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The tsx Protein of Escherichia coli Can Act as a Pore for
Amino Acids
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The tsx protein is known to be a specific diffusion pathway for nucleosides.
The ability of this protein to facilitate the transport of molecules other than
nucleosides was examined in strains lacking detectable amounts of porin (ompB
mutants). The tsx protein was shown to promote serine, glycine, and phenylala-
nine transport and to have no effect on either glucose or arginine transport.

Genetic evidence based on the existence of
mutants resistant to both colicin K and bacterio-
phage T6 ofEscherichia coli led to the postulate
that colicin K and bacteriophage T6 share a
common receptor (7), later shown to be a protein
(26). It was more recently found that most T6-
resistant mutants lack an outer membrane pro-
tein of molecular weight around 25,000, which is
the product of the E. coli tsx gene (13). This
protein is able to inactivate both colicin K and
phage T6 (14) and is presumably the receptor
for both agents. Several outer membrane pro-
teins, in addition to acting as bacteriophage and
colicin receptors, have as their primary function
facilitating the diffusion of hydrophilic mole-
cules across the permeability barrier of the outer
membrane. The diffusion of low-molecular-
weight hydrophilic molecules is due to the pres-
ence of pores formed by these proteins. ompB
mutants lack detectable levels of OmpC and
OmpF proteins (19). Experiments conducted
both in vivo and in vitro show that OmpC and
OmpF proteins constitute the major porins of E.
coli (2, 3, 4, 16, 17, 21).

In addition to these major porins, there exist
outer membrane proteins involved in the trans-
port of specific classes of substrate. These in-
clude the tonA piotein for ferrichrome transport
(25), the fepA (cbr) protein for ferrienterochelin
transport (8, 18, 24), the btuB protein for vitamin
B12 transport (5), the X receptor for maltose and
maltodextrin transport (20), and the tsx protein
for nucleoside transport (9, 11). The specificity
of these systems has only been investigated in
detail for the maltose-maltodextrin systems (6,
10, 12, 22, 23).

In this paper we examine the diffusion of
molecules other than nucleosides through the
tsx pore. This was done by observing the ability
of the tsx protein to compensate for an ompB

mutation under conditions of limiting substrate
concentration. The E. coli K-12 strains used in
this study are listed in Table 1. Whole mem-
brane preparations were made from 10 ml of
late-log-phase cultures grown in nutrient broth.
The cells were washed once in 30 mM Tris-
hydrochloric acid, pH 8.1 (10 ml), suspended in
0.2 ml of 20% sucrose containing 30 mM Tris-
hydrochloride, pH 8.1, and kept on ice. These
cells were then converted to spheroplasts by the
addition of 0.02 ml of lysozyme (1 mg/ml) in 0.1
M EDTA (pH 7.3) and incubation on ice for 30
min. The spheroplasted cells were centrifuged
(15 min; 15,000 x g). The supernatant fluid
containing periplasmic proteins was discarded,
and the pellet was frozen, thawed, suspended in
3 ml of 3 mM EDTA (pH 7.3), and subjected to
sonication for 1 min, the tubes being kept on ice.
The sonicated spheroplasts were centrifuged (1
h; 28,000 x g). The pellet obtained was the whole
membrane preparation. The whole membranes
were run on 11 to 20% polyacrylamide gels by
the method of Achtman et al. (1). The uptake of
radioisotopes was investigated on log-phase cul-
tures (optical density in 1-cm light path at 625
nm = 0.5), grown in nutrient broth. All condi-
tions for uptake are as described previously (10).
In all cases, the concentration of isotope was
such that outer membrane permeability limited
uptake.
P400 and its tsx+ derivatives produce tsx pro-

tein in large quantities (15). It is therefore quite
easy to determine from gels whether tsx protein
is present in this genetic background; however,
in strain P1848 and its derivatives, tsx protein is
only produced in "normal" amounts and is dif-
ficult to visualize except after overloading poly-
acrylamide gels. The membrane protein prepa-
rations of strains P1578, P1602, P1930, and
P2024 show markedly reduced amounts of
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OmpC and OmpF proteins, typical ofthe pattern
expected of ompB mutants (19). P1602 and
P2024 also lack tsx protein in their membrane

TABLE 1. Bacterial strainsa
Strain

P400 ...

