis a chem- 
ically stable thioetlier bond with Cys, pro- 
duced t h e  sanie results with FepAE28GC 
in  vivo (21) .  Double integration of the  
X-band svectra. f i~rthermore. slio\ved tliat 
spill labels were neither destroyed nor lost 
during the  experiment (Fig. 2 ) .  T h e  con- 
version of spins f r o ~ n  strong to ~ v e a k  im- 
mobi1i:ation was comparable to  challges 
in  MTSL motion that  accompany FepA 
deliati~ratioll  (22) .  strongly suggesting 
tliat t he  siderovhore sti~nulates relocation 
of PL5 away from globular protein struc- 
ture in to  the  aqueous milieu. These data 
s h o ~ v  that  tlvo distinct conforlnatiolls of 
PLS exist in viva: a for111 that  billids the  
siderovhore, in which snin-label motion is 
restricted, and  a form tliat arises after sid- 
erophore hinding, in  which spin-label mo- 
ti011 is comparatively unrestricted. T h e  ap- 

pearance of the  rnobilized form coincided 
with the  iliitiatioli of siderophore trans- 
port (23) .  suggesting tha t  ferric enterohac- 
t in  triggered the  confor~na t io~ ia l  changes 
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Fig. 2. Effect of ferr~c enterobactin on the moblity of 
MTSL attached to FepAE280C in live bacteria, ob- 
sewed In s~gnal-averaged X-band spectra KDF541 I 
pFepAE280C v~as grown, sp~n-labeled, and pre- 
pared as described In Fig. 1. S~gnal-averaged X- 
band spectra (SIX f~eld sweeps collected over an 
8-mln perod) of spin-labeled bacter~av~ere recorded 
at 4'C (A) and agar after warmng the flat cell to 
37'C [B (31)l. A fresh al~quot of cells from the same 
labeling react~on was suspended In saturat~ng ferr~c 
enterobact~n (300 p.M) at 4'C (C), the sample was 
warmed to 37'C, and spectra were recorded after 5 
(D) and 15 (E) m n  (mdponts of the sgnal-average 
measurements) The bacter~a were then cooled 
agaln to 4'C for 30 mn,  and spectra were recorded 
(F). Each of the spectra was double-ntegrated (G) 
from 3405 to 3555 G to determ~ne the total number 
of MTSL spns t2) and from 3443 to 3477 G to 
determne the splns derved from the strongly Immo- 
b~lzed (a) and weakly mmob~zed (b) peaks (0) 

in  FepA, either before or during its uptake. 
Another  TilnB-dependent ligand that  

penetrates via FepA, colicill B, also al- 
tered MTSL mobility during its transport, 
hut the  effects were opposite to  those en-  
gendered hy the  siderophore. T h e  addition 
of saturating colicin B at  37°C progres- 

Fig. 3. Effect of co lc~n B on the mob~l~ty of MTSL 
attached to FepAE280C In live bacteria, obselved 
n s~gnal-averaged X-band spectra. KDF541,' 
pFepAE280C was grown, spn-abeled, and pre- 
pared as descrbed In Fg .  1 .  S~gnal-averaged X- 
band spectra (SIX feld sweeps collected over an 
8 -mn  per~od) of spn-labeled bacteria were re- 
corded In the presence of saturating eves of toll- 
c n  B (1 0 p.M) at 4'C (A). The sample was warmed 
to 37'C and analyzed after 5 (B), 15 (C), and 75 (D) 
m n  (mldponts of signal average measurement) 
before recoolng to 4'C (E). The same stran v~as 
grov~n In m n m a  media and starved for glucose 
for 2 hours to deplete t s  energy stores, spn- 
labeled, and exposed to co lc~n 6 (1 0 p.M) at 37'C 
for 30 m n  (F). The spectra were double-ntegrated 
(G) as descr~bed In F I ~  2. 
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sively eliminated weakly immobilized 
spins, enhanced the strongly immobilized 
peak, and increased the separation be- 
tween low- and high-field extrema (Figs. 3 
and 4). These changes did not result from 
colicin binding, because they did not take 
place during continual incubation of the 
cells at 4OC, even over the course of 1 
hour. However, when cells with bound 
colicin were warmed to 37"C, MTSL at 
residue 280 showed a progressive immobi- 
lization that became more severe over 30 
min, ultimately converting virtually all 
weakly immobilized spins to the strongly 
immobilized state (Figs. 3 and 4). As ob- 
served for the siderophore, these changes 
correlated with the transport phase of the 
colicin through the OM (24). Coli- 
cins presumably traverse the OM bilayer 
through porin channels (24), and the pro- 
gressive immobilization of MTSL by coli- 
cin B may reflect steric restriction of spin- 
label motion as the colicin polypeptide 
passes through the FepA pore. The irre- 
versibility of the immobilization during 
recooling supports the idea that the toxin 
polypeptide remains bound within FepA 
subseauent to OM transDort. Both the ki- 
netics and the nature of colicin-induced 
effects differed from the actions of ferric 
enterobactin, which probably reflects the 
different steric constraints placed on the 

spin-labeled site during uptake of the two 
structurally diverse ligands. 

