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Transport Proteins in Bacteria: 
Common Themes in Their Design 

Hiroshi Nikaido and Milton H. Saier, Jr. 
Bacterial transport proteins mediate passive and active transport of small solutes across 
membranes. Comparison of amino acid sequences shows strong conservation not only 
among bacterial transporters, but also between them and many transporters of animal 
cells; thus the study of bacterial transporters is expected to contribute to our understanding 
of transporters in more complex cells. During the last few years, structures of three bacterial 
outer membrane transporters were solved by x-ray crystallography. Much progress has 
also occurred in the biochemical and molecular genetic studies of transporters in the 
cytoplasmic membranes of bacteria, and a unifying design among membrane transporters 
is gradually emerging. Common structural motives and evolutionary origins among trans- 
porters with diverse energy-coupling mechanisms suggest that many transporters contain 
a central module forming a transmembrane channel through which the solute may pass. 
Energy-coupling mechanisms can be viewed as secondary features added on to these 
hndamental translocation units. 

T r u e  bacteria are divided into Gram-posi- 
tive and Gram-negative organisms, depend- 
ing on their reaction to a staining protocol. 
In the former group, the plasma membrane is 
surrounded only by a mechanically rigid and 
rather porous cell wall (peptidoglycan). In 
contrast, the latter group (which includes 
Escherichia coli) produces a second mem- 
brane, the outer membrane, that is located 
outside the plasma (cytoplasmic) membrane 
and the thin peptidoglycan layer. A funda- 
mental function of biological membranes is 
to serve as a selective permeability barrier. 
Consonant with its location, the outer mem- 
brane serves as an efficient permeability bar- 
rier that protects Gram-negative bacteria 
from a number of harmful compounds, such 
as some antibiotics, disinfectants, and deter- 
gents (1). Both the outer and inner mem- 
branes contain transport proteins that medi- 
ate the passage of a limited range of solutes. 
These prokaryotic cell membranes have 
proven to be excellent experimental systems 
for studying transporters because of the ease 
of biochemical and genetic manipulation in 
bacteria. The study of bacterial transporters 
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Biology, University of California, Berkeley, CA 94720. 
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is significant also because their amino acid 
sequences are now known to be strikingly 
similar to those many transporters of cells of 
higher animals (see below). 

This review will summarize recent data 
obtained from the study of a variety of 
bacterial transporters. These data suggest a 
common theme in the design of many trans- 
porters. These transport proteins contain 
similar transmembrane domains encompass- 
ing a membrane-spanning channel (2). 
These domains are made up of transmem- 
brane P strands in outer membrane proteins, 
whereas transmembrane a helices, frequent- 
ly a pair of domains each containing six 
helices, are found in plasma membrane 
transporters. The diversity of the transport- 
ers often seems to originate from the speci- 
ficity of these channels and peripheral do- 
mains employed to couple energy to active 
transport processes. Because of limited 
space, many transport systems are not dis- 
cussed; these include primary ion pumps 
such as bacteriorhodopsin and P-type adeno- 
sine triphosphatases (ATPases) . 

Channels in the Outer Membrane 

The outer membrane contains three types 
of channels (Fig. 1) (1). (i) Proteins known 
as porins (Fig. 1A) contain large, open, 
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water-filled channels that nonspecifically 
mediate the passive penetration of ions and 
small, hydrophilic nutrient molecules. (ii) 
Porin-like proteins (Fig. 1B) containing 
specific binding sites carry out the facilitat- 
ed diffusion of some nutrients that pene- 
trate only slowly through the nonspecific 
porin channels. (iii) At least in E. coli and 
its relatives, large nutrient molecules that 
exist in very low concentrations outside 
(vitamin B,,, Fe3+ -chelator complexes) are 
actively accumulated across the outer mem- 
brane by a system (Fig. 1C) composed of a 
high affinity outer membrane receptor and 
the TonB protein, which is anchored in the 
cytoplasmic membrane and is thought to 
couple solute translocation to energy input 
(3)  - 

Porins of enteric bacteria, including E. 
coli, were identified by searching for outer 
membrane proteins that produced nonspe- 
cific diffusion channels in reconstituted pro- 
teoliposomes (4). The archetypal porins, 
such as OmpF (outer membrane protein F), 
OmpC, and PhoE of E. coli K12, are pro- 
teins of 36,000 to 38,000 daltons, and in 
terms of mass they are usually the most 
abundant proteins in E. coli. They allow the 
diffusional influx of small nutrient mole- 
cules but exclude toxic compounds that 
usually are larger. Measurement of the dif- 
fusion rates of sugars of various sizes led to 
the estimated pore diameter of about 11 to 
12 A. This small size, however, means that 
even small nutrient molecules frequently 
fail to enter the pore when they are deflect- 
ed by the rim of the channel. For this 
reason, every E. coli cell has nearly 100,000 
copies of these proteins. 

