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Bacterial Amino Acid Transport 
Systems 

Robert Landick, Dale L. Oxender, and 
Giovanna Ferro-Luzzi Ames 

I. INTRODUCTION 

The roles of the cell membrane as both a permeability barrier to foreign substances 
and as a selective filter which admits nutrient molecules have been recognized as 
fundamentally important to animal physiology since the first decade of this century. 
It was not until the 1950's, however, that microbiologists recognized that bacteria 
possess membrane transport systems, distinct from their metabolic enzymes, that me
diate the uptake of amino acids and other nutrients. The work of Cohen and Monod 
(1957) established modern research on bacterial membrane transport. While much of 
this early work focused on transport of sugars, Gale provided the first evidence for 
accumulation of amino acids by bacteria during this era (Gale, 1947, 1954). 

Today, amino acid transport systems for almost all of the amino acids have been 
recognized and studied. This review will tabulate information on these systems, but 
it is not intended to be a comprehensive treatment of all amino acid transport systems. 
For additional information on other systems, the reader is referred to recent reviews 
on the subject (Oxender, 1972, 1974, 1975; Slayman, 1973; Boos, 1974; Halpern, 
1974; Simoni and Postma, 1975; Wilson, 1978; Iaccarino et at., 1980; Anraku, 1980; 
Furlong and Schellenberg, 1980). 

The existence of active amino acid transport systems has been deduced or inferred 
from a variety of biochemical and genetic approaches. In some instances, the existence 
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and role of specific amino acid transport proteins is well documented while in h 
h · f' . 'd ' ot er cases, t e eXIstence 0 a gIven ammo aCI transport system has been inferred f 

kinetic analysis of amino acid uptake measurements. The two best characterized a r?m 
acid transport systems are the high-affinity periplasmic binding protein-(BP) deper:.

IOO 

transport system for leucine, isoleucine, and valine (LIV-I) system in E. coii (Pipe~~ 
and Oxender, 1966, 1968; Nakane et ai., 1968; Penrose et ai., 1970; Rahmanian and 
Oxender, 1972; Rahmanian et ai., 1973; Harrison et ai., 1975; Quay et ai., 1975a b 
1977, 1978; Anderson et ai., 1976; Oxender and Quay, 1976a--<:; Quay and Oxend~r: 
1976, 1977, 1979, 1980a,b; Anderson and Oxender, 1977, 1978; Oxender et ai., 1977 
1980a,b; Landick et ai., 1980, 1983; Daniels et ai., 1980, 1981; Landick and Oxender' 
1981; Wood, 1975; Guardiola et ai., 1974a,b; Templeton and Savageau, 1 974a,b: 
Yamato and Anraku, 1977, 1980); and the high-affinity histidine transport system i~ 
S. typhimurium (Ames, 1964, 1972; Ames and Roth, 1968; Ames and Lever, 1970, 
1972; Rosen and Vasington, 1971; Lever, 1972; Kustu and Ames, 1973; Shaltiel et 
ai., 1973; Ames and Spudich, 1976; Ames et ai., 1977; Robertson et ai., 1977; Ames 
and Nikaido, 1978; Kustu et ai., 1979; Noel et ai., 1979; Manuck and Ho, 1979; Ho 
et ai., 1980; Ardeshir and Ames, 1981; Ardeshir et ai., 1981; Higgins and Ames, 
1981, 1982; Higgins et ai., 1982a,b; Gilson et ai., 1982b). These systems both fall 
in the class of high-affinity, peri plasmic, BP-dependent systems and possess remarkable 
similarities. This'review will focus on these two examples of amino acid transport 
systems. While this approach will necessarily limit treatment of the various mechanisms 
and components that are found in different amino acid transport systems, we hope it 
will give a comprehensive and focused picture of the chosen model systems. 

We begin by considering definitions of amino acid transport and the different 
types of systems which have been recognized and then proceed to a tabulation of the 
multiple amino acid transport systems found in bacteria and a detailed examination of 
the protein components and genetic organization of the histidine and LIV-I systems. 
The sequence of events which leads from the synthesis of transport system components 
to their final assembly in the inner membrane and periplasm is discussed. This is 
followed by a review of the energization and reconstitution of amino acid transport 
systems. We conclude with discussions of how amino acid transport systems are 
regulated and how amino acid transport systems may have evolved. 

II. CLASSES OF TRANSPORT SYSTEMS 

The terms transport system and permease will be considered synonymous and 
taken to mean the entire assembly of protein components which are required for a 
given transport process. The individual components will be referred to as transport 
proteins whether they are membrane-bound or soluble periplasmic proteins. 

Transport of solutes across membranes is usually divided into three classes: (1) 
passive diffusion, meaning diffusion through the lipid-protein bilayer without specific 
interaction, (2)facilitated diffusion, meaning passage through the membrane by specific 
binding to and release from a carrier protein without requiring energy, and (3) active 
transport, meaning passage of a solute through the membrane by binding to and release 
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from a carrier protein in a process coupled to metabolic energy. While passive diffusion 
and facilitated diffusion require that the solute always move to dissipate a concentration 
gradient, active transport is usually taken to mean that the solute is accumulated against 
a concentration gradient. This review will be limited to amino acid transport systems 
that fulfill the criteria of active transport. 

At least four distinct mechanisms of bacterial active transport have been dem
onstrated: (1) sodium-independent, membrane-bound transport systems which require 
only membrane components, (2) sodium-dependent, membrane-bound transport sys
tems which require only membrane components and sodium ions, (3) periplasmic BP
dependent transport systems which require both periplasmic and membrane-bound 
components, and (4) cation-stimulated ATPase systems which are mu1ticomponent 
assemblies and are thought to be responsible for creating a transmembrane proton 
gradient (Mitchell, 1970). Of these mechanisms, only numbers (1)-(3) have been 
shown to function for amino acid transport and will be discussed here. A fifth, some
what distinct mechanism of transport is group transiocation which is best exemplified 
by the phosphoenolpyruvate-utilizing phosphotransferase systems that transport various 
carbohydrates (Postma and Roseman, 1976; Dills et ai., 1980). There are no known 
examples of group translocation involving amino acids in bacteria. 

A. Multiplicity of Amino Acid Transport Systems 

Table 1 lists the various amino acid transport systems that have been described 
in the literature. In compiling this list, we have given consideration to the criteria used 
in identifying systems and the arguments presented above. Rather than compile a 
comprehensive list, we have attempted to present those systems which are based on 
the strongest evidence. Where conflicts exist in reports about a given system or class 
of systems, we have used the nomenclature or values from the best documented 
evidence. References to other interpretations are included. The table contains the 
information available on E. coli and S. typhimurium; these two organisms are extremely 
similar from the biological and genetic points of view and, in many cases, the results 
obtained with one species also apply to the other. Limited information is also given 
on P. aeruginosa where amino acid transport systems similar to those found in E. coii 
and S. typhimurium have been characterized. 

It is obvious from this table that each amino acid may be concentrated from the 
extracellular medium by several different permeases or transport systems with over
lapping specificities. Leucine enters by at least three systems: LIV-I, LS, and low
affinity, membrane-bound transport system for leucine, isoleucine, and valine (LIV
II; Piperno and Oxender, 1966, 1968; Nakane et ai., 1968; Penrose et ai., 1970; 
Rahmanian and Oxender, 1972; Rahmanian et ai., 1973; Harrison et ai., 1975; Quay 
et ai., 1975a,b, 1977, 1978; Anderson et ai., 1976; Oxender and Quay, 1976a-c; 
Quay and Oxender, 1976, 1977, 1979, 1980a,b; Anderson and Oxender, 1977, 1978; 
Oxender et ai., 1977, 1980a,b; Landick etai., 1980,1983; Daniels etai., 1980, 1981; 
Landick and Oxender, 1981; Wood, 1975; Guardiola et ai., 1974a,b; Templeton and 
Savageau, 1974a,b; Yamato and Anraku, 1977, 1980); histidine, by five systems: 
aromatic, high-affinity histidine, LAO, and two kinetically distinct residual systems 
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Table 1. Bacterial Amino Acid Transport Systems v, 
Co 
a 

Organism 
Al 

System name Comments Substrates K(fLM) characterized in Genes Referencesa 0 
OJ 
.." 

Arginine-specific Uses the Arg-BP, repressed L-Arginine, 0.12 E. coli abpS, Arg-BP, 1-7 Al 
--l 

by L-arginine or L-omithine, gene, min 50 ..... 
p. 

L-omithine o-arginine Z 
CJ 

abpR, Regulatory n 
gene, min 50, " '1l 
mutation allows ~ 

growth on 0- ~ 

arginine 
S. typhimurium 8 

General aromatic General aromatic amino acid L-Phenylalanine, 0.1--0.5 S. typhimurium aroP, Min 3 9,10 
transport system L-tyrosine, 0.1--0.5 E. coli aroP, Min 2 11,12 

L-tryptophan, 0.1--0.5 P. aeruginosa 13 
L-histidine 

Asparagine-I Repressed by asparagine L-Asparagine, 3.5 E. coli 14 
L-aspartic 
acid 

Asparagine-II Necessary for utilization of L-Asparagine 80 E. coli 14 
asparagine as a nitrogen 
source 

Aspartate-specific A membrane-bound transport L-Aspartic acid 3.7 E. coli 15,16 
system 

Cystine A binding protein-dependent L-Cystine, 0.3 E. coli 17-20 
system that uses Cys-BP diamino- 14 S. typhimurium 21 

pimelic acid 
DAG A membrane-bound system Glycine, 3-5 E. coli dag, Min 83 22-27,11,93 

for small amino acids; L-alanine, 2 
mutation renders cells o-alanine, 2 
resistant to o-serine and L-serine, 

o-cyc1oserine o-serine 
o-cyc1oserine o-serine 

Ii rnU 
16,28 



Cystine A binding protein-dependent L-Cystine, 0.3 E. coli 
17-20 system that uses Cys-BP diamino- 14 S. typhimurium 
21 pimelic acid DAG A membrane-bound system Glycine, 3-5 E. coli dag, Min 83 22-27,11,93 for small amino acids; L-alanine, 2 

mutation renders cells D-alanine, 2 
resistant to D-serine and L-serine, 
D-cYcloserine D-serine 
D-cycloserine D-serine 

Low-affinity A membrane-bound system L-Glutamic acid, 5 E. coli 16,28 
glutamate, which is inhibited by 13- L-aspartic 5 
aspartate hydroxyaspartate acid, 

l3-hydroxy-
aspartic acid 

High-affinity A binding protein-dependent L-Glutamic acid, 0.5 E. coli 16,29-35 
glutamate, system which uses L-aspartic 0.5 
aspartate glutamate, aspartate BP acid 

Glutamate-specific A membrane-bound, L-Glutamate 1.5 E. coli 16,36-40 
transport system sodium-dependent L-methyl-

transport system glutamate ., 
Glutamine Inhibited by L-Glutamine 0.05 E. coli 40-45 

glutamylhydrazide and S. typhimurium 46,47 
glutamylhydrazone, 
repressed by glutamine, 
derepressed by nitrogen OJ » 
starvation n ...., 

Histidine A binding protein-dependent L-Histidine, 0.01 S. typhimurium his}, Min 48.5, 48-53 rn 
~ 

system which uses the D-histidine hisP, min 48.5, s: 
r-

His-BP hisQ, min 48.5, » 
hisM, min 48.5, $: 

Z duaH, min 48.5; 0 
mutation allows » 
cells to grow on n 

6 
D-histidine as a ...., 
nitrogen source ~ » 

E. coli 54 :z: 
V> 

LAO A binding protein-dependent L-Lysine, S. typhimurium argT, Min 48.5, 46,53-57 "1:l 
0 

system which uses the L-arginine, hisP, min 48.5, ~ ...., 
LAO-BP and the hisPQM L-ornithine, hisQ, min 48.5, V> 

-< 
components L-histidine hisM, min 48.5 V> ...., 

rn 

(continued) 
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System name 

LIV-I 

Leucine-specific (LS) 

LIV-II 

Methionine-I 

Methionine-II 

Phenylalanine-
specific 

Comments 

A binding protein-dependent 
system which uses the 
livGH components, 
repressed by L-Ieucine 

A binding protein-dependent 
system that uses the 
LS-BP and livGH 
components, repressed by 
L-Ieucine 

A membrane-bound system 
that is only weakly 
repressed by leucine 

Table 1, (Continued) 

Substrates K(fLM) 

L-Alanine, 30 
L-Ieucine, 0,2-0,6 
L-isoleucine, 
L-valine, 
L-threonine 

L-Leucine, 0,2-0,6 
D-Ieucine 

L-Leucine, 10-20 
L-isoleucine, 5 
L-valine 7 

L-Methionine, 0.075 
D-methionine 

L-Methionine, 
D-methionine 

L-Phenylalanine 

\.n 
Co 

'" Organism 
characterized in Genes Referencesa ;>;) 

0 
OJ 

E, coli liv], Min 74,S, 58-63 
rn 
;>;) 

"" livH, min 74,S, r-

livG, min 74,S, 
). 

:z: 
livR, Min 20, tl n a regulatory ;><; 

gene, mutation ~ 

derepresses ~ 
LIV -I transport 

S, typhimurium 64 
p, aeruginosa 65,66 
E, coli livK, Min 74,S, 58,59,63,67 

livG, min 74,S, 
livH, min 74,5, 
IstR, min 20, 
a regulatory 
gene; mutation 
allows cells to 
use D-Ieucine as 
a source of 
L-Ieucine 

E, coli livP, Min 75 58,59,68-71 

p, aeruginosa 66 
E, coli metD, Min 5 72-74 
S, typhimurium metD, Min 6 47,75 
E, coli 72-74 

S, typhimurium pheP, Min 15-35 48,49 

E, coli 12,79 



Methionine-I 

Methionine-II 

Phenylalanine
specific 

Proli.ne PP-I 

Proline PP-Il 

Proline PP-III 

Tryptophan-specific I 

Tryptophan-specific II 

Tryptophan-specific 
III (T3A) 

Tyrosine-specific 

Ulal l~ Uill Y weruClY 
repressed by leucine 

A membrane-bound, high
affinity system, induced 
by proline, catabolite 
repressed, required for 
growth on proline as sole 
carbon or nitrogen source 

Low-affinity, membrane
bound system, induced by 
amino acid starvation 

Functions only at high 
osmolarity (0.3 M NaCl) 

Inducible by tryptophan 

Constitutively expressed 

Catabolite repressed, 
induced by tryptophan 

L-isoleucine, 
L-valine 

L-Methionine, 
D-methionine 

L-Methionine, 
D-methionine 

L-Phenylalanine 

L-Proline, 
L-hydroxy
proline 

L-Proline 

L-Proline 

L-Tryptophan 

L-Tryptophan 

L-Tryptophan 

L-Tyrosine 

5 
7 

0.075 

2 

300 

0.1 

10 

P. aeruginosa 
E. coli 
S. typhimurium 
E. coli 

S. typhimurium 

E. coli 

S. typhimurium 

E. coli 
P. aeruginosa 
S. typhimurium 

E. coli 
S. typhimurium 

E. coli 
S. typhimurium 
E. coli 
S. typhimurium 
E. coli 

S. typhimurium 
E. coli 

metD, Min 5 
metD, Min 6 

pheP, Min 15-35 

putP, Min 22 

putA, Min 22, gene 
for a PP-I system 
repressor 

proP, Min 92 

proU, Min 59 

trpP, Min 69 

tnaB, Min 83 

tyrP, Min 42 

- -,~~ ,......... ' .. 