P407 ...
P433 ...
P1578
P1602
P1848
P1926
P1930 . .
P2024

Genotype

thi-I argE3proA2 leu-6 thr-1 xyl-5 ara-14
galK2 lacY) rpsL31 supE44 non-9

tsx-200 derivative of P400
tsx-201 derivative of P400
ompB105 derivative of P400
tsx-203 derivative of P1578
tonA2O8 derivative of W1485
tsx-10 derivative of P1848
ompB106 derivative of P1848
tsx-232 derivative of P1930

a P400 and its derivatives produce tsx protein in
large amounts relative to most E. coli K-12 strains. All
strains are part of our laboratory collection strains.
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preparations (data not shown). The ability of
both series of strains to take up the nucleosides
adenosine and thymnidine was investigated to
determine whether the mutations carried by
both series of strains are consistent with pub-
lished results. The rate of nucleoside uptake for
both series of strains is markedly reduced in tsx
mutants, thus confirming the work of Hantke
(9). The effect of the ompB mutation on both
thymidine and adenosine uptake is significant,
although the tsx mutation has the major effect
on nucleoside uptake. When ompB and tsx mu-
tations are present together as in P2024 and
P1602, these strains are particularly disadvan-
taged with respect to nucleoside uptake (data
not shown).
The uptake of [14C]serine for strains derived

from P400 is presented in Fig. 1A. These results
indicate that for serine uptake, the tsx protein
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FIG. 1. Uptake of (A) 0.9 ,M [14CJserine at 370C and (B) 0.83 pM [14C]glucose. Symbols: A, P400; A, P407;
0, P433; *, P1578; El, P1602.
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can compensate for the lack of major porins in
the ompB mutant P1578. The three ompB+
strains P400, P407, and P433 showed very simi-
lar initial uptake rates, as we would predict for
cells still retaining the major porins. The ompB
strain P1578, although lacking porins, still had
a large amount of tsx protein in the outer mem-
brane. This strain had only a slightly lower
uptake rate for serine than did either P400, P407,
or P433. The double mutant P1602, however,
appeared to be considerably disadvantaged in its
uptake of serine, indicating lack of diffusion
pathways across the outer membrane and sig-
nificant diffusion through the tsx pore in P1578.
Fig. 1B depicts the uptake of [14C]glucose for
P400 and its derivatives. In comparison with the
effect of tsx protein on serine uptake, there
appeared to be no effect of tsx protein on glucose
uptake; P1578 appeared to have no advantage
over P1602 in uptake ability for glucose.

In addition to the enhancement of serine up-
take by the tsx protein, this effect is also appar-
ent for glycine and phenylalanine to varying
degrees. The ability of tsx protein to enhance
serine and glycine uptake is not confined to P400
and derivatives, as the effect also appears in
P1848 and its derivatives which produce normal
amounts of tsx protein (Table 2).

It can also be seen that arginine, like glucose,
appears to be unaffected by tsx protein in dif-
fusion across the outer membrane. It is also
noteworthy that the tsx mutants showed an
improvement in uptake ability for some sub-
strates. This effect appears to be dependent
upon the genetic background.
The data obtained for the tsx protein resemble

data obtained in earlier experiments for the A
receptor, which also allows nonspecific permea-
tion of some but not all low-molecular-weight
compounds (12, 22): the tsx data are best consid-
ered in the context ofwhat is known ofA receptor

TABLE 2. Rates of uptake of labeled substratesa
Uptake of:

Strain Relevant Phenyl- Argininegenotype Serine Glycine ialnine (0.15
(0.9 ItM) (2.3 jIM) (0.1 jIM) AiM)

P400 Wild type 100 (7.6)(bl 100 (10.5) 100 (0.4) 100 (1.1)
P407 tsx 120 74 132 ND
P433 tsx 93 64 123 100
P1578 ompB 88 62 33 50
P1602 ompB tsx 35 41 15 54
P1848 Wild type 100 (33) 100 (7.2)
P1926 tsx 115 108
P1930 ompB 68 115
P2024 ompB tsx 23 79

aCalculated for first 45 s and given as percentage of uptake
rate of appropriate wild-type strain. ND, Not determined.

bUptake rate in picomoles per minute in wild-type sample.
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pore function, since in this case there is a con-
siderable volume of evidence relating to its spec-
ificity, and it is possible to put forward an overall
hypothesis for the specificity of this pore.
The maltose-maltodextrin and nucleoside per-

meation pathways share similar features. The
dependence of nucleoside and maltose uptake
upon the specific outer membrane protein ap-
plies only at low substrate concentrations; also,
there is no competitive inhibition of the adsorp-
tion of the specific bacteriophage by the sub-
strates in either case, indicating that no strong
substrate binding occurs at the level of the
receptor.

It has also been shown that both outer mem-
brane proteins are coregulated with the various
components of their respective substrate trans-
port and metabolic pathways (11, 20).

In this study, we show that the tsx protein will
enable permneation of serine, glycine, and phen-
ylalanine in addition to nucleosides, and this
suggests that, like the A receptor, this protein
forms a hydrophilic pore with relatively broad
specificity. This degree of nonspecificity would
be unexpected if permeation had an enzyme-like
binding as an essential first step by active means.
The tsx protein appears to have little or no effect
in alleviating an ompB defect for glucose or
arginine. This may mean that the internal prop-
erties of the tsx pore restrict permeation of some
materials.

In the case of nucleoside transport, there is no
evidence for the existence of a periplasmic bind-
ing protein, and further work will be required to
determine how closely the tsx protein fits the A
receptor model.

We thank P. A. Manning for his many useful discussions
during this work and his expertise in the running ofacrylamide
gels.
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