The porins are not hydrophobic proteins 
and do not contain any of the long stretches 
of hydrophobic amino acids typically found 
in integral proteins of the plasma mem- 
brane. These puzzling observations were 
explained by the x-ray crystallographic 
structure of porin from Rhodobacter capsula- 
tus 'at 1.8 A resolution (5). Like other 
classical porins, this porin exists as a stable 
trimer. The polypeptide chain of each sub- 
unit traverses the membrane 16 times as 
antiparallel P strands, forming a p-barrel 
structure surrounding a large channel. Each 
subunit produces a channel, and the trimer 
therefore contains three channels. Because 
every other amino acid side chain faces into 
the hydrophilic channel, a P barrel spans 
the membrane without stretches of consec- 
utive hydrophobic residues. 

The following observations have been 
made regarding the channel. (i) The pore is 
clearly open, in agreement with the obser- 
vation that' porin channels are usually open 
under physiological conditions (4). (ii) The 
pore at its narrowest point has dimensions 
of 8 by 10 A. (iii) Because the distance 
between neighboring P strands is 4.5 A, 16 

External 
medium 

Outer Cytoplasmic 
membrane Periplasm membrane 

I 
A I / Peptidoglycan 

Fig. 1. Models of outer membrane transporters. (A) Porin. (B) Open, solute-specific channels. (C) 
TonB-dependent receptors. Black circles indicate ligands that are specifically recognized and 
transported. 

p strands should produce a pore with a 
backbone-to-backbone diameter of (4.5 x 
16)I.rr = 23 A. That the actual diameter is 
much less is due to one of the "extramem- 
branous" loops folding back into the chan- 
nel and producing a narrowing of limited 
depth. [This is reminiscent of the structure 
of potassium channels of animals, where a 
loop is thought to fold back into the inte- 
rior of the channel (here composed of a 
helices) to create a narrowing that defines 
the critical selective behavior of the chan- 
nel (6).] This design, with a wide entrance 
and exit and a short central constriction, 
produces a channel that is effective in 
excluding larger solutes while minimizing 
the frictional interactions between the sol- 
utes and the walls of the pore. (iv) At the 
narrowest point, one side of the channel is 
lined with negatively charged residues and 
the opposite side with positively charged 
residues. This configuration may utilize 
electrostatic forces to produce a constric- 
tion of well-defined and rigid shape. 

The E. coli OmpF porin was one of the 
earliest membrane proteins to be crystal- 
lized (7), but the x-ray crystallographic 
studies proved problematic. Consequently 
the structures of OmpF and PhoE were 
solved only recently (8). The structures are 
remarkably similar to that of R. capsulatus 
porin in that a monomer spans the mem- 
brane 16 times as a P barrel and that the 
channel is narrowed by the folding back of 
one of the extramembranous loops. The 
constricted opening has a size of 7 by 11 A 
in remarkable agreement with the size de- 

termined from the diffusion rates of sugars, 
11 to 12 A (1). PhoE  ori in. which is . , . , 

produced in E. coli under phosphate starva- 
tion conditions, has a preference for anions 
in contrast to the cation preference of 
OmpF porin; this alteration in charge pref- 
erence was traced to the LvslZ5 of PhoE. 
which replaces a glycine residue of OmpF 
( 9 ) .  These residues are located at the nar- ~, 

rowest portion of the channel, where a 
strong influence on ion selectivity is expect- 
ed (8). 

In addition to these classical trimeric 
porins, there are also monomeric proteins 
that exhibit pore-forming activity. The 
OmpA protein of E. coli and the major 
porin OprF of Pseudomonas aeruginosa be- 
lone to this class. Thev both allow onlv - 
very slow diffusion of solutes in spite of the 
fact that fairly large solute molecules are 
able to pass through these channels (1 0). 

Like the porins, almost all of the outer 
membrane proteins that have been se- 
quenced appear to have p-sheet structures 
(4), in contrast to the integral proteins of 
the plasma membrane, which contain mul- 
tiple transmembrane segments of hydropho- 
bic a helices (see below). It seems likely 
that the P-barrel construction is related to 
the mechanism of export. Thus the outer 
membrane proteins, which have a low over- 
all hydrophobicity, may be exported easily 
into the periplasm (the space between the 
outer and the cytoplasmic membranes) 
(1 1). Upon insertion into the outer mem- 
brane, they refold into their stable P-barrel 
conformations through an interaction with 
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lipopolysaccharide, a lipid unique to the 
outer membrane (1 1). If these   rote ins . , 

were to contain sequences that could form 
transmembrane a helices, they probably 
would be retained by the plasma membrane 
and would not be exported into the pen- 
plasm. Interestingly, the P-barrel design 
appears to be present in at least one eukary- 
otic protein forming large, open channels, 
the mitochondrial porin that is found in the 
mitochondrial outer membrane (12) ; per- 
haps this is a legacy of the bacterial sym- 
biont origin of this organelle. 