66 
72-74 
47,75 
72-74 

48,49 

12,79 

77-80 

81-87 
13 
77,88,89 

83 
90 

11,12,95 
48,49 
12 
48,49 
91,92,94,95 

48,49 
12,76 

"(I) Rosen, 1971, (2) Rosen, 1973b, (3) Rosen, 1973a, (4) Cells, 1981, (5) Cells, 1977, (6) Cells, 1982, (7) Cells el al., 1973, (8) Kreischman el al .. 1973, (9) Ames, 1964, (10) Ames 
and Roth, 1968, (II) Piperno and Oxender, 1968, (12) Brown, 1971, (13) Kay and Gronlund, 1969, (14) Willis and Woolfolk, 1975, (15) Kay, 1971, (16) Schellenberg and Furlong, 
1977, (17) Leive and Davis, 1965a, (18) Leive and Davis, 1965b, (19) Berger and Heppel, 1972, (20) Oshimaa el al., 1974, (21) Baptist and Kredich, 1977, (22) Lee el al., 1975, (23) 
Lombardi and Kaback, 1975, (24) Cosloy, 1973, (25) Kaback and Kostellow, 1968, (26) Wargel el al., 1970, (27) Wargel el aI., 1971, (28) Barash and Halpern, 1975, (29) Willis and 
Furlong, 1975, (30) Furlong and Schellenberg, 1980, (31) Schellenberg, 1978, (32) Miner and Frank, 1974, (33) Barash and Halpern, 1975, (34) Schellenberg and Furlong, 1977, (35) 
Aksamit el al., 1975, (36) Frank and Hopkins, 1969, (37) Kahane el al., 1975, (38) Tsuchiya el al., 1977, (39) Britten and McClure, 1962, (40) MacDonald el aI., 1977, (41) Weiner 
and Heppel, 1971, (42) Weiner el al., 1971, (43) Willis el al., 1975, (44) Masters and Hong, 1981b, (45) Plate, 1979, (46) Kustu el al., 1979, (47) Ayling, 1981, (48) Ames, 1964, (49) 
Ames and Roth, 1968, (50) Ames and Nikaido, 1978, (51) Ames el al., 1977, (52) Masters and Hong, 1981b, (53) Higgins el aI., 1982a, (54) Ardeshir and Ames, 1981, (55) Ardeshir 
el al., 1981, (56) Higgins and Ames, 1981, (57) Higgins and Ames, 1982, (58) Rahmanian el al., 1973, (59) Anderson and Oxender, 1977, (60) Oxender el al., 1977, (61) Anderson 
and Oxender, 1978, (62) Oxender el al., 1980a, (63) Landick el al., 1980, (64) Kiritani, 1974, (65) Hoshino and Nishio, 1982, (66) Hoshino and Kageyama, 1982, (67) Oxender el al., 
1980b, (68) Wood, 1975, (69) Guardiola el al., 1974b, (70) Yarnato and Anraku, 1980, (71) Iaccarino el al., 1978, (72) Kadner, 1974, (73) Kadner and Watson, 1974, (74) Kadner, 
1977, (75) Ayling el al., 1979, (76) Whipp el al., 1980, (77) Wood, 1981, (78) Ratzkin el al., 1978, (79) Wood el al., 1979, (80) Menzel, 1980, (81) Kaback and Stadtman, 1966, (82) 
Kaback and Deuel, 1969, (83) Morikawa el al., 1974, (84) Amanuma el al., 1977, (85) Rowland and Tristam, 1974, (86) Motojima el al., 1978, (87) Condamine, 1971, (88) Anderson 
el al., 1980, (89) Menzel and Roth, 1980, (90) Csonka, 1982, (91) Boezi and Demoss, 1961, (92) Burrous and Demoss, 1963, (93) Robbins and Oxender, 1973, (94) Edwards and Yudkin, 
1982, (95) V. Stewart, personal communication. 
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(Ames, 1964; Ames and Roth, 1968; Ames and Lever, 1970; Kustu et aI., 1979' 
Higgins et al., 1982a); and proline, by at least three systems: PP-I, PP-U, and PP-UI 
(Kaback and Stadtman, 1966; Kaback and Deuel, 1969; Morikawa et al., 1974; Aman
uma et al., 1977; Wood, 1981; Ratzkin et aI., 1978; Wood et al., 1979; Menzel 
1980; Rowland and Tristam, 1974; Motojima et al., 1978; Condamine, 1971; KUSak~ 
et al., 1976; Anderson et al., 1980; Menzel and Roth, 1980; Csonka, 1982). Glutamate 
may enter bacteria by as many as five routes and aspartate and arginine by at least 
three (Furlong and Schellenberg, 1980; Schellenberg and Furlong, 1977; Ames, 1972; 
Rosen, 1973a; Celis, 1977, 1981, 1982; Higgins and Ames, 1981). 

Detennining the existence of multiple amino acid transport systems for a given 
substrate should involve several approaches (Ames, 1972). The existence of system 
multiplicity has often been predicated almost entirely on kinetic analysis alone. On 
occasion, multiple transport systems have been postulated solely on the basis ofbiphasic 
transport kinetics. While the demonstration of biphasic Lineweaver-Burk plots is 
suggestive of multiple transport systems, it is by no means conclusive. It is important 
to keep in mind that the Michaelis-Menten assumptions are most likely not fulfilled 
by complex transport processes even if the individual components may obey the 
equation. It is, therefore, not appropriate to base arguments for multiple routes of 
entry on this type of ;analysis alone. A variety of other explanations for two or more 
apparent Kms of amino acid uptake are possible. Carrier proteins may be subject to 
allosteric effects which alter their affinity for substrates as a function of substrate 
concentration. Other cellular processes may respond to changes in the concentration 
of a given amino acid and alter the properties of carrier proteins indirectly by changing, 
for instance, the transmembrane electrochemical potential; and, on occasion, impurities 
in the radioactively labeled amino acids used in uptake measurements can lead to 
spurious conclusions about transport kinetics. Given these potential pitfalls, multiphasic 
kinetics should not be used alone as the only argument for multiple transport systems. 

Analogue inhibition analysis can provide alternative criteria for multiple transport 
systems (Ames, 1964, 1974) and has been used extensively in studies of animal cell 
transport (Oxender and Christensen, 1963; Christensen, 1975, 1982). With this method, 
mUltiple systems are revealed when some component of uptake remains after inhibition 
with a large concentration of a structural analogue. For example, only 80-90% of L
leucine uptake at 0.5 /-LM substrate can be inhibited by 200 /-LM L-threonine. The 
10-20% remaining is uptake by the LS transport system while the threonine inhibitable 
fraction is due to uptake by the LIV-I system. Since it avoids relying on the validity 
of kinetics assumptions, the analogue inhibition strategy is a valuable technique for 
identifying multiple transport systems. 

The most definitive method for defining bacterial amino acid transport systems 
is mutational analysis. If mutants in a given transport system can be isolated by selection 
or identified by screening, other systems with overlapping specificities can be readily 
identified. Furthermore, once mutants are obtained, identification of the protein com
ponents affected by the mutation and molecular cloning of the gene(s) for the defective 
component(s) are possible. This type of genetic approach has been exploited in our 
analysis of the leucine and histidine transport systems and has led to rapid advances 
in our understanding of how these systems are assembled and how they function. 
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Although a precise definition of all the amino acid transport systems in E. coli 
or S. typhimurium is not yet possible, a general picture has emerged. Bacterial amino 
acid transport systems usually transport a class of amino acids, such as basic amino 
acids or branched-chain amino acids, but this specificity is not as broad as is found 
for amino acid transport systems in eukaryotic microorganisms such as yeast or Neu
rospora or in higher eukaryotes. Neurospora and yeast, for instance, each possess a 
transport system which transports all amino acids, a so-called general amino acid 
permease (Pall, 1969; Grenson and Hon, 1972; Seaston et al., 1973, 1976; Rao et 
ai., 1975; DeBusk and DeBusk, 1980; Ogilvie-Villa et ai., 1981). 

In addition to systems transporting multiple amino acids, most amino acids are 
also transported by systems which are specific for a single amino acid. No such systems 
have been found, so far, in eukaryotes. However, unlike eukaryotic cells, bacteria are 
able to synthesize all 20 amino acids and therefore adapt to a wide variety of envi
ronments which may be deficient in one or more amino acids. Anyone amino acid 
may utilize either membrane-bound systems or periplasmic BP-dependent systems, or 
both. 

B. Membrane-Bound Systems 

The best-charac~erized example of a sodium-independent membrane-bound system 
is the proline transport system (PP-I in Table 1) in E. coli and S. typhimurium (Kaback 
and Stadtman, 1966; Kaback and Deuel, 1969; Morikawa et ai., 1974; Amanuma et 
al., 1977; Wood, 1981). The best-characterized example of a sodium-dependent, 
membrane-bound system is the glutamate transport system of E. coli (Britten and 
McClure, 1962; Frank and Hopkins, 1969; Schellenberg and Furlong, 1977; Kahane 
et al., 1975; MacDonald et al., 1977; Tsuchiya et al., 1977). Sodium-dependent 
transport of glutamate has also been observed in the halophilic genus Haiobacter 
(Stevenson, 1966) and in the marine genus Pseudomonad (Wong et al., 1980). The 
sodium-dependent, membrane-bound glutamate transport system is one of three distinct 
E. coli systems which transport glutamate. It is distinguished from the other systems 
by its resistance to osmotic shock and inhibition by the amino acid analog a-meth
ylglutamate. Sodium-dependent amino acid transport is relatively rare in bacteria, 
unlike mammalian cells where transport of many solutes is linked with the movement 
of sodium ions. Early in the study of amino acid transport, some systems were er
roneously thought to be sodium-dependent because inclusion of sodium ion in uptake 
assay and wash buffers partially blocked dumping of amino acid pools when cells 
were treated with cold wash buffer (Piperno and Oxender, 1968; Britten and McClure, 
1962). Once the phenomenon of cold-shock-induced amino acid pool loss was widely 
appreciated and experimental protocols were modified to include room temperature 
washes, most of these effects disappeared. 

C. Periplasmic BP-Dependent Systems 

In addition to uptake by m~mbrane-bound systems, some amino acids, as well 
as some ions and sugars, are transported by more complicated systems which include 



586 ROBERT LANOtCK et at. 

both periplasmic and membrane-bound components. The periplasmic components are 
solute BPs which bind specific substrates or sets of substrates with very high affinity. 
When the periplasmic BPs are removed from the cell by the osmotic shock procedure 
of Neu and Heppel (1965) or by lysozyme--ethylenediamine tetraacetic acid (EDTA) 
treatment, transport of amino acids by these high-affinity systems is no longer observed. 
Hence, these systems have been termed periplasmic BP-dependent transport systems 
or shock-sensitive systems. Bacterial periplasmic BPs that bind arginine [lysine, ar
ginine, ornithine-binding protein (LAO-BP) and Arg-BP] (Neu and Heppel, 1965; 
Wilson and Holden, 1969a,b; Rosen, 1971, 1973a,b; Celis et ai., 1973; Celis 1977 
1981, 1982; Kustu et ai., 1979; Wong et ai., 1980; Ardeshir et ai., 1981; Hi~gins e~ 
ai., 1982a), aspartic acid [glutamate, aspartate-BP] (Miner and Frank, 1974; Willis 
and Furlong, 1975; Aksamit et ai., 1975; Schellenberg, 1978), cystine [cystine-BPl 
(Berger and Heppel, 1972; Oshimaa et ai., 1974), glutamic acid [glutamate, aspartate
BP] (Miner and Frank, 1974; Willis and Furlong, 1975; Schellenberg, 1978), glutamine 
[glutamine-BP] (Weiner and Heppel, 1971; Weiner et ai., 1971; Kreischman et ai., 
1973; Schellenberg and Furlong, 1977; Schellenberg, 1978; Kustu et ai., 1979; Celis, 
1982), histidine [histidine-BPl (Rosen and Vasington, 1971; Ames and Lever, 1970, 
1972; Lever, 1972; Shaltiel et ai., 1973; Ames and Spudich, 1976; Robertson et ai., 
1977; Ames and Nikaido, 1978; Manuck and Ho, 1979; Ho et ai., 1980), isoleucine 
[leucine, isoleucine, 7valine-binding protein (L1V -BP), also referred to in other pub
lications as leucine, isoleucine, valine, threonine-binding protein (L1VT -BP) and leu
cine, isoleucine, valine, alanine, threonine-binding protein (L1V AT -BP) and isoleu
cine-preferring, leucine, valine-binding protein (ILV-BP), also referred to in other 
publications as isoleucine-preferring, leucine, valine, threonine-binding protein (IL VT
BP] (Piperno and Oxender, 1966; Anraku and Heppel, 1967; Nakane et ai., 1968; 
Anraku, 1968a,b; Penrose et ai., 1970; Furlong et ai., 1973; Amanuma and Anraku, 
1974; Amanuma etai., 1976; Willis etai., 1974; Antonov etai., 1974,1976; Oxender 
and Quay, 1976c; Quay et aI., 1977; Anderson and Oxender, 1977; Ovchinnikov et 
ai., 1977; Oxender et ai., 1977; Hoshino and Kageyama, 1980; Daniels et ai., 1980; 
Landick and Oxender, 1981; Hoshino and Nishio, 1982; Landick et ai., 1983), leucine 
[LIV -BP leucine-specific binding protein (LS-BP), also referred to in other publications 
as leucine-binding protein (LBP), and ILV-BP] (Piperno and Oxender, 1966; Anraku 
and Heppel, 1967; Nakane et ai., 1968; Anraku, 1968a,b; Penrose et ai., 1970; Furlong 
and Weiner, 1970; Weiner and Heppel, 1971; Amanuma and Anraku, 1974; Amanuma 
et ai., 1976; Willis et ai., 1974; Antonov et ai., 1974, 1976; Oxender and Quay, 
1976c; Quay et ai., 1977; Anderson and Oxender, 1977; Ovchinnikov et ai., 1977; 
Oxender et ai., 1977, 1980b; Hoshino and Kageyama, 1980; Daniels et ai., 1980, 
1981; Landick and Oxender, 1981; Hoshino and Nishio, 1982; Landick et ai., 1983), 
lysine [LAO-BP] (Wilson and Holden, 1969a,b; Kustu et ai., 1979), phenylalanine 
[phenylalanine-BP] (Klein et ai., 1970; Kuzaya et ai., 1971), and valine [L1V-BP and 
ILV-BP] (Piperno and Oxender, 1966; Anraku and Heppel, 1967; Nakane et ai., 1968; 
Anraku, 1968a,b; Penrose et ai., 1970; Furlong et ai., 1973; Amanuma and Anraku, 
1974; Amanuma et ai., 1976; Willis et ai., 1974; Antonov et ai., 1974, 1976; Oxender 
and Quay, 1976c; Quay et ai., 1977; Anderson and Oxender, 1977; Ovchinnikov et 
ai., 1977; Oxender et ai., 1977; Hoshino and Kageyama, 1980; Daniels et ai., 1980; 
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Landick and Oxender, 1981; Hoshino and Nishio, 1982; Landick et al., 1983) have 
been identified and characterized. In addition to BPs, periplasmic BP-dependent trans
port systems require the presence of proteins in the inner membrane to interact with 
the BPs and accomplish the actual transport event. 

/II. NATURE OF PROTEIN COMPONENTS OF BP-DEPENDENT 
TRANSPORT SYSTEMS 

A. Periplasmic Components 

The properties of periplasmic BPs are remarkably similar. Periplasmic amino acid 
BPs bind amino acids with high affinity. Equilibrium dialysis measurements usually 
give Kd values between 10-6 and 10-7

. Stopped-flow binding studies on the arabinose
BP have shown that the pseudo-first-order rate constant for arabinose binding decreases 
as the fraction of arabinose-BP containing bound arabinose increases (Miller et al., 
1980). This variable affinity, which has also been observed with the LIV -BP (Amanuma 
etal., 1976), may explain why removal of substrate from BPs usually requires dialysis 
or gel filtration in the pres~nce of 2-3 M guanidinium HCI or urea. The physiological 
significance and biochemiCal explanation of this variable binding are not yet under
stood. Most amino acid BPs are quite stable and can withstand treatment at lOO°C for 
several minutes or with detergents such as sodium dodecyl sulfate (SDS) without losing 
binding activity. This stability may reflect a structural organization which resists de
naturation and/or easily refolds to active form. BPs must resist degradation in the 
periplasmic space where proteases readily degrade many proteins and where pH cannot 
be readily controlled by the cell. Significant conformational differences, as monitored 
by proton-NMR or quenching of tryptophan fluorescence, between BPs freed of sub
strate and their bound forms have been demonstrated (glutamine-BP, Weiner and 
Heppel, 1971; Krieschman et al., 1973; histidine-BP, Robertson et al., 1977; Manuck 
and Ho, 1979; Ho et al., 1980; S. Zukin, personal communication; LIV-BP, R. 
Landick, unpublished results). Early attempts to demonstrate this conformational shift 
with the LIV-BP (Penrose et al., 1970) were unsuccessful because it was not appre
ciated that simple equilibrium dialysis against substrate-free buffer will not remove 
substrate bound by some bacterial periplasmic BPs. 