Continuous monitoring of MTSL mo- 
bilitv (at 3472 G)  over time showed that , . 
ferric enterobactin stimulated a burst of 
motion that peaked and receded over a 
5-min period (Fig. 5). This surge in mo- 
tion accrued from the sum of individual, 
weakly immobilized MTSL spins in the 
bacterial sample. The changing mobility 
of the spin label in PL5 very likely reflects 
the opening and closing of the gated FepA 
channel during siderophore uptake. Kinet- 
ic analysis of the spin-label motion trac- 
ing, which showed two peaks of mobility 
approximately 10 and 20 min after the 
temDerature shift to 37OC. revealed in 
both cases a sigmoidal rise to a maximum 
followed by an approximately symmetrical 
decay to a minimum. The integrated areas 
beneath the two curves were the same 
(25), suggesting that the changes in mo- 
tion arose from an initial, relatively syn- 
chronous transport cycle and a second, less 
synchronous cycle in the same number of 
cells. The first surge in motion peaked in 
140 s and decayed in 140 s; because ferric 
enterobactin was supplied in excess (26), 
the decrease in motion did not result from 
its depletion. Thus, the time-resolved 
fluctuations in PL5 were consistent with 
an active opening and closing of the chan- 

Fig. 4. Statistical analysis of ferric 
enterobactin- and colicin B i n -  
duced variations in FepAE280C- 
MTSL motion. KDFMl/pFep- 
AE280C was grown, spin-la- 
beled, and prepared as de- 
scribed in Fig. 1. Multiple signal- 
averaged spectra were collected 
as in Figs. 2 and 3 from several 
independent preparations of 
bacteria, and the mean and stan- 
dard deviation of the ratio b/a was 
calculated at the indicated points 
after the addition of ferric enter- 
obactin (A) (n = 4) and colicin B 
(C) (n = 6). The most sensitive 
measure of changes in spin-label 
mobility was the ratio of the am- 
plitudes of b/a, shown and ana- 
lyzed here. However, the effects 
of the siderophore and colicin 
were also analyzed by several 
other methods, including mea- 
surements of the absolute arnpli- 
tudes, areas, separation of low- and high-field extrema (2Tl11) and half-width at half-height (32) for peaks a and 
b. All these methods showed the same tendency of the siderophore to mobilize spin labels and the colicin to 
immobilize them. (A) Bars 1 through 6 correspond to samples A through F, respectively, of Fig. 2. (C) Bars 1, 
2,3, 5, and 6 correspond to panels A through E, respectively, of Fig. 3; bar 4 shows the effects of colicin after 
30 min at 37OC. Superimposed spectra from single experiments are also shown in the region of the strongly 
and weakly immobilized peaks. (B) Spectra were collected in the absence of ferric enterobactin at 37°C 
(purple), in the presence of ferric enterobactin at 4°C (blue), after increasing the temperature to 37°C for 5 
(green) and 15 (red) min, and after recooling the sample to 4°C (black). (D) Spectra were collected in the 
presence of colicin B at 4°C (purple), after increasing the temperature to 37°C for 5 (blue), 15 (green), and 75 
(red) min, and after recooling the sample to 4°C (black). 

nel during the ferric enterobactin trans- 
port reaction (27). 

The relocation of spin labels attached 
to E280C, by both ligands, showed the 
hallmarks of energy- and TonB-depen- 
dence: Glucose deprivation, low tempera- 
tures, and use of a tonB strain all prevent- 
ed the effects (Fig. 5). During ligand in- 
ternalization, FepA PL5 changed to either 
mobilize (by decreasing their contact with 
other components of FepA structure) or 
immobilize [by increasing their contact 
with the FepA polypeptide or the protein 
(colicin B) that interacted with it] at- 
tached spin labels. Hence, FepA fluctuates 

Fig. 5. TonB and energy dependence of conforma- 
tional changes in FepAE280C. (Top) fqoA,tonB+ 
bacteria (KDF541) expressing FepAE280C were 
spin-labeled with MTSL and analyzed in the pres- 
ence of glucose. The intensity of the weakly immobi- 
lized peak @ in Fig. 1) was monitored versus time by 
setting the spectrometer center magnetic field at the 
peak maximum (3472.3 G) and the sweep width to 
zero. Bacteria were incubated at 4°C without added 
ligands (blue tracing) and warmed to 37°C after 5 min 
(marked by an arrow). The experiment was repeated 
in the presence of ferric enterobactin (300 pM; yel- 
low) or colicin B (1 0 pM; red), as described in Figs. 2 
and 3. (Center) fepA,tonB+ bacteria (KDF541) ex- 
pressing FepAE280C were analyzed, but were ener- 
gy-depkted by glucose starvation described in Fig. 3 
and subjected to the conditions described above. 
(Bottom) Analysis of fepA,tonB bacteria [KDF570 
(911 expressing FepAE280C, subjected to the condi- 
tions described above. 
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between a t  least two conforinations during 
ferric enterobactin transnort, and colicin 