The LamB protein (lambda receptor, so 
named because it is also the receptor for 
phage A) of E. coli is the best studied outer 
membrane transporter catalyzing a specific 
diffusion ~rocess. Because disaccharides such 
as maltose penetrate the porin channels 
rather slowly, these cells need a mechanism 
for facilitating the transport of maltose and 
larger maltodextrins across the outer mem- 
brane. The LamB protein is a porin-like 
trimeric protein replete with p structure and 
contains open channels that additionally 
allow the diffusion of small solutes structur- 
ally unrelated to maltose (1 3). The structur- 
al similarity between LamB and classical 
porins suggests that the solute diffusion oc- 
curs bv an essentiallv similar mechanism. 
However, there is a specific binding site for 
maltose within the channel (13). Theory 
predicts that such a channel would produce 
Michaelis-Menten- or saturation-type ki- 
netics of diffusion (14). Thus the downhill . , 

diffusion of specific ligands through such a 
channel would become accelerated at low 
external concentrations. This saturation 
phenomenon was experimentally demon- 
strated for LamB as well as for the D2 
channel of P. aeruginosa, which is specific for 
basic amino acids (1 5). These specific chan- 
nels thus show kinetics that are characteris- 
tic of facilitated diffusion. We believe that 
the principle of first building a hydrophilic 
diffusion channel and then adding a specific 
ligand-binding site within it has been fol- 
lowed many times during the evolutionary 
development of specific transporters of the 
plasma membrane. 

We know much less about the mecha- 
nism of action of the third type of outer 
membrane transporters, involved in the 
apparently active uptake of iron-chelator 
complexes and vitamin B,,. These recep- 
tors bind their ligands with much higher 
affinity than the specific channels described 
above, and the receptors from wild-type 
strains have not been reported to function 
as open channels. However, internal dele- 
tions within FepA, which belongs to this 
receptor family, were shown to convert the 
protein into nonspecific, TonB-indepen- 
dent, diffusion channels (1 6), and this sug- 
gests that these receptors may also be con- 
structed as channels. 

Plasma Membrane Transporters 

Many transport systems in the plasma mem- 
brane are coupled to the input of energy. 
Thus thev are usuallv classified according to - 
the nature of their energy source. We shall 
discuss here the following classes (Fig. 2): 
(i) facilitated diffusion systems (Fig. 2A); 
(ii) secondary transporters (Fig. 2B) (13) 
that typically couple the uphill transport of 
nutrients with the downhill influx of H+ or 
Na+; (iii) group translocation systems (Fig. 
2C) (13) as exemplified by the phospho- 
enolpyruvate (PEP) -dependent phospho- 
transferase system (PTS) which phospho- 
rylates sugars by using PEP concomitant 
with their translocation; and (iv) active 
transport systems (Fig. 2D) that use peri- 
plasmic binding proteins and that are ener- 
gized by adenosine triphosphate (ATP) hy- 
drolysis ["primary translocation systems" in 
Mitchell's terminology (13)l. Recent stud- 
ies have revealed a surprising unity of de- 
sign as well as some evolutionary relation- 
ships among these diverse systems. 

Facilitated diffusion system. The glycerol 
facilitator (GlpF) is the only known exam- 
ple, in E. coli, of a plasma membrane 
transporter believed to catalyze facilitated 
diffusion (17). The sequence of this 281- 
residue protein suggests that it contains six 

*transmembrane a helices (18). The se- 
auence shows homolow with several eu- -, 

karyotic proteins (18), including the major 
intrinsic protein of the bovine lens junc- 
tion, a protein that produces large, open, 
aqueous channels presumably at the inter- 
face between four subunits (19). Some 
properties of GlpF are those expected for 
channel-type transporters (17). However, 
the channel cannot be always be open 
because this would ~roduce leakage of var- - 
ious ions and metabolic intermediates from 
the cytoplasm. As is true with other trans- 
porters of the plasma membrane, the chan- 
nel is likely to be gated so that it opens only 
when the proper ligand binds to its binding 
site (Fig. 3A) (2). 

Secondam transborters with a 6 + 6 helix 
const&ction. Many bacterial transporters 
couple the transport of ligands to the down- 
hill flux of H+, Na+, or phosphate. Evolu- 
tionary relation among some of these pro- 
teins as well as between this group and 
transporters of higher animals first attracted 
attention when Henderson's mouD discov- - 
ered that the arabinose:H+ symporter and 
the xylose:H+ symporter from E. coli share 
strong sequence similarity with the glucose 
facilitator of human hepatoma cells and of 
rat brain (20). Amino acid identitv was 
about 300% 'Subsequently, many 'more 
transporters were added to this family. One 
striking feature of this group is the predicted 
folding pattern, which incudes 12 hydro- 
phobic transmembrane a helices. The sim- 

Periplasm or Medium 

A a 

Fig. 2. Models of major classes of transporters 
in the plasma (cytoplasmic) membrane. (A) 
Facilitator. (B) Substrate:H+ symporter. (C) 
PTS. (D) Binding proteindependent transport 
system. 

ilarity between the NH,-terminal domain 
containing the first s& helices and the 
COOH-terminal domain containing the - 
last six helices indicates that the genes for 
these proteins may have arisen by duplica- 
tion of an ancestral gene coding for six 
helices. This folding pattern is often re- 
ferred to as the 6 + 6 transmembrane helix. 