Complete amino acid sequences are now available for the histidine-binding protein 
(his-BP), LAO-BP, LS-BP, andLIV-BP (Ovchinnikov etal., 1977; Higgins and Ames, 
1981; Hogg, 1981; R. Landick and D. L. Oxender, manuscript in preparation) as well 
as for the non-amino acid BPs: ara-BP, gal-BP, and sulfate-BP (Hogg and Hermondson, 
1977; Isihara and Hogg, 1980; Mahoney et al., 1981). Comparison of these sequences 
has not revealed significant conservations except between BPs coded by closely linked 
genetic loci, e.g., LAO-BP and his-BP. The conservation between the LAO-BP and 
his-BP is about 70% while the conservation between the LS-BP and LIV-BP is ap
proximately 80%. In the case of the LAO-BP and his-BP pair the pattern of conservation 
suggests clearly which portions of the BPs are involved in substrate binding and which 
ones in transport (Higgins and Ames, 1981). 
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X-ray crystal structure detennination has revealed that typical BPs which b' d 
carbohydrate (arabinose-BP), ions (sulfate-BP), and amino acids (LIV-BP) all c In_ 

tallize in the P2)2)2) space group with four molecules per unit cell (Quiocho et ryt
S 

a, 
1979), Like the arabinose-BP (Quiocho et 01., 1977), the LIV-BP folds into a bilobat~ 
structure in which the cleft between the two domains contains the substrate-bindin 
site (Saper and Quiocho, 1983). It is likely that the other amino acid-BPs share thi~ 
bilobate structure. For the arabinose-BP and LIV-BP, the N-terminal region of the 
protein folds to fonn one domain while the C-tenninal region folds to form the other. 
One possible model for the two domains is that one is important for substrate binding 
and the second, for interaction with the membrane component(s). This idea is consistent 
with the finding of two genetically distinct sites, one for substrate binding and one 
for membrane protein interaction, on the histidine-BP (Kustu and Ames, 1974; Higgins 
and Ames, 1981). Thus, we envisage that the BP is triggered to release its substrate 
from its binding site upon interaction of the other site with the membrane component(s). 
This type of model will be discussed further in a later section of this review. 

8. Membrane Components 

Isolation and characterization of the membrane components of these systems have 
not progressed as far as has the study of the BPs, but a tentative picture of their roles 
is now emerging. The best-characterized membrane components are those of the his
tidine transport systems of which there are three, P protein, Q protein, and M protein 
(Higgins et 01., 1982a). Three potential proteins have also been identified for the LIV
I transport system (livG, livH, livM; Anderson and Oxender, 1977; R. Landick, T. 
Su, P. Nazos, and D. L. Oxender, manuscripts in preparation). A carbohydrate trans
port system, the maltose transport system, also appears to have three membrane-bound 
components: malF, malG, and malK (Shuman etal., 1980; Bavoil etal., 1980; Shuman 
and Silhavy, 1981; Shuman, 1982). While it has not yet been demonstrated that all 
of these proteins are, in fact, membrane-bound or membrane-associated components, 
it has been suggested that two components may be required to form a transport channel 
or binding site in the membrane, and that the third component may function either to 
act as a link between the periplasmic component, bound substrate, and the membrane 
components (Kustu and Ames, 1974; Ames and Spudich, 1976; Higgins et at., 1982a), 
or in coupling transport to a source of energy (Shuman, 1982). The complete nucleotide 
sequences of all three of these genes for the histidine genes have been detennined 
(Higgins et 01., 1982a). 

IV. GENETIC AND PHYSICAL MAPS OF THE LlV-1 AND 
HISTIDINETRANSPORT GENES 

Both leucine and histidine are transported into Salmonella and E. coli by more 
than one route, but in each case, the high-affinity, periplasmic BP-dependent system 
has been characterized most extensively. Each system is composed of both soluble, 
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periplasmic proteins and membrane-bound proteins which are coded for by genes that 
are situated together in a cluster on the chromosome. These two gene clusters, liv at 
min 74.5 in E. coli and his at min 47 in S. typhimurium, are remarkably similar . 
Figure I shows a schematic representation of the his and liv gene clusters. 

The four genes responsible for the high-affinity histidine permease, together with 
a regulatory locus, dhuA, constitute an operon located at min 47 on the S. typhimurium 
chromosome (Higgins et al., 1982a; see Figure 1). The his] gene encodes the his-BP 
(J) which has been purified and characterized (Ames and Lever, 1972; Lever, 1972). 
The hisQ and hisM genes code for very hydrophobic, basic proteins (Q and M) which 
are probably integral membrane proteins (Higgins et al., 1982a). The hisP gene codes 
for an inner membrane-bound protein (P) which is basic and very hydrophilic (Ames 
and Nikaido, 1978; Higgins et al., 1982a). The P protein is presumed, on the basis 
of genetic evidence, to interact directly with the periplasmic J protein during histidine 
transport (Kustu and Ames, 1974; Ames and Nikaido, 1978). The Q, M, and P proteins 
are also thought to interact with each other, on the basis of complementation studies 
and, thus, possibly form a multicomponent membranous complex. Models suggesting 
mechanisms of action for this system are presented in a later section. 

Four genes are also responsible for the high-affinity leucine permease and con
stitute an operon at mingte 74.5 on the E. coli chromosome which is surprisingly 
similar to the S. typhimurium histidine transport operon. The livK gene, which codes 
for the LS-BP, is the first gene in the operon and is followed by three genes which 
code for proteins synthesized in relatively lower amounts. The first of these genes, 
livH, encodes a basic hydrophobic protein (H). The last two genes in the operon, livM 
and livG, code for the M and G protein. The H, M, and G proteins are thought to be 
membrane-associated proteins or integral membrane proteins. It is quite likely that the 
H, M, and G leucine transport proteins function in a membrane complex mechanist
ically identical to the Q, M, P histidine transport protein complex. 

Of particular interest are the findings (1) that the Q, M, and P histidine transport 
proteins are also essential for an arginine transport system which requires the LAO-

o kilobase pairs 1 
I ' I 

3 
I 

4 
I 

6 
I 

Figure 1. Organization of the histidine and UV-I transport genes. Stars indicate the positions at which 
transcription of the genes originates. The arrows indicate the length of each transcript. Transcription of the 
livL gene occurs from the opposite strand in and in opposite direction from the other transport genes. 
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BP (Kustu and Ames, 1973; Kustu et at., 1979; Higgins and Ames, 1981) and (2) 
that the H, M, and G leucine transport proteins are also .required for a branched-chain 
amino acid transport system which requires the LIV-BP. The gene coding for the LAO 
protein (argn and its regulatory locus are adjacent to the histidine transport operon 
and form a separate monocistronic operon (Higgins and Ames, 1982). Likewise, the 
gene coding for the LIV-BP (livl) and its regulatory region form a monocistronic 
operon which is near the leucine-specific transport operon (R. Landick and D. L. 
Oxender, manuscript in preparation). The LAO-BP is l5elieved to interact with the P 
protein during arginine transport in a manner analogous to that of the J protein (his
BP) during histidine transport. The his-BP and LAO-BP are 70% homologous while 
the LIV-BP and LS-BP are 80% homologous. Each pair of genes is believed to have 
arisen by duplication of an ancestral gene coding for an amino acid BP. 

The only striking difference between these two transport gene clusters is the livL 
gene which is located between tiv] and livK in the liv cluster. livL has been characterized 
on the basis of DNA-sequencing studies and by gene fusion to tacZ to create a hybrid 
protein. These experiments have revealed that tivL is transcribed in the opposite ori
entation to the other tiv genes and that it can be translated into a basic, hydrophilic 
protein with a mass of 18.7 K. There is no known function for the livL protein, but 
it has been identified as an in vitro transcription-translation product of several plasmids 
containing the tivL gene. It is possible that the tivL protein may play a role in the 
regulation of liv gene expression. 

v. ASSEMBLY OF TRANSPORT COMPONENTS 

After synthesis, the components of the LIV-I and histidine transport systems must 
be assembled into their proper locations in either the periplasm or cytoplasmic mem
brane. Like all other known periplasmic proteins, LAO-BP, his-BP, LIV-BP, and LS
BP are synthesized as precursor molecules with N-terminal signal peptides of 22 (his) 

or 23 (liv) amino acids (Oxender et at., 1980b; Daniels et at., 1980; Higgins and 
Ames, 1981; Higgins et at., 1982a). These sequences are shown in Table 2. A com
parison between these two pairs of evolutionarily related signal sequences reveals that 
they have diverged from each other faster than the mature portion of the BPs. Thus, 
his-BP and LAO-BP signal sequences are 41 % conserved vs. 70% conservation in the 
mature sequences, and the LIV-BP and LS-BP signal sequences are 47% conserved 
vs. 80% conservation in the mature sequences. This difference indicates less selective 
pressure on the signal sequence composition which is in agreement with the widely 
held belief that the hydrophobic nature of the signal rather than a precise sequence of 
amino acids is required for protein secretion. This view is further supported by a 
comparison of the his-BP and LAO-BP signal sequences with the LIV-BP and LS-BP 
signal sequences where 23% is the maximum conservation of sequence which can be 
produced by various alignments. 

Secretion of the LS-BP has been. studied in considerable detail (Oxender et at., 
1980b; Daniels et at., 1980, 1981; Landick et at., 1983). The intact precursor of the 
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Table 2. N-terminal Sequences of L1V-1 and Histidine- Transport Proteins 

N-terminal sequence 

~" 

Processing site" ~ 

Transport 
protein 

Met Lys Lys Leu Ala Leu Ser Leu· Ser Leu Val Leu Ala Phe Ser Ser Ala Thr Ala Ala Phe Ala Ala lie Pro His-BP 

Met Lys Lys Thr Val Leu Ala Leu Ser Leu Leu lie Gly Leu Gly Ala Thr Ala Ala Ser Tyr Ala Ala Leu Pro LAO-BP 

Met Asn lie Lys Gly Lys Ala Leu Leu Ala Gly Leu lie Ala Leu Ala Phe Ser Asn Met Ala Leu Ala Glu Asp lie LIV-BP 

Met Lys Arg Asn Ala Lys Thr lie lie Ala Gly Met lie Ala Leu Ala lie Ser His Thr Ala Met Ala Asp Asp lie LS-BP 

Met Leu Tyr Gly Phe Ser Gly Val lie Leu Gin Gly Ala lie Val Thr Leu Glu Leu Ala Leu Ser Ser Val Val Leu hisQ Protein 

Met lie Glu lie lie Gin Glu Tyr Trp Lys Ser Leu Leu Trp Thr Asp Gly Tyr Arg Phe Thr Gly Val Ala lie Thr hisM Protein 

Met Met Ser Glu Asn Lys Leu His Val lie Asp Leu His Lys Arg Tyr Gly Gly His Glu Val Leu Lys Gly Val Ser hisP Protein 

Met Ser Glu Gin Phe Leu Tyr Phe Leu Gin Gin Met Phe Asn Gly Val Thr Leu Gly Ser Thr Tyr Ala Leu lie Ala livH Protein 

Met Trp Ser His Ser Pro Cys Asp Ser Gly Ala Ala Gly Asp Ala Asp Arg Tyr Ser Gly Ser Pro Gly Gly Gly Glu livM Protein 

Met Lys Leu Thr lie lie Arg Leu Glu Lys Phe Ser Asp Gin Asp Af!~ lie Asp Leu Ala Lys Asp Leu Gly Arg Glu livL Protein 

"The processing site refers only to the first four sequences, the periplasmic His-BP, LAO-BP, LIV-BP, and LS-BP. The remaining N-terminal sequences are shown to illustrate 
their lack of a consensus signal sequence for secretion. 

0:> 
). 
n 
--I 
", 

'" s;: 
r--

). 

~ 
Z 
o 
). 
n 
6 
--I 

'" ). 

2: 
V) 
.." 
o 
'" --I 
V) 

~ 
--I 
", 

~ 
V) 

\J1 
\0 



592 ROBERT LAN DICK et a/. 

LS-BP has been synthesized in vitro and is processed to the mature form (Daniels et 
at., 1980) by the leader peptidase enzyme characterized by Zwizinski and Wiekner 
(1980). In vivo, the LS-BP can also be detected as a precursor during pulse-chase 
labeling experiments with 35Smethionine (Daniels, 1981; Landick et at., 1984). This 
result suggests that the LS-BP precursor is synthesized as a complete polypeptide chain 
prior to being processed by the leader peptidase and is at odds with the cotranslational 
secretion model as postulated by Blobel and Dobberstein (1975a,b) and extended to 
bacterial periplasmic proteins by Davis and co-workers (Ron et at., 1966; Smith et 
ai., 1977, 1978). Randall and co-workers have recently shown that maltose-BP may 
be processed either posttranslationally or cotranslationally, but never before the poly
peptide chain is 80% complete (Josefsson and Randall, 1981). Secretion of some 
proteins, such as the maltose-BP, appears to be primarily cotranslational while secretion 
of others, presumably including the LS-BP, is primarily posttranslational. Secretion 
of periplasmic BPs has been found to be dependent on the inner membrane electro
chemical potential (Daniels et at., 1981; Enequist et at., 1981; Landick et at., 1983). 
Processing of the LS-BP can be blocked by membrane potential dissipating agents 
such as carbonylcyanide-m-chlorophenylhydrazone (CCCP) or valinomycin (Daniels 
et ai., 1981). When secretion is blocked by treating spheroplasts with valinomycin, 
the LS-BP precursor builds up in the cytoplasmic membrane. The trapped precursor 
can be processed and released into the periplasm in a completely posttranslational 
fashion by resuspending valinomycin-treated spheroplasts in the absence of KCI (Dan
iels et at., 1981). These conditions create a transient membrane potential which is 
apparently sufficient to stimulate processing and secretion of the LS-BP. Based on 
these data, we envisage a secretory process that takes advantage of the transmembrane 
electrochemical field to align the signal sequence across the membrane and allow the 
signal peptidase, which is located on the outside of the cytoplasmic membrane, to 
cleave off the signal sequence at the correct location. The inserted signal peptide loop 
appears to be a structural requirement for initiation of secretion. This conformation 
may be achieved by an incomplete nascent chain on the ribosome or by a freely soluble 
protein which would account for the observation of both posttranslational and cotran
slational processing of periplasmic BPs. This secretory model is shown in Figure 2. 

In addition to the secretory process, periplasmic BPs must fold into the proper 
conformation once they are released into the periplasm. This conformation is conserved 
among periplasmic nutrient BPs which have been examined (Quiocho et ai., 1979). 
This conformation has two domains, one of which includes primarily the N-terminal 
portion of the protein and one of which includes primarily the C-terminal portion. The 
two domains are connected by a hinge region. In the case of the LS-BP, this confor
mation is resistant to trypsin, even though the protein contains 27 lysines and nine 
arginines (Oxender et ai., 1980b). This trypsin-resistant conformation is specific to 
the mature form of the protein; the LS-BP precursor is rapidly degraded by trypsin. 
We believe that the trypsin resistance of the LS-BP reflects a conformation which may 
be generally resistant to protease degradation because the peri plasmic space contains 
several proteolytic activities (Sveedhara-Swamy and Goldberg, 1982), and no deg
radation of the LS-BP occurs in the periplasm. Small deletions in the C-terminal region 
of the LS-BP render it susceptible to periplasmic protease degradation so that none of 
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Figure 2. Model for the secretion of the LS-BP. 

the mutated protein can be detected in the periplasm, even though it is processed and 
secreted normally (Landick et al., 1984). 

The three membrane proteins of the histidine transport system, two potential 
membrane proteins of the LIV-I system, and the livL protein do not have typical signal 
sequences at their N-termini (see Table 2). The signal sequence is apparently important 
for transport of the proteins into the periplasm or into the outer membrane, but a 
cleavable signal is not required for proteins to be inserted into the cytoplasmic mem
brane. This is also the case for other membrane proteins (Gay and Walker, 1981a,b; 
Young et al., 1981; Gilson et al., 1982a; Higgins et al., 1982a). The lactose permease 
gene codes for what might possibly be a signal peptide, but no processing occurs 
(Ehring et al., 1980; Buchel et al., 1980). Whether the liv and his membrane transport 
proteins are inserted cotranslationally, individually inserted posttranslationally, or as
sembled in the cytoplasm and then inserted as a complex has not been determined. 
Because these proteins are highly basic, hydrophobic, and produced in exceedingly 
small quantities, experiments to answer these questions will be difficult. We anticipate 
that overproduction of the membrane components by recombinant DNA methods will 
facilitate these studies. 

VI. ENERG/ZATION AND RECONSTITUTION OF AMINO ACID 
TRANSPORT 

Amino acid transport, as we have defined it here, is accumulation of amino acids 
against a concentration gradient and, therefore, necessarily requires a source of energy. 
A precise description of the mechanism of energy coupling to active transport is not 

.... ~ 
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yet possible; instead, we will discuss the current status of the energetics of amino acid 
transport. Comprehensive reviews on this subject have been recently published (Simoni 
and Postma, 1975; Booth and Hamilton, 1980; Hunt and Hong, 1981b). We will also 
briefly describe the current status of the reconstitution of amino acid transport systems. 