L ,  

entry creates a different kind of conforma- 
tional dynamic. T h e  TonB- and energy- - ,  

dependeilce of the  observed structural 
changes confirins their physiological rele- 
1-ance ( 2 8 ) ,  and  the  ligand-specific oscil- 
lation of probes attached to  FepA PLS 
suggests ho\v siderophores enter  the  nor- 
iually closed pores: T o n B  triggers energy- 
dependent structural changes in  the  li- 
gand-binding site tha t  displace PL5 and 
release the  bound siderophore into the  
FenA channel .  These  results constitute 
physical evidence for t h e  in  vivo opera- 
t ion of a ligand-gated channel .  They dem- 
onstrate what has been widely hypothe- 
s i ~ e d ,  tha t  gated porins open and close 
during solute transport. T h e  perception of 
OM porins as rigid inolecules containing 
passive channels,  derived froin crystallo- 
graphic studies in vitro (4), contrasts with 
this characterization of FepA as a dynamic 
entity in  vivo. 
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262. 1416 (1933); Y.-K. Sh~n, C. Lev~nthal. F 
Levntha, W. L. Hubbe ibic. 259, 360 (1993): W. L 
Hubbe  and C. Altenbach, Curr. Opw. Srruct. 6101. 4, 
566 (1991). L. J Berner and J. B Reuben, Spin 
Labeling: Theoy anc Ap~lications (Plenum, kew  
York, 1959!, vol. 5; C Altenbach, T.  mart^, H. G 
Khorana, W. L. Hubbe,  Science 248. 1088 (1990). 
C. Altenbach, S. L Fl~tsch, H G Khorana, W. L 
Hubbe.  Blochernrsiry 28, 7806 (1 353); 2. T. Farah- 
bakhsh. K D. R~dge. H. G. Khorana, W. L. Hubbe,  
ibid. 34, 851 2 (1 935). 
FepAE280C contans the ste-drected s u b s t t ~ ~ t o n  
of Cys for G u  at resdue 250 
At neutraty, MALE labels Cys resdues about 1000- 
fold more effcenty than t does Lys; the specfcty of 
MTSL for Cys IS essentaly abso l~~te  [L J Berner,  
Ann. b1.Y Acad. Sci. 41 4, 153 (1 98311. 
J. L I ~ ,  J. M Rutz, P. E. Klebba, J. B Fe~x, Biochem- 
istry 33, 1327L (1 934). 
The determnaton of a b e n g  spec f~c t y  presents 
an obstacle to the ste-drected s p n  a b e n g  of 
v ~ n g  cells In the case of bacter~a, however, the 
seectv ty  of chemca label~ng can be evaluated by 
the use of n u  mutants [for exalnpe, FepA-defcent 
(fepAj bactera, Fg .  I ! .  Furihermore, bactera CM 
proteins contan few Cys resdues, and a v a a b e  
data suggest that those form d~sulf~de bonds deep 
n tertary structure [T. Schrmer, T A Keler, Y F .  
Wang, J. P Rosenbusch, Science 267.51 2 (1 995): 
( i5! ] .  Therefore, In combnaton v i th  ste-drected 
lnutagenes~s to Introduce LlnlqLle Cys res~dues, 
s p n  labels can be attached and ver~f~ed at s tes  of 
Interest w ~ t h n  membrane protens of v a b e  cells. 
Strongly ~mmob~l~zed splns probably result from 
sterlc hndrance of spn-abe motion (rotaton) by 
adjonng components of proteln structure Weakly 
l n m o b z e d  spns, on the other hand, orgnate from 
the local~zat~on of the spn  label In a less restr~cted 
environment, probably n better contact w~ th  the 
aqueous m e u .  To determine the percentage of 
weakly l n m o b z e d  splns, we double-~ntegrated 
spectra n regon of peaks a and b (3443 to 3177 G), 
usng the Bruker WnEPR anayss softviare, and cal- 

cuated the rato of areas bi(a - b). 
The nstantaneous fract~on of weakly m m o b  zed 
spns was not determned from X-band fled svieeps 
( F I ~ .  21, because the ferr~c enterobactn transport 
reacton occurs much faster (8) than the t m e  re- 
qured (5 mn)  to collect the sgna  average of the SIX 

fled sweeps shown In F g  2 Double ntegratons of 
the X-band spectra In F I ~  2 represent an average 
percentage of vieaky or strongly ~mmob~l~zed spns, 
collected over an 8 - m n  perod. 
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MTSL-abeed FepAE280C bound and transported 
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Hantke. K Schaler. J. Bacieriol. 142. 162 (1 950). D 
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ria contaned 80,000 to 100,000 FepA protens per 
cell (8). The FepA turnover number for ferrc enter- 
obactn, calculated from these data as one molecule 
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q7=c - .  - .  
The req~lrements for energy and TonB excluded 
the poss~b~ l~ t y  that the results der~ved from artfacts 
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conformat~ona changes n FepA assoc~ated ~ 1 1 t h  
ferrc enterobactn blndlng in vtro, usng X-band 
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t se f  paramagnetc, and may therefore undergo dl- 
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