The 6 + 6 helix pattern is also seen in 
other bacterial transmrters. but the evolu- 
tionary relationship among them has re- 
mained obscure (2 1 ). Most recentlv. the ex- . , , . 
istence of homology was demonstrated for 
more than 50 transporters of bacteria and 
various eukaryotes, whlch form the major 
facilitator superfamily (22). There are five 
clusters in this superfarnily. (i) Proteins cata- 
lyzing either H+ symport (often in bacteria) 
or facilitated dihsion (often in animal cells) 
of sugars such as glucose, galactose, arabinose, 
or xylose. (ii) Oligosaccharide:H+ symporters 
of E. coli canying out the accumulation of 
lactose (Lacy), sucrose (ScsB), and rafkose 
(RafB). (iii) Phosphate ester (hexose-P, glyc- 
erol-P, and P-glycerate): phosphate antiport- 
ers of E. coli and its close relative, Salmonella 
typhimurium. (iv) Drug (tetracycline, methyl- 
enomycin A, quinolones, arninotriazole, and 
antiseptics) resistance proteins of bacteria and 
yeast, which are likely to be drug:H+ an- 
tiporter proteins. (v) Citrate:H+ and a-keto- 
glutarate:H+ symporters of E. coli and its 
relatives. We emphasize that there are facili- 
tators such as the brain glucose facilitator, and 
symporters, such as the arabinose:H+ sym- 
porter of E. coli, even within a single cluster of 
this superfamily, with a very high degree of 
sequence similarity (see above). This strongly 
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Fig. 3. Hypothetical solute 
translocation mechanisms. 
The mobile barrier hypoth- 
esis assumes that the crit- 
ical step is not the translo- 
cation of the solute through 
the channel but is the 
movement of the barrier 
within the channel. We as- 
sume that this movement is 
caused bv the bindina of 
the soluti  (black circle) in 

Pi + 
ATP ADP 

facilitators (as well as in the 
IIC channel of PTS) (A), by c 
the simultaneous binding 

LdL 
of the solute and H+ (black 
square) in solute:H+ sym- 
porters (B), and by ATP hydrolysis in BP-dependent systems (C). The ligand does bind specifically 
to the channel in the last system (53), but this is not specified in the drawing to emphasize the idea 
that the movement of the barrier is driven primarily by ATP hydrolysis. Although the figure is drawn 
to indicate that ATP hydrolysis drives the movement of the mobile barrier outward, it is equally 
possible that it resets the barrier from the external to internal position. 

suggests that conversion of a facilitator (uni- 
porter in the terminology of Mitchell) into a 
syrnporter or an antiporter does not require a 
radical redesigning of the protein. This is 
precisely as predicted by Mitchell in his model 
of the secondary transporters, which assumes 
a central binding site(s) and a "mobile barrier" 
(1 4) (Fig. 3, A and B) . 

The lactose permease (LacY) was the 
system that was used by J. Monod's group in 
1956 to establish that there are specific. 
energy-coupled, and saturable transporters 
in bacteria. Since then. this transporter has 
been studied in great detail. A d;cade ago, 
the Lacy protein was purified and was 
reconstituted into proteoliposomes (23) by 
the octylglucoside dilution method of 
Racker et al. (24). This experiment estab- 
lished that this monomeric 46,500-dalton 
protein was the only protein needed for the 
1 : 1 cotransport of lactose and Hf (25). 

The amino acid sequence of Lacy sug- 
gests that it contains 12 to 14 membrane- 
spapning a helices. With the plasma mem- 
brane proteins of E. coli, such predictions 
can be tested easily and rigorously by treat- 
ing fusion proteins composed of NH,-termi- 
nal fragments of the membrane protein and 
E. coli alkaline phosphatase from which the 
signal sequence has been removed. Because 
alkaline phosphatase folds properly only 
when the COOH-terminal end of the trun- 
cated membrane protein is located within 
the external (periplasmic) loop and there- 
fore only when the alkaline phosphatase is 
transported to the periplasm, the folding 
pattern of integral membrane proteins can 
be determined by measuring the phospha- 
tase activity in the fusion proteins (26). 
Using this method, Lacy was confirmed to 
contain 12 transmembrane a helices (27). 
Cutting the lacy gene into equal halves or 
even unequal parts and expressing the two 
parts independently still produced the spon- 

taneous association of the two parts and 
resulted in active transport (28). 