A. Membrane-Bound, Osmotic Shock-Resistant Systems: Energization 
and Reconstitution 

It is now generally accepted that membrane-bound, osmotic shock-resistant amino 
acid transport systems, such as the proline PP-I system, utilize primarily electrochem
ical proton-motive force to energize transport (Berger, 1973; Berger and Heppel, 1974; 
Booth and Hamilton, 1980). The mechanism of energy coupling for these transport 
systems has been studied in membrane vesicle preparations by addition of compounds 
which either stimulate or inhibit generation of a proton-motive force (Kaback and 
Milner, 1970; Kaback, 1972, 1974; Futai, 1974; Ramos and Kaback, 1977a,b). In 
general, D-lactate is an efficient energy donor for stimulating amino acid transport in 
vesicle preparations, perhaps because of its rapid translocation into membrane vesicles 
(Nichols and Hamilton, 1976). D-Lactate is converted to pyruvate by the membrane
bound lactate dehydrogenase which supplies electrons to the respiratory chain in the 
form of NADH. To a lesser extent, succinate, L-lactate, D,L-a-hydroxybutyrate, and 
NADH also stimulate osmotic shock-resistant amino acid transport in vesicle prepa
rations. An artificial electron donor system composed of phenazine methosulfate and 
ascorbate is capable of stimulating transport even more effectively than D-lactate 
(Konings et ai., 1971). In each case, this stimulation may be explained by generation 
of a proton-motive force which, in tum, drives membrane-bound, osmotic shock
resistant amino acid transport systems. In membrane vesicles, D-lactate or other energy 
sources can stimulate transport of alanine, aspartate, cysteine, glutamate, glycine, 
histidine, isoleucine, leucine, lysine, phenylalanine, proline, tryptophan, tyrosine, 
serine, and valine (Kaback, 1972). 

The precise mechanism that couples the proton-motive force to these transport 
systems is not yet established. The proton-motive force is generally thought to be 
composed of two components: (1) the actual proton gradient or L\pH, and (2) the 
membrane potential or L\ 'II. Either or both of these components may be coupled to 
amino acid transport. Ramos and Kaback (1977b) have suggested that the mechanism 
may be different depending on the nature of the substrate transported. Negatively 
charged amino acids such as glutamate may be taken up by electrogenic proton symport 
(cotransport of protons and glutamate molecules), whereas neutral or positi vely charged 
amino acids may be taken up by a membrane potential-driven mechanism. Amino acid 
transport also may be indirectly coupled to the proton gradient by sodium ion cotrans
port as in the case of sodium-dependent glutamate transport (Britten and McClure, 
1962; Frank and Hopkins, 1969; Kahane et ai., 1975; MacDonald et ai., 1977; Schel
lenberg and Furlong, 1977; Tsuchiya et ai., 1977). 

Reconstitution of membrane-bound, osmotic shock-resistant amino acid transport 
systems from purified protein components may allow a better definition of the mech
anism of energy coupling. The E. coli lactose carrier has been reconstituted in this 
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manner (Foster et aI., 1982). In this case, it has been suggested that either the membrane 
potential (d'l') or the proton gradient (dpH) may energize lactose transport. d'l'may 
be coupled to lactose transport through a net negative charge at the carrier protein's 
active site (Schuldiner et al., 1975; Kaback, 1976). Thus, the membrane potential 
would increase the rate of outward translocation of the free carrier and decrease its 
lifetime at the inner surface of the membrane. dpH may be coupled to lactose transport 
by cotransport of lactose and protons (lactose-proton symport). Studies on the recon
stituted lactose carrier have provided convincing support for these ideas and have even 
been extended to suggest a role for histidine residues in energy coupling to the proton 
gradient (Garcia et al., 1982; Patel et al., 1982). Because purified lactose carrier 
protein was used, these experiments demonstrate that no other proteins are required 
for coupling of lactose transport to either d'l' or dpH. Further work will be necessary 
to extend these proposals (if warranted) to membrane-bound, osmotic shock-resistant 
amino acid transport systems. 

B. Energization of BP-Dependent Systems 

The mechanism of energy coupling in BP-dependent, osmotic shock-sensitive 
amino acid transport systems is even less well understood. Both phosphate bond energy 
and the membrane potential appear to be required for this class of transport system. 

The requirement for phosphate bond energy is most clearly evident from two 
observations: (1) an E. coli mutant that is unable to synthesize ATP via oxidative 
phosphorylation can energize BP-dependent transport of glutamine by metabolism of 
glucose but not lactate, while the parent strain can utilize either substrate, and (2) 
arsenate, which rapidly depletes cellular ATP levels (Klein and Boyer, 1972), blocks 
BP-dependent transport of glutamine when either glucose or lactate is the carbon source 
(Berger, 1973). Subsequent investigations have suggested a phosphate bond energy 
requirement for the BP-dependent transport of arginine, histidine, ornithine (Berger 
and Heppel, 1974; Gutowski and Rosenberg, 1976), methionine (Kadner and Winkler, 
1975), leucine, isoleucine, and valine (Oxender, 1972; Wood, 1975). Initially, it was 
thought that ATP might directly phosphorylate the BPs of osmotic shock-sensitive 
systems, but no correlation between ATP levels and the extent of osmotic shock
sensitive transport has been found (Plate et aI., 1974; Lieberman and Hong, 1976) 
and, in disagreement with the earlier view, it is now generally thought that some other 
high-energy phosphate bond metabolite must act as the primary energy coupling factor 
(Lieberman and Hong, 1976). Based on the observation that an E. coli mutant unable 
to synthesize acetyl phosphate (pta) was unable to use pyruvate to stimulate BP
dependent glutamine transport in the presence of cyanide and fluoride, Hong and co
workers proposed that acetyl phosphate may be the intermediate metabolite (Hong et 
aI., 1979). Attempts to obtain more direct evidence for the role of acetyl phosphate 
as an intermediate have generally been unsuccessful. No change in acetyl phosphate 
levels was observed when E. coli cells were treated with arsenate (Hong and Hunt, 
1980). At this point, the available evidence indicates that it is unlikely that acetyl 
phosphate is an intermediate in the energization of osmotic shock-sensitive transport 
systems. 
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Several lines of evidence suggest that phosphate bond energy, alone, is not 
sufficient for energization of amino acid transport systems involving BPs. Proton 
ionophores or anaerobiosis which prevent the generation of a proton-motive force ca 
inhibit BP-dependent transport by as much as 60~ (Berger, 1973; Berger and Heppe~ 
1974; Cowell, 1974). In a proton ATPase-negative mutant, treatment of cells with 
colicin K resu.1ts in a significant decline of BP-dependent glutamine uptake even though 
ATP levels nse (Plate et ai., 1974). Temperature-sensitive E. coli mutants, which 
lack a membrane potential but have normal proton gradients and A TP levels, exhibit 
reduced BP-dependent glutamine uptake (Lieberman and Hong, 1976; Plate, 1976; 
Lieberman et ai., 1977). Thus, it appears that the membrane potential, in addition to 
high-energy phosphate bond energy, has a function in the activation of BP-dependent 
amino acid transport. This function might be a true contribution to the energization 
of transport or it might be simply to orient membrane protein components of the 
transport systems into their proper conformation. 

C. Reconstitution of BP-Dependent Amino Acid Transport 

Ultimately, reconstitution from purified protein components may play an important 
role in defining the mechanism and energization of BP-dependent amino acid transport 
systems. To date, hbwever, reconstitutions of BP-dependent systems, even in spher
oplasts or membrane vesicles, have been plagued with problems. The large number 
of controls necessary to rule out artifactual results has made these experiments difficult. 
In spite of the difficulties, several investigators have reported the successful reconsti
tution of BP-dependent amino acid transport. Wilson and Holden (1969b) first reported 
reconstitution of BP-dependent amino acid transport by addition of partially purified 
arginine-BP to osmotically shocked cells. Anraku also reported stimulation of leucine 
transport by addition of partially purified LlV -BP and other protein factors to osmot
ically shocked cells (Anraku et ai., 1973). Successful reconstitutions of BP-dependent 
phosphate (Gutowski and Rosenberg, 1976) and ribose (Robb and Furlong, 1980) 
transport in spheroplasts have also been reported. More recently, Hong and co-workers 
have reported successful reconstitution of BP-dependent glutamine transport by ad
dition of glutamine-BP to both spheroplasts (Masters and Hong, 1981a) and membrane 
vesicles (Hunt and Hong, 1981a). In the latter work, incorporation of NAD into the 
membrane vesicles and addition of sodium pyruvate to the assay were required for 
maximal stimulation. Even under this best situation, however, the reconstitution achieved 
was more than an order of magnitude lower than that achieved with an equal amount 
of spheroplasts (based on protein content). Correction for the differences in protein 
content between spheroplasts and membrane vesicles would result in a much greater 
difference. Even these low levels of reconstituted uptake, however, have been used 
for recent studies to define the energy requirements of BP-dependent amino acid 
transport (Hunt and Hong, 1983a,b). These recent experiments have suggested that 
two classes for compounds (succinate and those which can be metabolized to pyruvate) 
are capable of stimulating BP-dependent transport of glutamine in membrane vesicles 
(Hunt and Hong, 1983a). Evidence implicating a role for glutamine-BP tryptophan 
and histidine residues in the interaction on glutamine-BP with membrane-bound com-
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ponents has also been found with reconstitution experiments (Hunt and Hong, 1983b). 
Most recently, studies on the reconstitution of BP-dependent transport of glutamine 
in membrane vesicles have led to the conclusion that redox energy and a membrane 
potential may both be required to energize BP-dependent active transport (J.-s. Hong, 
personal communication). 

VII. POSSIBLE MODELS FOR AMINO ACID TRANSPORT 

With the availability of the complete nucleotide sequence of all of the genes of 
the histidine transport operon, with the nucleotide sequence of the LIV -I genes nearing 
completion, and with the identification of most of the proteins involved in these two 
permeases, it is now possible to formulate tentative models for the molecular mech
anism of transport by these systems (Higgins et al., 1982a). Two possible alternatives 
are presented here, both using as examples the bistidine transport system and taking 
into account all the knowledge available for that system. The general architecture of 
the complex of proteins is the same in two models (Figure 3), but in one case, the 
membrane-bound components bear no specificity for transport, while in the other case, 
one or more specifiy substrate-binding sites are present in the membrane-bound com
ponents. In the "pore" model (shown in Figure 3A), histidine binds to J (his-BP) 
causing a conformational change, thus allowing interaction of the J-histidine complex 
with P. Additional conformational changes in the hypothetical P ,Q,M complex allow 
a pore to be formed within or between the proteins of the complex (or both). Histidine 
is able to diffuse through such a pore to the cell interior. This model proposes that 
the specificity of the transport system is dictated by a single specific component, the 
his-BP, J. The specificity is transmitted to the system as a whole by a specific interaction 

A 

Figure 3. Models for the mechanism of amino acid transport systems. (A) The "pore" model, (B) the 
"binding-site" model. 



598 ROBERT LAN DICK et a/. 

between J and P. Presumably, any substrate able to bind to J (and therefore causing 
the prescribed conformational change) will be transported through an unspecific pore 
in the membrane. Alternatively, the "binding-site" model (shown in Figure 3B) in
volves an identical initial step which would be followed, upon interaction of the 
J-histidine complex with the membrane proteins, by a sequential "activation" of one 
or more "histidine-binding sites" which would transport histidine in a cascade-like 
manner through the membrane. This second model postulates a more active role for 
the membrane-bound proteins, involving a histidine-binding site on each of the mem
brane components (although, of course, not all of the membrane components need to 
have such a site). Both models postulate that the interaction of the J-histidine complex 
with the membrane-bound proteins should be such that histidine is very close to the 
pore or to the next histidine-binding site. This arrangement is assumed to be necessary 
to avoid diffusion of the released histidine into the periplasm as soon as it is released 
from the periplasmic component. In other words, it is possible that the most probable 
function of the BP is that of "trapping" the substrate in a bound form and delivering 
it directly to the next site, without allowing it to return to a freely diffusible state. It 
is also possible to envisage an intermediate situation where a pore is formed which 
has such a shape and/or disposition of amino acid residues that only histidine or a 
substrate with a closely related shape can pass through it. 

It is too early to distinguish between the two models of Figure 3. However, we 
can predict that if the binding site model is correct, transport mutants should exist 
which have a defective binding site in a membrane protein thus resulting in an altered 
spectrum of specificity for transport. Several mutants in membrane components of the 
histidine permease have been characterized, which indeed present an altered spectrum 
of specificity, thus tentatively supporting the "binding-site" model (Higgins et al., 
1982a). The existence of a substrate-binding site on a membrane component has been 
postulated also for another, non-amino acid transport system (Shuman, 1982). It should 
be noted that, although not represented in Figure 3, an energy-coupling mechanism, 
such as described in the previous section, must be involved in the process of concen
trative uptake. 

VIII. REGULATION OF AMINO ACID TRANSPORT 

Amino acid transport systems are regulated to meet the nutrient requirements of 
bacteria. Low-affinity transport systems which typically have high V maxS may function 
primarily for concentration of amino acids from the growth medium, while high
affinity systems may function primarily as scavengers to prevent the loss of amino 
acids which are synthesized intracellularly and leak out through the inner membrane 
(Ames, 1972; Landick and Oxender, 1981). Since wild type bacteria can synthesize 
all 20 amino acids, they may have a great need for transport systems to recapture 
amino acids that they have expended energy to synthesize. For example, it has been 
calculated (Brenner and Ames, 1971) that, for the synthesis of one molecule of his
tidine, the potential energy corresponding to 41 ATP molecules is sacrificed. Thus, it 
should be more desirable from the point of view of cellular economy that the cell be 
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able to transport one molecule of histidine from the medium or recapture a previously 
synthesized one rather than synthesize a new histidine molecule de novo from glucose. 
This is achieved through the evolution of high-affinity transport systems which effi
ciently concentrate any small amounts of environmentally available substrate. Mea
surement of transport in growing cells, under physiological conditions, reveals an 
interesting measurable parameter, the limit concentration, which is the minimal external 
concentration required by the permease in order to supply the cell with enough amino 
acid to carry on protein synthesis without utilizing any of the biosynthetic amino acid 
(Ames and Roth, 1968; Ames, 1972); the lower this value, the more effective is the 
uptake mechanism with respect to growth. For example, the limit concentration for 
histidine is 1.5 x 10-7 M (Ames, 1964). While the histidine and LIV-I transport 
systems certainly fulfill the role of high-affinity amino acid transport systems, all of 
their substrate amino acids can also be transported by other, higher Km and V max 

systems (see Table I). The LIV -I system, in particular, may playa central role in fine 
tuning the intracellular concentration of leucine. 

A. Regulation of the Histidine Transport System 

The histidine transport system has been shown to be regulated by nitrogen avail
ability: cells respo;d to nitrogen limitation by increased expression of the histidine 
transport genes (among others; Kustu et al., 1979; Higgins and Ames, 1982). This 
system is not affected by the level of histidine in the medium. In addition it is regulated 
independently from the histidine biosynthetic operon as its expression is unaffected 
by the presence of regulatory mutations affecting histidine biosynthesis. Thus, it seems 
that this system must depend on regulatory mechanisms which do not involve a typical 
transcription attenuation mechanism like those described for biosynthetic operons (Yan
of sky , 1981). In agreement with this it was found that the nucleotide sequence of 
neither regulatory region, dhuA or argT, displays any of the features typical of the 
regulatory regions of amino acid biosynthetic operons (Higgins and Ames, 1982). 
Among the features of interest found in these two regions are several dyad symmetries. 
Of particular significance may be a dyad symmetry found in each region, the two 
bearing considerable homology to each other. In both cases, the dyad symmetry 
overlaps the promoter site (- 10 and - 35 regions) and retains a stretch of high 
homology at the "foot" of the hypothetical stem-loop structure which each of them 
can form. It is not known what, if any, is the function of this structure. 

One might expect to find regulatory features which must be involved in the 
response of these operons to nitrogen availability. A pseudo-mirror symmetry was in 
fact found in each of these regions, and by model building and computer analysis 
(cylindrical projection kindly performed by S.-H. Kim) it was possible to determine 
that the distribution of functional groups in such pseUdo-symmetries does indeed 
correspond to a true twofold symmetry in the minor groove of the DNA double helix 
and, thus, would be able to respond to a regulatory protein that displays dyad symmetry. 
Because extensive homology was found between these mirror symmetries and one 
occurring in the regulatory region of ginA, the gene coding for glutamine synthetase 
and known to be under nitrogen regulation, it was postulated that these structures are 
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involved in nitrogen regulation (H~g.gins .and A~es, 19~2). If. this were true, it may 
be that these sequences are recogmtIOn sItes for mteractIOn wIth protein(s) produced 
by genes involved in responding to nitrogen availability (ntrA, ntrB, and ntrC; McFarland 
et ai., 1981). 

B. Regulation of the LtV-I Transport System 

LIV -I transport is directly regulated by the concentration ofL-leucine in the growth 
medium (Quay and Oxender, 1976, 1980a; Landick et ai., 1980). When cells are 
grown in the absence of leucine, LIV-I transport is derepressed. Addition of leucine 
reverses this derepression, but no other amino acid can accomplish this reversal. Thus, 
the LIV-I transport system, though it functions for uptake of L-Ieucine, L-isoleucine, 
L-valine, L-threonine, L-alanine, and D-Ieucine, is regulated by the single amino acid, 
L-Ieucine. This control, however, is mediated by mechanisms which involve several 
other cellular components. Table 3 shows the various mutations which are known to 
affect LIV -I gene expression. 

Repression by exogenous leucine is a different mode of regulation than that found 
for other amino acid transport systems, such as the proline PP-II system (see Table 
1). Here, amino acid transport activity is induced when the given amino acid is present 
in the growth medium. Most carbohydrate transport systems are also regulated in this 
fashion (Dills et ai., 1980). 

Transcription attenuation of biosynthetic operon expression has been documented 
for the trp, his, ilv, ieu, and phe biosynthetic operons and the mechanism for this 
attenuation is reasonably well understood (Yanofsky, 1981). Over the past 7 years, a 
variety of results have been obtained which suggest that, like the biosynthetic operons, 
expression of the LIV -I transport gene cluster is controlled by transcription attenuation. 
Most notable is the derepression of LIV -I transport in strains with mutations in rho 
or ieuS (Quay et al., 1975a, 1977; Quay and Oxender, 1976, 1977; 1980b; Landick 
et ai., 1980). Recently, this speculation has been strengthened by examination of the 
DNA sequence preceding the livi gene and studies on the in vitro transcription of this 
gene. We have found that transcription of iivi originates 104 bases prior to the be
ginning of the structural gene, and that the leader region of this transcript potentially 
codes for a small peptide with tandem leucine codons. On the basis of these and other 
results we have proposed a model for transcription attenuation of iivi (Landick, 1984). 
In this model, transcription tennination by the product of the rho gene is coupled to 
translation of the small leader peptide which is, in tum, controlled by the availability 
of charged leucyl-tRNA. This model is quite different from the transcription attenuators 
found in the biosynthetic operons where transcription tennination is coupled to trans
lation without the involvement of the rho gene product. Further work will be required 
to verify the model for iivi transcription attenuation, but it now appears that this LIV
I transport gene is controlled by a unique transcription attenuator. Similar transcription 
attenuation of the livK gene has not been documented. 

A strong case for the involvement of regulatory proteins can be made for LIV-I 
transport gene expression. Mutations with repressor-like phenotypes have been found 
which derepress LIV-I and map at a location far removed from the LIV-I transport 
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genes (Anderson et al., 1976; Landick et al., 1980). These loci, livR and IstR, map 
at min 22 on the E. coli chromosome and are described in Table 3. Palindromic 
sequences are located surrounding the origins of transcription for all four transport 
promoters. Palindromic sequences have been found at the binding sites for other known 
repressor proteins (Gilbert et al., 1974; Maniatis et al., 1975; Gunsalus and Yanofsky, 
1980). In the case of the liv] gene transcript, the palindromic symmetry is located 
directly overlapping the known origin of transcription as determined by sequencing of 
an in vitro synthesized liv] transcript. 

C. Control of Membrane Protein Synthesis 

Present evidence suggests that both the specific amino acid BPs, his-BP and LS
BP, and their respective membrane components are encoded on a single polycistronic 
mRNA. The membrane components, however, are synthesized in quantities ten-fold 
lower than the BPs (Ames and Nikaido, 1978). Secondary structure in the mRNA may 
be responsible for controlling the level of messenger for the membrane component 
genes to accomplish this lowered synthesis. Some of this reduction may also be due 
to a weaker ribosome-binding site for the membrane components, but a strong case 
can be made for regulation of mRNA levels as a mechanism for lowering the expression 
of these genes. This is best illustrated in the his transport regulon where a large stem
loop structure is present in the mRN A between the his] and hisQ genes (Higgins et 
al., 1982b). Extremely similar structures are also present in the mRNA sequences 
between the hisG and hisD biosynthetic genes and between the IamB and molA genes 
in the malK-lamB operon and others. These structures, which exhibit very high ho
mology may be involved in regulating the differential expression of the individual 
genes in these operons (Higgins et al., 1982b). The stem-loop structure between his] 
and hisQ is shown in Figure 4. This structure may function as a recognition site for 
mRNA processing. Recent data indicate that it is not involved in transcription ter
mination (Stem et al., 1984). A small stem-loop structure is found between livK and 
livH in the LIV-I regulon (shown in Figure 4). This structure contains a GC-rich stem 
and is followed by three Ts, however, it bears no homology to the structure found in 
the histidine operon. Such a structure may be a typical transcription termination signal. 
It is unlikely, however, that this termination signal separates the leucine transport 
genes into two operons both because no promoter sequence is present preceding livH 
and because mutations in livK are polar on expression of the downstream livH gene. 
It is possible that regulation in the his transport operon utilizes mRNA processing, 
while the regulation between livK and livH involves transcriptional attenuation. 

IX. EVOLUTIONARY RELATIONSHIPS AMONG PERIPLASMIC 
SYSTEMS 

A comparison of the characteristics of the known periplasmic systems (including 
non-amino acid ones) suggests that the underlying mechanism of transport is possibly 
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the same for all of them (Ames and Higgins, 1983). The physical composition of all 
of the permeases which have been extensively studied, i.e., histidine, LIV -I, maltose, 
and galactose, is similar, involving one or more periplasmic components and two or 
more membrane components. Where sufficient genetic information is available, it is 
clear that the genes coding for the components are always closely linked on the 
chromosome, possibly forming an operon in all cases (two divergent operons are 
known for the maltose transport system). In at least two cases (histidine and galactose), 
interaction may occur between the periplasmic BP and a membrane-bound component. 
In addition, it is interesting that the tandem duplication and divergent evolution of the 
gene coding for the periplasmic component have occurred in more than one system. 
This has been shown clearly for the his] and argT genes in the histidine system. A 
remarkably analogous situation exists for LIV -I where genes liv] and livK also probably 
originate by duplication of an ancestral gene. The incomplete characterization of most 
other systems does not allow a generalization to be formulated as far as duplications 
of genes for periplasmic components is concerned. However, it is possible that the 
genes for the galactose- and arabinose-BPs also originated as the result of a duplication. 
These proteins are antigenically related, they share a small but definite homology, and 
their genes are located quite close to each other on the chromosome. 
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Considering the complexity of the organization of the periplasmic systems, it is 
possible that they have all originated by duplication and divergence from a single 
ancestral system, perhaps already containing a duplication of the periplasmic com
ponent, rather than having arisen independently and then acquired some similarity by 
convergent evolution. Each system arising by duplication would have evolved different 
specificity while the same basic architecture would have been retained. If the above 
were true, it might be possible to uncover sequence homologies between proteins of 
unrelated systems. In agreement with this hypothesis is the fact that the sequence of 
one of the membrane-bound components of the histidine transport system, the P protein, 
has a clearly significant homology with the sequence of a membrane-bound component 
of the maltose-transport system, the MalK protein (Gilson et ai., 1982b). However, 
comparison of all the available sequences of periplasmic BPs has shown only marginally 
significant homologies between proteins from several completely unrelated systems 
(Ferro-Luzzi Ames, Farrah, and Doolittle, unpublished results). A more sophisticated 
statistical analysis will be necessary before the significance of such homologies can 
be determined. In favor of a structural and functional relationship between these 
proteins are also the elegant studies of Quiocho and his collaborators on the X-ray 
structures of several periplasmic transport proteins, which showed in all cases strongly 
similar two-domain stiUctures, even though the substrates transported by the proteins 
analyzed are quite different from each other (leucine-isoleucine-valine, arabinose, and 
sulfate; Quiocho et ai., 1977, 1979; Miller et ai., 1980). 

A problem arising if we are to conclude that all periplasmic systems arose from 
an ancestral system which already contained a duplication of the periplasmic com
ponents is that homology between the two periplasmic components of one system is 
greater than the homology between those same components and their hypothetical 
duplicated versions as they appear in a system of completely different specificity. For 
example, the LAO-BP resembles the his-BP more than either the LAO-BP or the his
BP resembles the LS-BP or LIV-BP. A reasonable explanation is that the LAO-BP 
and his-BP are constrained in their evolution by their need to interact with the same 
membrane component (P), while the LS-BP and LIV-BP presumably need to interact 
with their own specialized membrane component. In support of this hypothesis is the 
finding that within the his-BP and LAO-BP are segments which are much more highly 
conserved (>90% homology) than the overall sequence (70% homology) and which 
are believed to be involved in forming that domain of the molecule which is responsible 
for the interaction with the membrane protein P (Figure 3). A similar pattern of sequence 
homology and divergence is seen for the LIV-BP and LS-BP. These two proteins 
contain two long stretches (>30 amino acids) of absolute sequence conservation in 
the N-terminal half of the protein while the C-terminal half of the protein is only about 
60% conserved vs. 80% overall conservation. Interestingly, the location of conserved 
and diverged sequences for the LS-BP and LIV -BP differs significantly from those 
observed for the his-BP and LAO-BP. Therefore, each would have evolved asa 
"package" independently from the other periplasmic systems. Regardless of the exact 
sequence of duplication, it is quite likely that present-day amino acid transport systems 
have evolved from an ancestral amino acid transport system with much broader spec
ificity but which utilized a similar transport mechanism and a similar arrangement of 
protein components. 



plasmic systems, it is 
rgence from a single 
the periplasmic Com
ed some similarity by 
lave evolved different 
retained. If the above 
s between proteins of 
t that the sequence of 
system, the P protein, 
me-bound component 
t., I 982b). However 
hown only marginall; 
!ly unrelated systems 
A more sophisticated 
such homologies can 
mship between these 
)orators on the X-ray 
d in all cases strongly 
lorted by the proteins 
raline, arabinose, and 

c systems arose from 
the periplasmic com
ents of one system is 
nd their hypothetical 
ferent specificity. For 
! LAO-BP or the his
. is that the LAO-BP 
Heract with the same 
lably need to interact 
this hypothesis is the 
lfe much more highly 
omology) and which 
: which is responsible 
ar pattern of sequence 

These two proteins 
ence conservation in 
protein is only about 
ocation of conserved 
lificantly from those 
I have evolved as a 
gardless of the exact 
cid transport systems 
much broader spec

nilar arrangement of 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 605 

REFERENCES 

Aksamit, R. R., Howlett, B. I., and Koshland, D. E., 1975, Soluble and membrane-bound aspartate
binding activities in Salmonella typhimurium, 1. Bacteriol. 123:1000--1005. 

Amanuma, H., and Anraku, Y., 1974, Transport of sugars and amino acids in bacteria. XII. Substrate 
specificities of the branched chain amino acid-binding protein of Escherichia coli, 1. Bioi. Chern. 
(Tokyo) 76:1165-1173. 

Amanuma, H., Itoh, 1., and Anraku, Y., 1976, Transport of amino acids and sugars. XVII. On the existence 
and nature of substrate amino acids bound to purified branched chain amino acid-binding proteins of 
Escherichia coli, 1. Bioi. Chern. (Tokyo) 79:1167-1182. 

Amanuma, H., Motojima, K., Yamaguchi, A., and Anraku, Y., 1977, Solubilization of a functionally 
active proline carrier from membrane of Escherichia coli with an organic solvent, Biochem. Biophys. 
Res. Commun. 74:366-373. 

Ames, G. F.-L., 1964, Uptake of amino acids in Salmonella typhimurium, Arch. Biochem. Biophys. 
104:1-18. 

Ames, G. F.-L., 1972, Components of histidine transport, in: Membrane Research, First ICN-UCLA Symp. 
Mol. BioI. (c. F. Fox, ed.), Academic Press, New York, pp. 409-426. 

Ames, G. F.-L., 1974, Two methods for the assay of amino acid transport in bacteria, Meth. Enzymol. 
32:843-856. 

Ames, G. F.-L., and Higgins, C. F., 1983, The organization, mechanism of action, and evolution of 
periplasmic transport systems, Trends Biochem. Sci. 8:97-100. 

Ames, G. F.-L., and Lever, 1. E., 1970, Components of histidine transport: Histidine-binding proteins and 
hisP protein, Proc. Natl. Acad. Sci. USA 66:1096-1103. 

Ames, G. F.-L., and Lever, I.'E., 1972, The histidine binding protein 1 is a component of histidine 
transport, 1. Bioi. Chern. 247:4309-4316. 

Ames, G. F.-L., and Nikaido, K., 1978, Identification of a membrane protein as a histidine transport 
component in Salmonella typhimurium, Proc. Natl. Acad. Sci. USA 75:5447-5451. 

Ames, G. F.-L., and Roth, 1. R., 1968, Histidine and aromatic permeases of Salmonella typhimurium, 1. 
Bacteriol.96:1742-1749. 

Ames, G. F.-L., and Spudich, E. N., 1976, Protein-protein interaction in transport: Periplasmic histidine
binding protein 1 interacts with P protein, Proc. Natl. Acad. Sci. USA 73:1887-1891. 

Ames, G. F.-L., Noel, K. D., Taber, H., Spudich, E. N., Nikaido, K., Afong, 1., and Ardeshir, F., 1977, 
Fine-structure map of the histidine transport genes in Salmonella typhimurium, 1. Bacteriol. 129: 1289-1297 . 

Anderson, 1. 1., and Oxender, D. L., 1977, Escherichia coli mutants lacking binding proteins and other 
components of the branched-chain amino acid transport systems, 1. Bacteriol. 130:384-392. 

Anderson, 1.1., and Oxender, D. L., 1978, Genetic separation of high- and low-affinity transport systems 
for branched chain amino acids in Escherichia coli, 1. Bacteriol. 136:168-174. 

Anderson, I. I., Quay, S. C., and Oxender, D. L., 1976, Mapping of two loci affecting the regulation of 
branched chain amino acid transport in Escherichia coli, 1. Bacteriol. 126:80-90. 

Anderson, R. R., Menzel, R., and Roth, 1., 1980, Biochemistry and regulation of a second L-proline 
transport system in Salmonella typhimurium, 1. Bacteriol. 141: 1071-1076. 

Anraku, Y., 1968a, Transport of sugars and amino acids. I. Purification and specificity of the galactose
and leucine-binding proteins, 1. Bioi. Chern. 243:3116-3122. 

Anraku, Y., 1968b, Transport of sugars and amino acids in bacteria. II. Properties of galactose- and leucine
binding proteins, 1. Bioi. Chern. 243:3128-3135. 

Anraku, Y., 1980, Transport and utilization of amino acids in bacteria, in: Microorganisms and Nitrogen 
Sources (1. W. Payne, ed.), Iohn Wiley and Sons, New York, pp. 9-34. 

Anraku, Y., and Heppel, L. A., 1967, On the nature of the changes induced in Escherichia coli by osmotic 
shock, Fed. Proc. Fed. Am. Soc. Exp. Bio. 26:393. 

Anraku, Y., Kobayashi, H., Amanuma, H., and Yamaguchi, A., 1973, Transport of sugars and amino 
acids in bacteria. VII. Characterization of the reaction of restoration of active transport mediated by 
binding protein, 1. Biochem. (Tokyo) 74:1249-1261. 

Antonov, V. K., Arsen'eva, E. L., Gavrilova; N. A., Ginodman, L. M., and Krylova, Y. I., 1974, 
Novyisposob vydeleniia (nekotorye svoistva leitsinsviazyraivschchego belka iz kishechnoi palochki, 
Biokhimiya 38:1088-1091. 



606 ROBERT LANDICK et al. 

Antonov, V. K., Alexandrov, S. L., and Vorotyntseva, T. I., 1976, Reversible association as a possible 
regulatory mechanism for controlling the activity of the nonspecific leucine-binding protein from 
Escherichia coli, Adv. Enzyme Reg. 14:269. 

Ardeshir, F., and Ames, G. F.-L., 1981, Cloning of the histidine transport genes from Salmonella typhi
murium and characterization of an analogous system in Escherichia coli, 1. Supramol. Struct. 13: 117-130. 

Ardeshir, F., Higgins, C. F., and Ames, G. F.-L., 1981, Physical map of the Salmonella typhimurium 
histidine transport operon: Correlation with the genetic map, 1. Bacterial. 147:401-409. 

Ayling, P. D., 1981, Methionine sulfoxide is transported by high-affinity methionine and glutamine transport 
systems in Salmonella typhimurium, 1. Bacterial. 148:514-520. 

Ayling, P. D., Mojica, A. T., and Klopotowski, T., 1979, Methionine transport in Salmonella typhimurium: 
Evidence for at least one low-affinity transport system, 1. Gen. Microbial. 114:227-246. 

Baptist, E. W., and Kredich, N. M., 1977, Regulation ofL-cystine transport in Salmonella typhimurium, 
1. Bacterial. 131:111-118. 

Barash, H., and Halpern, Y. S., 1975, Purification and properties of glutamate binding protein from the 
periplasmic space of Escherichia coli K-12, Biochim. Biophys. Acta 386:168-180. 

Bavoil, P., Hofnung, M., and Nikaido, H., 1980, Identification of a cytoplasmic membrane-associated 
component of the maltose transport system of Escherichia coli, 1. Bioi. Chern. 255:8366-8369. 