Extensive site-directed mutagenesis 
studies established that manv of the residues 
can be altered without abolishing the trans- 
port function. Nevertheless, Arg302, 
His312, and G I U ' ~ ~ ,  which are all likely to 
be located very close to each other in 
helices 9 and 10, were identified as impor- 
'tant residues (29). Converting Arg302 into 
lysine, or His312 into arginine, for example, 
largely abolished the uphill transport of 
lactose, which should be coupled to trans- 
location of H f ,  while still allowing the 
downhill flux of the sugar. Because these - 
three residues can take up and release pro- 
tons, it was suggested that they may act as 
H+-translocating network (29). 

Other results suggested however that the 
situation may be more complex. First, even 
when His322 was converted into an amino 
acid residue without a dissociable H f ,  such 
as phenylalanine, the mutant Lacy protein 
still catalyzed the nearly stoichiometric 
cotransport of H+ with lactose (30). Sec- 
ond, some secondary transporters with the 
6 + 6 helix topology use alkali metal 
cations rather than protons for symport. For 
example, the melibiose transporter of E. coli 
can use H f ,  Lif, or Naf as the cotrans- 
ported ion, and ion specificity is dependent 
on which sugar is being transported (31). 
Such versatility would be difficult to explain 
bv the H+-translocation mechanism. 

Attempts to identify substrate-binding 
residues within the Lacy protein were car- 
ried out in several laboratories (32). Mutants 
with altered substrate specificity were isolat- 
ed that transported maltose or sucrose more 
efficiently, or certain other sugars less effi- 
ciently, than the wild-type Lacy protein. In 
these mutants, alterations frequently oc- 
curred in Ala177, Tyr236, Ile303, and His322. 
Although these residues may well be in- 

volved in sugar substrate binding, this may 
not necessarily be the complete explanation 
because there are often overlapping effects 
on the transport of sugar and H+. For exam- 
ple, His312 is though to play a central role 
also in Hf translocation as described above. 
On the other hand, the conversion of Ala'77 
into valine, which'allows the more efficient 
transport of maltose and sucrose (32). allows . , .  
protins to leak through Lacy protein (33). 
Possibly, in a simple monomeric transporter 
such as LacY. the suear and H+ bind to u 

overlapping sites, and there is no need to 
propose an independent pathway for H+ 
translocation, an idea that easily fits into 
the scheme of Mitchell (Fig. 3B) (14). It 
has been argued also that in a cotransport 
system, thermodynamic constraints make it 
impossible to change the binding behavior 
of one substrate without altering the behav- 
ior of the cosubstrate (33). These observa- ~, 

tions suggest an explanation for the difficul- 
ty involved in the functional dissection of 
domains in a simple transporter such as 
LacY. Nevertheless, the fact that a single 
amino acid change can convert Lacy into a u 

uniporter facilitator channel favors the idea 
that these active tranmorters are simvlv . , 
facilitators that have been modified so that 
their function [movement of the barrier or 
of the binding site, according to Mitchell 
(14)] requires the binding of a second li- 
gand (Fig. 3B). 

PTS. The PTS appears rather complex 
in its composition (34). The phosphotrans- 
fer reaction begins with the phosphoryla- 
tion of Enzyme I by PEP (Fig. 2C). Enzyme 
I then transfers its phosphate to a small 
protein, HPr. The same Enzyme I and HPr 
are used for the translocation of many 
sugars, and thus they are the sugar-indepen- 
dent, "general" proteins. Further steps in- 
volve sugar-specific proteins (Enzymes 11) 
that are associated with the cvto~lasmic , . 
membrane. The domain structures in these 
proteins became clear when the corre- 
sponding genes were sequenced. These 
genes and proteins are the products of 
extensive domain shuffling (Fig. 4) (35). 
Thus an Enzyme I1 for a given sugar usually 
contains three domains, two hydrophilic 
domains (IIA and IIB) that become phos- 
phorylated successively and a membrane- 
spanning or channel domain (IIC). The 
order of these domains is interchanged in 
various Enzyme I1 molecules, and domains 
IIA and IIB may become dissociated from 
the membrane-associated domains and exist 
as independent soluble proteins. Even in an 
Enzvme I1 molecule that normallv contains 
all ihree domains in one subuni;, such as 
the mannitol-specific Enzyme I1 of E. coli, 
the domains can be expressed separately, 
and they still catalyze the phosphorylation 
and translocation of the substrate (36). In 

\ ,  

spite of this extensive shuffling, sequence 
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Fig. 4. The domain or- Enzvme Il for: 
gaiization in PTS En- 
zymes II of E. coli Ad- mannitol I 
jacent rectangles de- IIC llB IIA 
note individual proteins 
with the NH,-terminus p glucoside 
at left. The function of llB IIC IIA 
the IID domain. wresent . . 
in the mannose-specif- glucose 
id Enzyme II, is not 
I- 

I IC llB IIA (Ill) 
known. [Adapted from 

sucrose I 
llB IIC IIA (Ill) 

cellobiose - 
IIC I IC IIA (Ill) 

mannose I 
IIC IID IIA llB 

similarity exists between corresponding do- 
mains of various Enzyme I1 molecules that 
transport different sugars (37). 

The amino acid sequences of the IIC 
domains suggest that these proteins contain 
six to eight transmembrane helices. Use of 
the alkaline phosphatase fusion technique 
indicated that the IIC domain of the E. coli 
Enzyme IL for mannitol contains six mem- 
brane-spanning - a helices (38). Mannitol- 
specific Enzyme I1 is known to exist as a 
tightly associated dimer (39), and thus the 
transmembrane domains of the dimer form 
the recurring 6 + 6 helix structure. 

The separation of an Enzyme I1 into 
clearly demarcated phosphorylation do- 
mains (IIA and IIB) and a translocation 
domain (IIC) suggests that the coupling 
between phosphorylation and transloca- 
tion of the substrate might not be direct. 
In fact, it was recently shown that a major 
effect of the phosphorylation of the IIB 
domain in the mannitol-specific Enzyme I1 
was to accelerate the diffusion of manni- 
tol, presumably through the IIC domain, 
by two to three orders of magnitude (40). 
Converting the cysteine residue at the 
phosphorylation site of IIB into serine 
produces Enzyme I1 molecules that are 
capable of catalyzing facilitated diffusion 
of sugar in the absence of phosphorylation 
(41). Such uncou~led mutants have also , .  1 

been isolated by starting from a strain 
deleted for the general components (En- 
zyme I and HPr) and by selecting for cells 
able to grow in glucose media (42). These 
mutants, which catalyze rapid facilitated 
diffusion of glucose via glucose-specific 
Enzvme IIC. are altered in regions that - 
were originally predicted to be the hydro- 
philic loops within the IIC domain (43) 
(but see below). Mutants showing the 

domains of mannitol-specific and glucose- 
specific Enzymes 11, again in regions pre- 
dicted to form loops (44). The precise 
locations of the mutations described in the 
glucose-specific Enzyme IIC have, howev- 
er, become less certain because a recent 
study suggests that the domain spans the 
membrane eight times rather than six 
times, as believed earlier (45). 

More recently, the function of the free- 
standing IIC domain of the mannitol-specif- 
Tc Enzyme I1 was studied by deleting the 
portion of the gene code for IIA and IIB 
domains (46). The IIC domain binds man- 
nitol with high affinity but cannot transport 
it efficiently. The IIC domain can catalyze 
the facilitated ,diffusion of low affinity sub- 
strates, such as D-arabinitol, however, a 
result suggesting that it is indeed a sugar- 
specific channel. When mutants catalyzing 
the rapid influx of mannitol were isolated, 
their IIC domains had a lower affinity for 
mannitol, and the mutations were located in 
the same region originally predicted to form 
loops. These data suggest that some of the 
segments predicted as loops may actually fold 
back into the channel and influence the 
diffusion Drocess in a critical manner. We 
have already encountered this theme when 
we considered the porin channels. 

The results presented above can be 
explained most simply by assuming that 
IIC is a channel catalyzing the facilitated 
diffusion of the substrates, which upon 
arriving at the cytoplasmic side of the 
channel have a high probability of becom- 
ing phosphorylated by the IIB domain. 
Phosphorylation of the IIB domain also 
increases the diffusion rates of high-affinity 
substrates (40), presumably by lowering 
their binding affinity to the channel (46). 
Thus there is no obligatory coupling be- 

converse phenotype of impaired solute tween phosphorylation and solute translo- 
diffusion and nearly normal rates of phos- cation, and at present there is no need to 
phorylation of sugars in the cytoplasm assume that the phosphorylation-dephos- 
have also been isolated and map to the IIC phorylation cycle of Enzyme I1 is necessary 

for solute translocation. However, effi- 
cient sugar transport in intact cells of the 
wild type requires the intact Enzyme I1 
complex (47). 

Three principles emerge from the study 
of PTS. (i) The system is composed of 
domains each with clearly defined func- 
tions, and the transporter domain is physi- 
cally separate from the components respon- 
sible for phosphoryl transfer. (ii) The trans- 
porter is basically a sugar-specific channel, 
likely to contain 6 + 6 transmembrane 
helix structure, which in principle is capa- 
ble of catalyzing facilitated diffusion of its 
substrates. (iii) The coupling between sol- 
ute translocation and solute phosphoryla- 
tion is loose and not obligatory. 

Periplasmic binding protein (BP)-depen- 
dent systems. Gram-negative bacteria trans- 
port sugars, amino acids, and ions by bind- 
ing these substrates first to periplasmic 
binding proteins. These transport systems 
have high affinity for their substrates; the 
Michaelis constant (K,) for transport is 
usually 1 pM or less, in contrast to the 
solute:H+ symporters described above, 
which often show K, values of 100 pM or 
greater. The ability to transport substrates 
with high affinity may be the most impor- 
tant physiological advantage of the BP- 
dependent systems. Interestingly, BP-de- 
pendent systems have also been discovered 
in Gram-positive bacteria, in which the BP 
is apparently anchored to the cytoplasmic 
membrane by lipids covalently linked to its 
NH,-terminus (48). 