Berger, E. A., 1973, Different mechanisms of energy coupling for the active transport of proline and 
glutamine in Escherichia coli, Proc. Natl. Acad. Sci. USA 70:1514-1518. 

Berger, E. A., and Heppel, L. A., 1972, A binding protein involved in the active transport of cystine and 
diaminopimelic acid in Escherichia coli, 1. Bioi. Chern. 247:7684-7694. 

Berger, E. A., and Heppel, L. A., 1974, Different mechanisms of energy coupling for the shock-sensitive 
and shock-resistant ~ino acid permeases of Escherichia coli, 1. Bioi. Chern. 249:7747-7755. 

Blobel, G., and Dobberstein, B., 1975a, Transfer of proteins across membranes. I. Presence of proteolyt
ically processed and unprocessed nascent immunoglobulin light chains on membrane-bound ribosomes 
of murine myeloma, 1. Cell. BioI. 67:835-851. 

Blobel, G., and Dobberstein, B., I 975b, Transfer of proteins across membranes. II. Reconstitution of 
functional rough micro somes from heterologous components, 1. Cell. Bioi. 67:852-862. 

Boezi, J. A., and Demoss, R. D., 1961, Properties of a tryptophan transport system in Escherichia coli, 
Biochim. Biophys. Acta 49:471-484. 

Boos, W., 1974, Bacterial transport, Annu. Rev. Biochem. 43:123-146. 
Booth, I. R., and Hamilton, W. A., 1980, Energetics of bacterial amino acid transport, in: Microorganisms 

and Nitrogen Sources (J. W. Payne, ed.), J. Wiley and Sons, New York, pp. 171-207. 
Brenner, M., and Ames, B. N., 1971, The histidine operon and its regulation, in: Metabolic Regulation 

(H. J. Vogel, ed.), Academic Press, New York, pp. 349-387. 
Britten, R. J., and McClure, F. T., 1962, The amino acid pool of Escherichia coli, Bacterial. Rev. 

26:292-299. 
Brown, K. D., 1971, Maintenance and exchange of the aromatic amino acid pool in Escherichia coli, 1. 

Bacterial. 106:70-81. 
Buchel, D. E., Gronenborn, B., and Muller-Hill, B., 1980, Sequence of the lactose permease gene, Nature 

283:541-545. 
Burrous, S. E., and Demoss, R. D., 1963, Studies on the tryptophan permease in Escherichia coli, Biochim. 

Biophys. Acta 73:623-637. 
Celis, R. T. F., 1977, Properties of an Escherichia coli K12 mutant defective in the transport of arginine 

and ornithine, 1. Bacterial. 130:1234-1243. 
Celis, R. T. F., 1981, Chain terminating mutants affecting a periplasmic binding protein involved in the 

active transport of arginine and ornithine in Escherichia coli, 1. Bioi. Chern. 256:773-779. 
Celis, R. T. F., 1982, Mapping of two loci affecting the synthesis and structure of a periplasmic protein 

involved in arginine and ornithine transport in Escherichia coli K-12, 1. Bacterial. 151:1314-
1319. 

Celis, R. T. F., Rosenfeld, H. J., and Maas, W. K., 1973, A mutant of Escherichia coli KI2 defiCient in 
the transport of basic amino acids, 1. Bacterial. 116:619-626. 

Christensen, H. N., 1975, Recognition sites for material transport and information transfer, Curro Top. 
Membr. Trans. 6:227-258. 



ble association as a possible 
!ucine-binding protein from 

enes from Salmonella typhi
upramol. Struct. 13:117-130. 
the Salmonella typhimurium 
I. 147:401--409. 
mine and glutamine transport 

t in Salmonella typhimurium: 
'I. 114:227-246. 
in Salmonella typhimurium, 

~te binding protein from the 
:168-180. 
asmic membrane-associated 
':hem. 255:8366-8369. 
ve transport of proline and 
5. 
tive transport of cystine and 

piing for the shock -sensitive 
hem. 249:7747-7755. 
es. I. Presence of proteolyt
membrane-bound ribosomes 

ranes. II. Reconstitution of 
,I. 67:852-862. 
system in Escherichia coli, 

msport, in: Microorganisms 
, pp. 171-207. 
n, in: Metabolic Regulation 

'ichia coli, Bacteriol. Rev. 

pool in Escherichia coli, 1. 

:tose permease gene, Nature 

I Escherichia coli, Biochim. 

in the transport of arginine 

ling protein involved in the 
~m. 256:773-779. 
Ire of a periplasmic protein 
, 1. Bacteriol. 151:1314-

richia coli K 12 defiCient in 

lation transfer, Curro Top. 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 607 

Christensen, H. N., 1982, The analog inhibition strategy for discriminating similar transport systems: Is it 
succeeding?, in: Membranes and Transport, Vol. 2 (A. Martonosi, ed.l, Plenum Press, New York, 
pp. 145-151. 

Cohen, G. N., and Monod, J., 1957, Bacterial permeases, Bacteriol. Rev. 21:169-194. 
Condamine, H., 1971, Sur la regulation de la production de proline chez E. coli K-12, Ann. Inst. Pasteur 

(Paris) 120:126-143. 
Cosloy, S. D., 1973, D-Serine transport system in Escherichia coli K-12, 1. Bacteriol. 114:679-684. 
Cowell, J. L., 1974, Energization of glycylglycine transport in Escherichia coli, 1. Bacteriol. 120: 139-146. 
Csonka, L. A., 1982, A third L-proline permease in Salmonella typhimurium which functions in media of 

elevated ionic strength, 1. Bacteriol. 151:1433-1443. 
Daniels, C. J., 1981, Synthesis and processing of the periplasmic leucine transport proteins of Escherichia 

coli, Ph.D. thesis, The University of Michigan, Ann Arbor, Michigan. 
Daniels, C. J., Anderson, J. J., Landick, R. c., and Oxender, D. L., 1980, The in vitro synthesis and 

processing of the branched chain amino acid binding proteins, 1. Supramol. Struct. 14:305-311. 
Daniels, C. J., Bole, D. G., Quay, S. c., and Oxender, D. L., 1981, Role for membrane potential in the 

secretion of protein into the periplasm in Escherichia coli, Proc. Natl. Acad. Sci. USA 78:5396-5400. 
DeBusk, R. M., and DeBusk, D. E., 1980, Physiological and regulatory properties of the general amino 

acid transport system of Neurospora crassa, 1. Bacteriol. 143:188-197. 
Dills, S. S., Apperson, A., Schmidt, M. R., and Saier, M. H., 1980, Carbohydrate transport in bacteria, 

Microbiol. Rev. 44:385--418. 
Edwards, R. M., and Yudkin, M. D., 1982, Location of the gene for the low-affinity tryptophan-specific 

permease of E. coli, Biochem. 1. 204:617-619. 
Ehring, R., Beyreuther, K., \Y,right, J. K., and Overath, P., 1980, In vitro and in vivo products of the 

Escherichia coli lactose permease gene are identical, Nature 283:537-540. 
Enequist, H. G., Hirst, T. R., Harayama, S., Hardy, S. J. S., and Randall, L. L., 1981, Energy is required 

for maturation of exported proteins in Escherichia coli, Eur. 1. Biochem. 116:227-233. 
Foster, D. L., Garcia, M. L., Newman, M. J., Patel, L., and Kaback, H. R., 1982, Lactose-proton symport 

by purified lac carrier protein, Biochemistry 21:5634-5638. 
Frank, L., and Hopkins, I., 1969, Sodium-stimulated transport of glutamate in Escherichia coli, 1. Bacteriol. 

100:329-336. 
Furlong, C. E., and Schellenberg, G. D., 1980, Characterization of membrane proteins involved in transport, 

in: Microoganisms and Nitrogen Sources (J. W. Payne, ed.l, John Wiley and Sons, New York, pp. 
89-123. 

Furlong, C. E., and Weiner, J. H., 1970, Purification of a leucine-specific binding protein from Escherichia 
coli, Biochem. Biophys. Res. Commun. 38:1076-1083. 

Furlong, C. E., Cirakoglu, C., Willis, R. c., and Santy, P. A., 1973, A simple preparative polyacrylamide 
disc gel electrophoresis apparatus: Purification of three branched chain amino acid binding proteins 
from Escherichia coli, Anal. Biochem. 51:297-311. 

Futai, M., 1974, Orientation of membrane vesicles from Escherichia coli prepared by different procedures, 
1. Membr. Bioi. 15:15-28. 

Gale, E. F., 1947, The assimilation of amino acids by bacteria. I. The passage of certain amino acids 
across the cell wall and their concentration in the internal environment of Streptococcus faecalis, 1. 
Gen. Microbiol. 1:53-76. 

Gale, E. F., 1954, The accumulation of amino acids within staphylococcal cells, in: Active Transport and 
Secretions, Symposia of the Society for Experimental Biology, Vol. VIII, Academic Press, New Yark, 
pp. 242-253. 

Garcia, M. L., Patel, L., Padan, E., and Kaback, H. R., 1982, Mechanism oflactose transport in Escherichia 
coli membrane vesicles: Evidence for the involvement of histidine residues in the response of the lac 
carrier to the proton electrochemical gradient, Biochemistry 21:5800-5805. 

Gay, N. J., and Walker, J. E., 1981a, The atp operon: Nucleotide sequence of the region encoding the (X

subunit of Escherichia coli ATP-synthase, Nucleic Acid Res. 9:2187-2194. 
Gay, N. J., and Walker, J. E., 1981b, The atp operon: Nucleotide sequence of the promoter and the genes 

for the membrane proteins, and the delta subunit of Escherichia coli ATP-synthase, Nucleic Acid Res. 
9:3919-3926. 



608 ROBERT LAN DICK et al. 

Gilbert, W., Maizels, N., and Maxam, A., 1974, Sequences of controlling regions of the lactose operon 
Cold Spring Harbor Symp. Quant. BioI. 38:845-855. ' 

Gilson, E., Higgins, C. F., Hofnung, M., Ames, G. F.-L., and Nikaido, H., 1982a, Extensive homology 
between membrane-associated components of histidine and maltose transport systems of Salmonella 
typhimurium and Escherichia coli, J. BioI. Chem. 257:9915-9918. 

Gilson, E., Nikaido, H., and Hofnung, M., 1982b, Sequence of the maLK gene in Escherichia coli K-12 
Nucleic Acids Res. 10:7449-7458. ' 

Grenson, M., and Hon, C., 1972, Ammonia inhibition ofthe general amino acid permease and its suppression 
in NADPH-specific glutamate dehydrogenaseless mutants of Saccharomyces cerevisiae, Biochem. 
Biophys. Res. Commun. 48:749-756. 

Guardiola, 1., DeFelice, M., Klopotowski, T., and Iaccarino, M., I974a, Mutation affecting the different 
transport systems for isoleucine, leucine, and valine in Escherichia coli K-12, J. Bacteriol. 117:382-392. 

Guardiola, 1., DeFelice, M., Klopotowski, T., and Iaccarino, M., 1974b, Multiplicity of isoleucine, leucine, 
and valine transport systems in Escherichia coli K-12, J. Bacteriol. 117:393-405. 

Gunsalus, R. P., and Yanofsky, c., 1980, Nucleotide sequence and expression of Eshcerichia coli trpR: 
The structural gene for the trp aporepressor, Proc. Natl. A cad. Sci. USA 77:7117-7121. 

Gutowski, S. 1., and Rosenberg, H., 1976, Energy coupling to active transport in anaerobically grown 
mutants of Escherichia coli K-12, Biochem. J. 154:731-734. 

Halpern, Y. S., 1974, Genetics of amino acid transport in bacteria, Annu. Rev. Genet. 8:103-133. 
Harrison, L. 1., Christensen, H. N., Handlogten, M. E., Oxender, D. L., and Quay, S. C., 1975, Transport 

of L-4-azaleucine in Escherichia coli, J. Bacteriol. 122:957-965. 
Higgins, C. F., and Ames, G.-f.-L., 1981, Two periplasmic binding proteins which interact with a common 

membrane receptor show extensive homology: Complete nucleotide sequences, Proc. Natl. Acad. Sci. 
USA 78:6038-6042. 

Higgins, C. F., and Ames, G. F.-L., 1982, Regulatory regions of two transport operons under nitrogen 
control: Nucleotide sequences, Proc. Natl. Acad. Sci. USA 79:1083-1087. 

Higgins, C. F., Haag, P. D., Nikaido, K., Ardeshir, F., Garcia, G., and Ames, G. F.-L., 1982a, Complete 
nucleotide sequence and identification of membrane components of the histidine transport operon of 
Salmonella typhimurium, Nature 298:723-727. 

Higgins, C. F., Ames, G. F.-L., Barnes, W. M., Clement, 1. M., and Hofnung, M., 1982b, A novel 
intercistronic regulatory element of prokaryotic operons, Nature 298:760-762. 

Ho, C., Giza, Y., Takahashi, S., Ugen, K. E., Cotlam, P. F., and Dowd, S. R., 1980, A proton nuclear 
magnetic resonance investigation of histidine binding protein 1 of Salmonella typhimurium: A model 
for transport of L-histidine across the cytoplasmic membrane, J. Supramol. Struct. 13:131-143. 

Hogg, R. W., 1981, The amino acid sequence of the histidine binding protein of Salmonella typhimurium, 
J. BioI. Chem. 256:1935-1939. 

Hogg, R. W., and Hermondson, M. A., 1977, Amino acid sequence of the L-arabinose-binding protein 
from Escherichia c;li Blr, J. Bioi. Chem. 252:5135-5141. 

Hong, 1.-s., and Hunt, A. G., 1980, The role of acetyl phosphate in active transport, J. Supramol. Struct. 
Supp!. 4, Abst. No. 189, p. 77. 

Hong, 1.-s., Hunt, A. G., Masters, P. S., and Lieberman, M. A., 1979, Requirement for acetyl phosphate 
for the binding protein-dependent transport systems in Escherichia coli, Proc. Natl. Acad. Sci. USA 
76:1213-1217. 

Hoshino, T., and Kageyama, M., 1980, Purification and properties of a binding protein for branched-chain 
amino acids in Pseudomonas aeruginosa, J. Bacteriol. 141:1055-1063. 

Hoshino, T., and Kageyama, M., 1982, Mutational separation of transport systems for branched-chain 
amino acids in Pseudomonas aeruginosa, J. Bacteriol. 151:620-628. 

Hoshino, T., and Nishio, K., 1982, Isolation and characterization of a Pseudomonas aeruginosa PAO 
mutant defective in the strucutral gene for the LIV AT -binding protein, J. Bacteriol. 151:729-736. 

Hunt, A. G., and Hong, 1 .-s., 1981a, The reconstitution of binding protein-dependent active transport of 
glutamine in isolated membrane vesicles from Escherichia coli, J. Bioi. Chem. 256:11988-11991. 

Hunt, A. G., and Hong, 1.-s., 1981b, The energetics of osmotic shock-sensitive active transport in Esch
erichia coli, in: Membranes and Transport, Vol. 2 (A. Martonosi, ed.), Plenum Press, New York, 
pp.9-13. 

Hun 

Hur 

Isit 

los 

Ka 

Ka 
Ka 
Ka 

K, 

K 
K 

K 



!ling regions of the lactose ope ron, 

0, H., 1982a, Extensive homology 
Ie transport systems of Salmonella 

zlK gene in Escherichia coli K-12, 

o acid permease and its suppression 
'charomyces cerevisiae, Biochem. 

·a, Mutation affecting the different 
li K-12, 1. Bacteriol. 117:382-392. 
Multiplicity of isoleucine, leucine, 

~. 117:393-405. 
pression of Eshcerichia coli trpR: 
. USA 77:7117-7121. 
: transport in anaerobically grown 

lU. Rev. Genet. 8:103-133. 
and Quay, S. c., 1975, Transport 

eins which interact with a common 
sequences, Proc. Natl. Acad. Sci. 

, transport operons under nitrogen 
3-1087. 
Ames, G. F.-L., 1982a, Complete 
f the histidine transport operon of 

:d Hofnung, M., 1982b, A novel 
8:760--762. 
Id, S. R., 1980, A proton nuclear 
:almonella typhimurium: A model 
pramol. Struct. 13:131-143. 
'otein of Salmonella typhimurium, 

)f the L-arabinose-binding protein 

ve transport, 1. Supramol. Struct. 

Requirement for acetyl phosphate 
coli, Proc. Natl. Acad. Sci. USA 

'inding protein for branched-chain 
)63. 
;port systems for branched-chain 
~. 

l Pseudomonas aeruginosa PAO 
in, 1. Bacteriol. 151:729-736. 
ein-dependent active transport of 
liol. Chem. 256:11988-11991. 
ensitive active transport in Esch
ed.), Plenum Press, New York, 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 609 

Hunt, A. G., and Hong, J. -s., 1983a, Properties and characterization of binding protein dependent transport 
of glutamine in isolated membrane vesicles of Escherichia coli, Biochemistry 22:844-850. 

Hunt, A. G., and Hong, J.-s., 1983b, Involvement of histidine and tryptophan residues of glutamine binding 
protein with membrane-bound components of the glutamine transport system of Escherichia coli, 
Biochemistry 22:851-854. 

laccarino, M., Guardiola, J., and DeFelice, M., 1978, On the permeability of biological membranes, 1. 
Membr. Sci. 3:287-302. 

laccarino, M., Guardiola, J., and DeFelice, M., 1980, Genetics of amino acid transport, in: Microorganisms 
and Nitrogen Sources (J. W. Payne, ed.), J. Wiley and Sons, New York, pp. 125-151. 

Isihara, H., and Hogg, R. W., 1980, Amino acid sequence of the sulfate-binding protein from Salmonella 
typhimurium LT2, 1. Bioi. Chem. 255:4614-4618. 

Josefsson, L.-G., and Randall, L. L., 1981, Processing in vivo of precursor maltose-binding protein in 
Escherichia coli occurs post-translationally as well as cotranslationally, 1. Bioi. Chem. 256:2504-2507. 

Kaback, H. R., 1972, Transport mechanisms in isolated bacterial cytoplasmic membrane vesicles, in: 
Membrane Research, 1st lCN-UCLA Symp. Mol. BioI. (c. F. Fox, ed.), Academic Press, New York, 
pp. 473-501. 

Kaback, H. R., 1974, Transport studies in bacterial membrane vesicles, Science 186:882-892. 
Kaback, H. R., 1976, Molecular biology and energetics of membrane transport, 1. Cell. Physiol. 89:575-594. 
Kaback, H. R., and Deuel, F., 1969, Proline uptake by disrupted membrane preparations from Escherichia 

coli, Arch. Biochem. Biophys. 132:118-129. 
Kaback, H. R., and Kostellow, A. B., 1968, Glycine uptake in Escherichia coli, 1. Bioi. Chem. 243:1384-1389. 
Kaback, H. R., and Milner, L. S., 1970, Relationship of a membrane bound D-(-)-Iactic dehydrogenase to 

amino acid transport,in' isolated bacterial membrane preparations, Proc. Natl. Acad. Sci. USA 
66:1008-1012. 

Kaback, H. R., and Stadtman, E. R., 1966, Proline uptake by an isolated cytoplasmic membrane preparation 
of Escherichia coli, Proc. Natl. Acad. Sci. USA 55:920-927. 

Kadner, R. J., 1974, Transport systems for L-methionine in Escherichia coli, 1. Bacteriol. 117:232-241. 
Kadner, R. J., 1977, Transport and utilization ofD-methionine and other methionine sources in Escherichia 

coli, 1. Bacteriol. 129:207-216. 
Kadner, R. J., and Watson, W. J., 1974, Methionine transport in Escherichia coli: Physiological and 

genetic evidence for two uptake systems, 1. Bacteriol. 119:401-409. 
Kadner, R. J., and Winkler, H. H., 1975, Energy coupling for methionine transport in Escherichia coli, 

1. Bacteriol. 123:985-991. 
Kabane, S., Marcus, M., Barash, H., and Halpern, Y. S., 1975, Sodium-dependent glutamate transport 

in membrane vesicles of Escherichia coli K-12, FEBS Leu. 560:235-239. 
Kay, W. W., 1971, Two aspartate transport systems in Escherichia coli, 1. Bioi. Chem. 246:7373-7382. 
Kay, W. W., and Gronlund, A. F., 1969, Amino acid transport on Pseudomonas aeruginosa, 1. Bacteriol. 

97:273-281. 
Kiritani, K., 1974, Mutants of Salmonella typhimurium defective in transport of branched chain amino 

acids, 1. Bacteriol. 120:1093-1101. 
Klein, W. L., and Boyer, P. D., 1972, Energization of active transport by Escherichia coli, 1. Bioi. Chem. 

247:7257-7265. 
Klein, W. L., Dahms, A. S., and Boyer, P. D., 1970, The nature of the coupling of oxidative energy to 

amino acid transport, Abstract No. 540, Fed. Proc. Fed. Am. Soc. Exp. Bioi. 29:341. 
Konings, W. N., Barnes, E. M., and Kaback, H. R., 1971, Mechanism of active transport in isolated 

membrane vesicles. 111. The coupling of reduced phenazine methosulfate to the concentrative uptake 
of J3-galactosides and amino acids, 1. Bioi. Chem. 246:5857-5861. 

Kreischman, G. P., Robertson, D. E., and Ho, c., 1973, PMR studies of the substrate induced confor
mational change of the glutamine binding protein from E. coli, Biochem. Biophys. Res. Commun. 
53:18-23. 

Kusaka, 1., Hayakawa, K., Kanai, K., and Fukui, S., 1976, Isolation and characterization of hydrophobic 
proteins (H proteins) in the membrane fraction of Bacillus subtilus. Involvement in membrane bio
synthesis and the formation of biochemically active membrane vesicles by combining H proteins with 
lipids, Eur. 1. Biochem. 71:451-458. 



610 ROBERT LANDICK et al. 

Kustu, S. G., and Ames, G. F.-L., 1973, The hisP protein, a known histidine transport component in 
Salmonella typhimurium, is also an arginine transport component, J. Bacteriol. 166:lO7-113. 

Kustu, S. G., and Ames, G. F.-L., 1974, The histidine-binding protein J, a histidine transport component 
has two different functional sites, J. BioI. Chem. 249:6976-6983. ' 

Kustu, S. G., McFarland, N. c., Hui, S. P., Esmon, B., and Ames, G. F.-L, 1979, Nitrogen control in 
Salmonella typhimurium: Co-regulation of synthesis of glutamine synthetase and amino acid transport 
systems, J. Bacteriol. 138:218-234. 

Kuzaya, H., Bromwell, K., and Guroff, G., 1971, The phenylalanine-binding protein of Comanonas sp. 
(ATCC 11299a), J. Bioi. Chem. 246:6371-6380. 

Landick, R., 1984, Regulation of LIV-I transport system gene expression, in: Microbiology 1984 (D. 
Schlessinger, ed.), American Society for Microbiology, Washington, D.C., in press. 

Landick, R. c., and Oxender, D. L., 1981, Bacterial periplasmic binding proteins, in: Membranes and 
Transport, Vol. 2 (A. Martonosi, ed.), Plenum Press, New York, pp. 81-91. 

Landick, R., Anderson, J. J., Mayo, M. M., Gunsalus, R. P., Mavromara, P., Daniels, C. J., and Oxender, 
D. L., 1980, Regulation of high affinity leucine transport in Escherichia coli, J. Supramol. Struct. 
14:527-537. 

Landick, R. c., Daniels, C. J., and Oxender, D. L., 1983, Assays for the role of membrane potential in 
the secretion of proteins in bacteria, in: Methods in Enzymology (B. Fleischer and S. Fleischer, eds.), 
97:146-153. 

Landick, R., Duncan, J. R., Copeland, B., Nazos, P., and Oxender, D. L., 1984, Secretion and degradation 
of mutant leucine-specific binding protein molecules containing C-terminal deletions, J. Cellular Biochem., 
in press. 

Lee, M., Robbins, J. C.~ and Oxender, D. L., 1975, Transport properties of merodiploids covering the 
dagA locus in Escherichia coli K-12, J. Bacteriol. 122:lO01-lO05. 

Leive, L., and Davis, B. D., 1965a, The transport of diaminopimelate and cystine in Escherichia coli, J. 
Bioi. Chem. 240:4263-4369. 

Leive, L., and Davis, B. D., 1965b, Evidence for a gradient of exogenous and endogenous diaminopimelate 
in Escherichia coli, J. Bioi. Chem. 240:4370-4376. 

Lever, 1. E., 1972, Purification and properties of a component of histidine transport in Salmonella typhi
murium: The histidine-binding protein J, J. Bioi. Chem. 247:4317-4326. 

Lieberman, M. A., and Hong, J.-s., 1976, Energization of osmotic shock-sensitive transport systems in 
Escherichia coli requires more than ATP, Arch. Biochem. Biophys. 172:312-315. 

Lieberman, M. A., Simon, M., and Hong, J.-s., 1977, Characterization of Escherichia coli mutant incapable 
of maintaining a transmembrane potential, J. BioI. Chem. 252:4056-4067. 

Lombardi, F. 1., and Kaback, H. R., 1975, Mechanisms of active transport in isolated bacterial membrane 
vesicles. VIII. The transport of amino acids by membranes prepared from Escherichia coli, J. Bioi. 
Chem.247:7844-7857. 

MacDonald, R. E., Lanyi, J. K., and Greene, R. V., 1977, Sodium-stimulated glutamate uptake in membrane 
vesicles iJf Escherichia coli: The role of ion gradients, Proc. Natl. Acad. Sci. USA 74:3156--3170. 

Mahoney, W. c., Hogg, R. W., and Hermondson, M. A., 1981, The amino acid sequence of the D

galactose-binding protein from Escherichia coli Blr, J. BioI. Chem. 256:4350-4356. 
Maniatis, T., Ptashne, M., Backman, K., Kleit, D., Flashman, S., Jeffery, A., and Mauer, R., 1975, 

Recognition sequences of repressor and polymerase in the operators of phage lambda, Cell 5: 109-113. 
Manuck, B. A., and Ho, c., 1979, High resolution nuclear magnetic resonance studies of histidine-binding 

proteins J of Salmonella typhimurium. An investigation of substrate and membrane interaction sites, 
Biochemistry 18:566-573. 

Masters, P. S., and Hong, J.-s., 1981a, Reconstitution of binding protein dependent active transport of 
glutamine in spheroplasts of Escherichia coli, Biochemistry 20:4900-4904. 

Masters, P. S., and Hong, J.-s., 1981b, Genetics of the glutamine transport system of Escherichia coli, J. 
Bacteriol. 147:805-819. 

McFarland, N., McCarter, L., Artz, S., and Kustu, S., 1981, Nitrogen regulatory locus "glnR" of enteric 
bacteria is composed of cistrons ntrB and ntrC: Identification of their protein products, Proc. Natl. 
Acad. Sci. USA 78:2135-2139. 



histidine transport component . 
r. Bacteriol. 166: 107-113. In 

r, a histidine transport compone nt, 

i. F.-L, 1979, Nitrogen Control in 
rnthetase and amino acid transport 

)inding protein of Comanonas sp. 

;sion, in: Microbiology 1984 (D. 
n, D.C., in press. 

ling proteins, in: Membranes and 
pp. 81-91. 

t, P., Daniels, C. J., and Oxender 
qrichia coli, J. Supramol. Struct: 

the role of membrane potential in 
Fleischer and S. Fleischer, eds.), 

. , 1984, Secretion and degradation 
nal deletions, J. Cellular Biochem., 

ties of merodiploids covering the 

nd cystine in Escherichia coli, J. 

and endogenous diaminopimelate 

ine transport in Salmonella typhi-
4326. 
lck-sensitive transport systems in 
172:312-315. 

Escherichia coli mutant incapable 
;-4067. 
)rt in isolated bacterial membrane 
d from Escherichia coli, J. Bioi. 

ted glutamate uptake in membrane 
4.cad. Sci. USA 74:3156-3170. 
: amino acid sequence of the D-
256:4350-4356. 
iery, A., and Mauer, R., 1975, 
f phage lambda, Cell 5:109-113. 
lance studies of histidine-binding 
and membrane interaction sites, 

in dependent active transport of 
-4904. 
lrt system of Escherichia coli, J. 

gulatory locus "glnR" of enteric 
:ir protein products, Proc. Natl. 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 677 

Menzel, R., 1980, The biochemistry and genetics of proline degradation in S. typhimurium, Ph.D. thesis, 
University of California, Berkeley, California. 

Menzel, R., and Roth, J., 1980, Identification and mapping of a second proline permease in Salmonella 
typhimurium, J. Bacteriol. 141:1064-1070. 

Miller, D. M., Olson, J. S., and Quiocho, F. A., 1980, The mechanism of sugar binding to the periplasmic 
receptor for galactose chemotaxis and transport in Escherichia coli, J. Bioi. Chern. 255:2465-2471. 

Miner, K. M., and Frank, L., 1974, Sodium-stimulated glutamate transport in osmotically shocked cells 
and membrane vesicles of Escherichia coli, J. Bacteriol. 117:1093-1098. 

Mitchell, P., 1970, Membranes of cells and organelles: Morphology, transport, and metabolism, Symp. 
Soc. Gen. Microbiol. 29:121-166. 

Morikawa, A., Suzuki, H., and Anraku, Y., 1974, Transport of sugars and amino acids in bacteria. VIII. 
Properties and regulation of the active transport reaction of proline in Escherichia coli, J. Bioi. Chern. 
(Tokyo) 75:229-241. 

Motojima, K., Yamamoto, I., and Anraku, Y., 1978, Proline transport carrier defective mutants of Esch
erichia coli K12: Properties and mapping, J. Bacteriol. 136:5-9. 

Nakane, P. K., Nichoalds, G. E., and Oxender, D. L., 1968, Cellular localization of leucine-binding 
protein from Escherichia coli, Science 161:182-183. 

Neu, H. C., and Heppel, L. A., 1965, The release of enzymes from Escherichia coli by osmotic shock 
and during the formation of spheroplasts, J. Bioi. Chern. 240:3685-3692 . 

Nichols, W. W., and Hamilton, W. A., 1976, The transport of D-Iactate by membrane vesicles from 
Poracoccus denitrificans, FEBS Lett. 65:107-110. 

Noel, D., Nikaido, K., and Ames, G. F.-L., 1979, A single amino acid substitution in a histidine-transport 
protein drastically alters its mobility in sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
Biochemistry 18:4159-4165. 

Ogilvie-Villa, S., DeBusk, R. M., and DeBusk, A. G., 1981, Characterization of 2-aminoisobutyric acid 
transport in Neurospora crassa: A general amino acid permease-specific substrate, J. Bacteriol. 
147:944-948. 

Oshimaa, R. B., Willis, R. C., Furlong, C. E., and Schnieder, J. A., 1974, Binding assays for amino 
acids. The utilization of a cystine-binding protein from Escherichia coli for the determination of acid
soluble cystine in small physiological samples, J. Bioi. Chern. 249:6033-6039. 

Ovchinnikov, Y. A., Aidanova, N. A., Grinkevich, V. A., Arzamazova, N. M., and Movoz, I. N., 1977, 
The primary structure of a Leu, Iie, and Val (LIV)-binding protein from Escherichia coli, FEBS Lett .. 
78:313-316. 

Oxender, D. L., 1972, Membrane transport, Annu. Rev. Biochem. 41:777-814. 
Oxender, D. L., 1974, Membrane transport proteins, in: Biomembranes, Vol. 5 (L. A. Manson, ed.), 

Plenum Press, New York, pp. 25-79. 
Oxender, D. L., 1975, Genetic approaches to the study of transport, in: Biological Transport, Chapter VI 

I (H. N. Christensen, ed.), Benjamin Press, New York, pp. 214-231. 
Oxender, D. L., and Christensen, H. N., 1963, Evidence for two types of mediation of neutral amino acid 

transport in Ehrlich cells, J. Bioi. Chern. 238:3686-3699. 
Oxender, D. L., and Quay, S. C., 1976a, Regulation of leucine transport and binding proteins in Escherichia 

coli, 1. Cell. Physiol. 89:517-521. 
Oxender, D. L., and Quay, S. C., 1976b, Isolation and characterization of membrane binding proteins, in: 

Methods in Membrane Biology, Vol. 6, Chapter IV (E. D. Korn, ed.), Plenum Press, New York, pp. 
183-242. 

Oxender, D. L., and Quay, S. C., 1976c, Binding proteins and membrane transport, Ann. N. Y. Acad. 
Sci. 264:358-374. 

Oxender, D. L., Anderson, J. J., Mayo, M. M., and Quay, S. C., 1977, Leucine binding protein and 
regulation of transport in Escherichia coli, J. Supramol. Struct. 6:419-431. 

Oxender, D. L., Anderson, J. J., Daniels, C. J., Landick, R., Gunsalus, R. P., Zurawski, G., Selker, E., 
and Yanofsky, C., 1980a, Structural and functional analysis of cloned DNA containing genes respon
sible for branched-chain amino acid transport in Escherichia coli, Proc. Natl. Acad. Sci. 
USA 77:1412-1416. 



Il··· 

612 ROBERT LANDfCK et a/. 

Oxender, D. L., Anderson, J.J., Daniels, C. J., Landick, R., Gunsalus, R. P., Zurawski, G., and Yanofsky, 
C., 1980b, Ammo-tennmal sequence and processmg of the precursor of the luecine-specific binding 
protein, and evidence for conformational differences between the precursor and mature fonn, Proc. 
Natl. Acad. Sci. USA 77:2005-2009. 