In addition to the soluble BP, these 
systems contain membrane-associated 
transporter complexes that are composed of 
two hydrophobic proteins which presum- 
ably form the diffusion channel and two 
hydrophilic subunits which contain se- 
quences characteristic of a nucleotide-bind- 
ing fold (Fig. 2D). The latter subunits bind 
ATP and ATP analogues, and function as 
ATPases. There is strong sequence conser- 
vation among the ATPase components, 
and homologues were found in a large 
superfamily of transporters. This family, 
called "ABC (ATP-binding cassette) sys- 
tems" or "traffic ATPases," also contains 
transporters of yeast and mammals, and 
some members are involved in the outward 
translocation of substrates (49). This group 
includes the human MDR protein, which is 
involved in the extrusion of anticancer 
drugs from the cytoplasm of cancer cells; 
the human cystic fibrosis protein, CFTR; 
the a-factor export protein of yeast; and Hly 
complex of E. coli, which is involved in the 
secretion of hemolysin into the medium. In 
a manner similar to Enzymes I1 of PTS, 
there is extensive shuffling of components 
and domains. In the best studied of the 
BP-dependent transport systems, the malt- 
ose system of E. coli (50) and the histidine 
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system of Salmonella typhimurium (5 I ) ,  all 
four parts of the membrane-associated com- 
plex are made as separate subunits, and the 
two nucleotide-binding subunits are identi- 
cal (Fig. 2D). In other systems, the two 
transmembrane uroteins have been fused 
into a single subunit, or the two ATPase 
subunits have diverged from each other or - 
have been fused into a single subunit. In 
extreme cases, such as the MDR protein, all 
of the components have been joined into a 
single large protein. Recently, the trans- 
membrane comuonents of manv of the BP- 
dependent systems of bacteria were found to 
be related to each other and to form four 
homology clusters (52). 

Recent progress in the study of BP- 
dependent systems was ushered in by the 
demonstration that solute transport oc- 
curred in membrane vesicles and reconsti- 
tuted proteoliposomes, an approach that 
led to the uneauivocal conclusion that 
ATP, rather than several other potential 
sources of energy suggested by earlier work 
with intact cells, is hydrolyzed to energize 
the solute accumulation process (50, 5 1) .  
Although earlier hypotheses assumed that 
the input of energy was directly coupled to 
the solute translocation urocess. recent ev- 
idence points to a somewhat less direct 
coupling between these processes. In the 
maltose system, the isolation of mutants 
able to transport maltose in the total ab- 
sence of the BP (53) was crucial. These ~, 

strains are altered in the presumed channel 
subunits. MalF or MalG. and still transuort 
maltose specifically, with a thousandfold 
greater K,, than the parent strain that 
contains the BP. When the transporter 
complex from the parent strain was recon- 
stituted into proteoliposomes with octylglu- 
coside dilution, it hydrolyzed ATP at a high 
rate onlv when the BP and maltose were 
present, as expected (54). However, the 
complex from the BP-independent mutants 
hydrolyzed ATP constitutively, in the ab- 
sence of BP and maltose (40). These data 
suggest that (i) solute translocation is not 
always required for ATP hydrolysis, and 
that there is no oblieate. mechanistic cou- u ,  

pling between these processes even though 
ATP hydrolysis is required for solute trans- 
location (see below); (ii) in the wild type, a 
major function of the BP is to send a 
transmembrane signal by binding to the 
outer surface of the transmembrane sub- 
units and to induce conformational changes 
in them so that the ATPase subunits, lo- 
cated on the other side of the membrane, 
will hydrolyze ATP only when the transport 
substrate is available outside; and (iii) the 
mutants transport maltose in the absence of 
BP because the genetically altered trans- 
membrane subunits constantly activate the 
ATPase and produce cyclic changes of 
channel structure, leading to solute trans- 

location. A similar role has been proposed 
for the histidine BP (55). 

Most of the membrane-spanning sub- 
units of the BP-dependent systems appear 
to cross the membrane six times, on the 
basis of the hydrophobicity of the consecu- 
tive segments of the amino acid sequence 
(49, 56). Thus the channel portion of these 
systems appears to form the canonical 6 + 6 
helical structure. The channels of the BP- 
dependent systems, unlike those of PTS 
Enzymes 11, probably cannot catalyze facil- 
itated diffusion because uphill transport de- 
mands that solute translocation is coupled 
to the cyclic conformation changes of the 
channel [movement of the barrier, accord- 
ing to Mitchell's proposal (14)], produced 
by ATP hydrolysis (Fig. 3C). Indeed, no 
mutation has been isolated that allows fa- 
cilitated diffusion of solutes in the absence 
of the ATPase subunits. 

Study of the BP-dependent systems thus 
suggests principles similar to those we have 
already encountered with PTS. (i) The 
system is composed of domains or subunits 
with separate functions, and the transloca- 
tion domains are clearly separate from the 
energy input domains (57). (ii) The trans- 
porter domain is probably a specific, gated 
channel which usually has 6 + 6 transmem- 
brane helices. (iii) At least one aspects of 

-the coupling between ATP hydrolysis and 
solute translocation are indirect. 

Perspectives 

A decade ago, bacterial transporters ap- 
peared to contain many systems of confus- 
ingly diverse origins, architectures, and 
mechanisms. Now we can classify them 
into several families and propose evolution- 
ary relations within each family. One im- 
portant conclusion deduced from the com- 
parison of many systems is that the energy 
coupling mechanism often appears as a 
secondary, peripheral feature that apparent- 
Iv has been added to a common transloca- 
tion unit during the evolution of various 
transport systems. Indeed, the energy cou- 
pling components (such as ATPase subunits 
of BP-dependent systems or the Enzymes 
IIA and IIB of PTS) show homolow to -, 
enzymes not involved in transport (58), 
and this confirms the mosaic nature of 
many of the contemporary transport sys- 
tems. Although much progress has been 
made in understanding the structural and 
functional aspects of energy coupling, the 
mechanism of solute translocation across 
the membrane has remained largely hypo- 
thetical (Fig. 3). However, the translocator 
domains of different transporter families 
often share the same 6 + 6 helix folding 
pattern, and sequence similarity has some- 
times been noted between translocators be- 
longing to different families, for example 

between the fructose-specific Enzyme IIC of 
E. coli and the human insulin-responsive 
glucose facilitator, a member of the 6 + 6 
helix sugar symporter-facilitator family 
(58). These observations suggest that many 
translocators are related and provide hope 
that we may understand the mechanism of 
translocation in many systems once we 
obtain clues regarding the mechanism for 
just one or a few of these systems. 
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The Nuclear Membrane 
Colin Dingwall and Ronald Laskey 

The nuclear membrane forms a major barrier within the cell, permitting levels of regulation 
not found in prokaryotes. The dynamics and diverse functions of the nuclear membrane 
and its associated structures are considered in this review,. The role of the nuclear pore 
complex in selective transport across the nuclear membrane has been studied to a 
considerable degree; however, many crucial questions remain. Components of a signal 
transduction mechanism are associated with the nucleus, suggesting that nuclear functions 
may be influenced directly by this system. The involvement of the heat shock cognate 
protein Hsc70 in nuclear protein import is discussed, and a specific signal-presentation role 
for this protein is proposed. 

T h e  nuclear membrane is the hallmark of 
eukaryotic cells and a major landmark in 
evolution. As the most conspicuous bound- 
ary inside eukaryotic cells, the nuclear mem- 
brane functions to separate the genome from 
the cytoplasm. This separation permits types 
of regulation that are not found in prokary- 
otic cells. In this review, we consider the 
complex architecture of the nuclear mem- 
brane and its associated structures, which are 
collectively called the nuclear envelope, and 
we consider the mechanisms by which the 
nuclear envelope mediates and regulates se- 
lective traffic of molecules between the nu- 
cleus and cytoplasm. Because many features 
of the mechanism of nucleocytoplasmic ex- 
change have been reviewed extensively (1- 
12), we have chosen to emphasize aspects 
that have been reviewed less thoroughly. In 
addition, we propose a specific role for 
Hsc70, a member of the heat shock class of 
proteins, in the presentation of the nuclear 
localization sequence. 

Membrane Structure and Dynamics 

The nuclear membrane actually consists of 
two concentric lipid bilayers; the outer lipid 

bilayer is continuous with the endoplasmic 
reticulum (ER). Both lavers of membrane . , 

are perforated by nuclear pore complexes 
that serve as channels for molecular ex- 
changes between the nucleus and cyto- 
plasm. Nuclear pore complexes also appear 
to function as rivets that hold the inner and 
outer layers of membrane together. 

The inner nuclear membrane is lined bv 
the nuclear lamina, a layer that is composed 
of A and B type lamins, a specialized type of 
intermediate filament protein (1, 13, 14). 
The structure of the nuclear lamina varies 
in different organisms. In Xenopus oocytes, 
the lamina is a dense orthogonal meshwork 
of fibers (15). In contrast. the lamina of 
interphask cells in ~roso~h i la  is more dis- 
perse, such that areas of the inner nuclear 
membrane may be exposed directly to the 
nuclear interior and only a fraction of the 
chromatin is in contact with the lamins 
(16). 

The nuclear envelooe disassembles at 
the onset of mitosis and is reassembled at 
the end of mitosis. A number of experimen- 
tal systems have been developed to investi- 
gate the mechanisms and to identify the 
comoonents of these orocesses. The overall 
mechanism of assembly involves the attach- 
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