Pall, M. L., 1969, Amino acid transport in Neurospora crassa. I. Properties of two amino acid transport 
systems, Biochem. Biophys. Acta 173:113-129. 

Patel, L., Garcia, M. L., and Kaback, H. R., 1982, Direct measurement of lactose/proton symport in 
Escherichia coli membrane vesicles: Further evidence for the involvement of histidine residue(s), 
Biochemistry 21:5805-5810. 

Penrose, W. R., Zand, R., and Oxender, D. L., 1970, Reversible confonnational changes in a leucine 
binding protein from Escherichia coli, 1. Bio!. Chem. 245:1432-1437. 

Piperno, J. R., and Oxender, D. L., 1966, Amino acid-binding protein released from Escherichia coli by 
osmotic shock, 1. Bio!. Chem. 241:5732-5743. 

Piperno, J. R., and Oxender, D. L., 1968, Amino acid transport systems in Escherichia coli KI2, 1. Bioi. 
Chem. 243:5914-5920. 

Plate, C. A., 1976, Mutant of Escherichia coli defective in response to colicin K and active transport, 1. 
Bacteriol. 125:467-474. 

Plate, C. A., 1979, Requirement for membrane potential in active transport of glutamine by Escherichia 
coli, 1. Bacteriol. 137:221-225. 

Plate, C. A., Suit, J. L., Jetten, A. M., and Luria, S. E., 1974, Effect of colicin K on a mutant of 
Escherichia coli deficient in Ca+ 2

, Mg+ 2-activated adenosine triphosphatase, 1. Bio!. Chem. 
249:6138-6143. 

Postma, P. W., and Ro;eman, S., 1976, The bacterial phosphoenolpyruvate:sugar phosphotransferase 
system, Biochem. Biophys. Acta 457:213-257. 

Quay, S. C., and Oxender, D. L., 1976, Regulation of branched-chain amino acid binding proteins in 
Escherichia coli, 1. Bacterio!' 127: 1225-1238. 

Quay, S. C., and Oxender, D. L., 1977, Regulation of amino acid transport in Escherichia coli by 
transcription tennination factor rho, 1. Bacterio!. 139:1024-1029. 

Quay, S. C., and Oxender, D. L., 1979, The reLA locus specifies a positive effector for branched-chain 
amino acid transport regulation, 1. Bacteriol. 137:1059-1062. 

Quay, S. C., and Oxender, D. L., 1980a, Regulation of membrane transport, in: Biological Regulation 
and Development, Vol. 2 (R. Goldberger, ed.), Plenum Press, New York, pp. 413-436. 

Quay, S. C., and Oxender, D. L., 1980b, Role of tRNA'eu in branched-chain amino acid transport, in: 
tRNA: Biological Aspects (D. Soli, J. Abelson, and P. R. Schimmel, eds.), Cold Spring Harbor Press, 
Cold Spring Harbor, New York, pp. 481-491. 

Quay, S. C., Kline, E. L., and Oxender, D. L., 1975a, Role of leucyl-tRNA synthetase in regulation of 
branched-chain amino acid transport, Proc. Natl. Acad. Sci. USA 72:3921-3924. 

Quay, S. C., Oxender, D. L., Tsuyumu, S., and Umbarger, H. E., 1975b, Separate regulation of transport 
and biosynthesis of leucine, isoleucine, and valine in bacteria, 1. Bacterio!' 122:994-1000. 

Quay, S. C., Dick, T. E., and Oxender, D. L., 1977, Role of transport systems in amino acid metabolism: 
Leucine toxicity and the branched-chain amino acid transport systems, 1. Bacterio!' 129:1257-
1265. 

Quay, S. C., Lawther, R. P., Hatfield, G. W., and Oxender, D. L., 1978, Branched-chain amino acid 
transport regulation in mutants blocked in tRNA maturation and transcription termination, 1. Bacteriol. 
134:683-686. 

Quiocho, F. A., Gilliland, G. L., and Phillips, G. N., 1977, The 2.8-A resolution structure of the L

arabinose-binding protein from Escherichia coli, 1. Bio!. Chem. 252:5142-5149. 
Quiocho, F. A., Meador, W. E., and Ptlugrath, J. W., 1979, Preliminary crystallographic data on receptors 

for transport and chemotaxis of Escherichia coli: D-galactose and maltose binding proteins, 1. Mo!. 
Bio!. 133:181-184. 

Rahmanian, M., and Oxender, D. L., 1972, Derepressed leucine transport activity in Escherichia coli, 1. 
Sup ramo!. Struct. 1:55-59. . 

Rahmanian, M., Claus, D. R., and Oxender, D. L., 1973, Multiplicity of leucine transport systems in 
Escherichia coli K12, 1. Bacterio!. 116:1258-1266. 



P., Zurawski: G., and Yanofsky, 
Ir of the luecme-specific binding 
ecursor and mature fonn, Proc. 

ties of two amino acid transport 

~nt of lactose/proton symport in 
Ivement of histidine residue(s), 

ormational changes in a leucine 
7. 
:Ieased from Escherichia coli by 

n Escherichia coli K12, 1. Bioi. 

olicin K and active transport, 1. 

ort of glutamine by Escherichia 

~t of colicin K on a mutant of 
iphosphatase, 1. Bioi. Chem. 

ruvate:sugar phosphotransferase 

amino acid binding proteins in 

'ansport in Escherichia coli by 

tive effector for branched-chain 

;port, in: Biological Regulation 
t"ork, pp. 413-436. 
chain amino acid transport, in: 
:ds.), Cold Spring Harbor Press, 

lNA synthetase in regulation of 
3921-3924. 
Separate regulation of transport 
teriol. 122:994-1000. 
tems in amino acid metabolism: 
:ems, 1. Bacterial. 129:1257-

78, Branched-chain amino acid 
iption termination, 1. Bacterial. 

~ resolution structure of the L-

5142-5149. 
rystallographic data on receptors 
dtose binding proteins, 1. Mol. 

. activity in Escherichia coli, 1. 

of leucine transport systems in 

T.,:.··· 
., 

q 
I 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 613 

Ramos, S., and Kaback, H. R., 1977a, The electrochemical proton gradient in Escherichia coli membrane 
vesicles, Biochemistry 16:848-853. 

Ramos, S., and Kaback, H. R., 1977b, The relationship between the electrochemical proton gradient and 
active transport in Escherichia coli membrane vesicles, Biochemistry 16:855-859. 

Rao, E. Y. T., Rao, T. K., and DeBusk, A. G., 1975, Isolation and characterization of a mutant of 
Neurospora crassa deficient in general amino acid permease activity, Biochem. Biophys. Acta 413:45-51. 

Ratzkin, B., Grabnar, M., and Roth, J., 1978, Regulation of a major proline permease gene of Salmonella 
typhimurium, 1. Bacterial. 133:737-739. 

Rhoads, D. B., and Epstein, W., 1977, Energy coupling to net K+ transport in Escherichia coli K12, 1. 
Bioi. Chem. 252: 1394-1401. 

Robb, F. T., and Furlong, C. E., 1980, Reconstitution of binding protein dependent ribose transport in 
spheroplasts derived from a binding protein negative Escherichia coli KI2 mutant and from Salmonella 
typhimurium, 1. Supramol. Struct. 13:183-190. 

Robbins, J. c., and Oxender, D. L., 1973, Transport systems for alanine, serine, and glycine, 1. Bacterial. 
116:12-18. 

Robertson, D. E., Kroon, P. A., and Ho, c., 1977, Nuclear magnetic resonance and fluorescence studies 
of substrate induced conformational changes of histidine-binding protein J of Salmonella typhimurium, 
Biochemistry 16:1443-1451. 

Ron, E. Z., Kohler, R. E., and Davis, B. D., 1966, Polysomes extracted from Escherichia coli by freeze
thaw-lysozyme lysis, Science 153:1119-1120. 

Rosen, B. P., 1971, Basic amino acid transport in Escherichia coli, 1. BioI. Chem. 246:3653-3662. 
Rosen, B. P., 1973a, Basic amino acid transport in Escherichia coli: Properties of canavanine-resistant 

mutants, 1. Bacterial. 116:627--635. 
Rosen, B. P., 1973b, Basic amino acid transport in Escherichia coli. II. Purification and properties of an 

arginine specific binding protein, 1. Bioi. Chem. 248:1211-1218. 
Rosen, B. P., and Vasington, F. D., 1971, Purification and characterization of a histidine-binding protein 

from Salmonella typhimurium LT-2 and its relationship to the histidine permease system, 1. BioI. 
Chem.246:5351-5356. 

Rowland, I., and Tristam, H., 1974, Specificity of the Escherichia coli proline transport system, 1. Bacterial. 
123:871-877. 

Saper, M. A. and Quiocho, F. A., 1983, Leucine, isoleucine, valine-binding protein from Escherichia coli: 
Structure at 3.0 A resolution and location of the binding site, 1. Bioi. Chem. 258:11057-11062. 

Schellenberg, G. D., 1978, The multiplicity of glutamate and aspartate transport systems in Escherichia 
coli, Ph.D. dissertation, University of California, Riverside, California. 

Schellenberg, G. D., and Furlong, C. E., 1977, Resolution of the multiplicity of the glutamate and aspartate 
transport systems of Escherichia coli, 1. Bioi. Chem. 352:9055-9064. 

Schuldiner, S., Kung, H., Weil, R., and Kaback, H. R., 1975, Differentiation between binding and transport 
of dansylgalactosides in Escherichia coli, 1. BioI. Chem. 250:3679-3682. 

Seaston, A., Inkson, c., and Eddy, A. A., 1973, The absorption of protons with specific amino acids and 
carbohydrates by yeast, Biochem. 1. 154:1031-1043. 

Seaston, A., Carr, G., and Eddy, A. A., 1976, The concentration of glycine by preparations of the yeast 
Saccharomyces carlsbergensis depleted of adenosine triphosphate: Effects of proton gradients and 
uncoupling agents, Biochem. 1. 169:210-218. 

Shaltiel, S., Ames, G. F.-L., and Noel, K. D., 1973, Hydrophobic chromatography in the purification of 
the histidine-binding protein J from Salmonella typhimurium, Arch. Biochem. Biophys. 159:174-
179. 

Shuman, H. A., 1982, Active transport of maltose in Escherichia coli K12: Role of the periplasmic maltose
binding protein and evidence for a substrate recognition site in the cytoplasmic membrane, 1. BioI. 
Chem. 257:5455-5461. 

Shuman, H. A., and Silhavy, T. J., 1981, Identification of the malK gene product: A peripheral membrane 
component of the Escherichia coli maltose transport system, 1. BioI. Chem. 256:560-562 . 

Shuman, H. A., Silhavy, T. J., and Beckwith, J. R., 1980, Labeling of proteins with l3-galactosidase by 
gene fusion: Identification of a cytoplasmic membrane component of the Escherichia coli maltose 
transport system, 1. Bioi. Chem. 255:168-174. 



614 ROBERT LAN DICK et al. 

Simoni, R. D., and Postma, P. W., 1975, The energetics of amino acid transport, Annu. Rev. Biochern 
44:523-544. . 

Siayman, C. W., 1973, The genetic control of membrane transport, Curro Top. Mernbr. Trans. 4:1-175. 
Smith, W. P., Tai, P.-C., Thompson, R., and Davis, B. D. 1977, Extracellular labeling of nascent 

polypeptides traversing the membrane of Escherichia coli, Proc. Natl. Acad. Sci. USA 74:2830-2834. 
Smith, W. P., Tai, P.-C., and Davis, B. D., 1978, Nascent peptide as sole attachment of polysomes to 

membranes in bacteria, Proc Natl. Acad. Sci. USA 75:814-817. 
Stern, M. F., Ames, G. F.-L., Smith, N. H., Robinson, C. E., and Higgins, C. F., 1984, Repetitive 

extragenic palindromic (REP) sequences: a major component of the bacterial genome, Cell (in press). 
Stevenson, J., 1966, The specific requirement for sodium chloride for the active uptake of L-glutamate by 

Halobacterium salinariurn, Biochem. 1. 99:257-260. 
Sveedhara-Swamy, K. H., and Goldberg, A. L., 1982, Subcellular distribution of various proteases in 

Escherichia coli, 1. Bacteriol. 149: 1027-1033. 
Templeton, B. A., and Savageau, M. A., 1974a, Transport of biosynthetic intermediates: Regulation of 

homoserine and threonine uptake in Escherichia coli, 1. Bacteriol. 120:114-120. 
Templeton, B. A., and Savageau, M. A., 1974b, Transport of biosynthetic intermediates: Homoserine and 

threonine uptake in Escherichia coli, 1. Bacteriol. 117:1002-1009. 
Tinoco, I., Borer, P. N., Dengler, B., Levine, M. D., Uhlenbeck, O. C., Crothers, D. M., and Gralla, 

J., 1973, Improved estimation of secondary structure in ribonucleic acids, Nature 246:40-41. 
Tsuchiya, T., Hasan, S. M., and Raven, J., 1977, Glutamate transport driven by an electrochemical gradient 

of sodium ions in Escherichia coli, 1. Bacteriol. 131:848-853. 
Wargel, R. J. c., Shadur, C. A., and Neuhaus, F. C., 1970, Mechanism of D-cycloserine action: Transport 

systems for D-alanine, iii-cycloserine, alanine, and glycine, 1. Bioi. Chern. 103:778-788. 
Wargel, R. J. c., Shadur, C. A., and Neuhaus, F. C., 1971, Mechanism of D-cycloserine action: Transport 

mutants for D-alanine, D-cycloserine, alanine, and glycine, 1. Bacteriol. 105:1028-1035. 
Weiner, J. H., and Heppel, L. A., 1971, A binding protein for glutamine and its relation to active transport 

in Escherichia coli, 1. Bioi. Chem. 246:6933-6941. 
Weiner, J. H., Furlong, C. E., and Heppe!, L. A., 1971, A binding protein for L-glutamine and its relation 

to active transport in Escherichia coli, Arch. Biochem. Biophys. 142:715-717. 
Whipp, M. J., Halsall, D. M., and Pittard, A. J., 1980, Isolation and characterization of an Escherichia 

coli KI2 mutant defective in tyrosine- and phenylalanine-specific transport systems, 1. Bacteriol. 
143:1-7. 

Willis, R. c., and Furlong, C. E., 1975, Purification and properties of a periplasmic glutamate-aspartate 
binding protein from Escherichia coli K-12 strain W3092, 1. Bioi. Chern. 250:2574-2580. 

Willis, R. c., and Woolfolk, C. A., 1975, L-Asparagine uptake in Escherichia coli, 1. Bacteriol. 123:937-945. 
Willis, R. c., Morris, R. G., Cirakoglu, c., Schellenberg, G. D., Gerber, N. H., and Furlong, C. E., 

1974, Preparations of the periplasmic binding proteins from Salmonella typhirnuriurn and Escherichia 
coli, Arch. Biochern. Biophys. 161:64-75. 

Willis, R. c., Iwata, K. K., and Furlong, C. E., 1975, Regulation of glutamine transport in Escherichia 
coli, 1. Bacteriol. 122: 1032-1037. 

Wilson, D. B., 1978, Cellular transport mechanisms, Annu. Rev. Biochern. 47:933-965. 
Wilson, O. H., and Holden, J. T., 1969a, Arginine transport and metabolism in osmotically shocked cells 

of Escherichia coli W, 1. Bioi. Chem. 244:2737-2742. 
Wilson, O. H., and Holden, J. T., 1969b, Stimulation of arginine transport in osmotically shocked Esch

erichia coli W cells by purified arginine-binding protein fractions, 1. Bioi. Chern. 244:2743-2749. 
Wong, P. T. S., Thompson, J., and McCleod, R. A., 1980, Nutrition and metabolism of marine bacteria. 

XVII. Ion-dependent retention of Ol-aminoisobutyric acid and its relation to Na + -dependent transport 
in a marine pseudomonad, 1. Bioi. Chem. 244: 1016-1025. 

Wood, J. M., 1975, Leucine transport in Escherichia coli: The resolution of multiple transport systems 
and their coupling to metabolic energy, 1. Bioi. Chern. 250:4477-4485. 

Wood, J. M., 1981, Genetics of L-proline utilization in Escherichia coli, 1. Bacteriol. 146:895-901. 
Wood, J. M., Zwadorny, D., Lohmeier, E.; and Weiner, J. H., 1979, Characterization of an inducible 

porter for L-proline catabolism by Escherichia coli, Can. 1. Biochem. 57:1328-1330. 

1 
i 

Ya 

Y~ 

Z, 



I transport, Annu. Rev. Biochem. 

·r. Top. Membr. Trans. 4:1-175. 
Extracellular labeling of nascent 
I. Acad. Sci. USA 74:2830-2834. 
sole attachment of polysomes to 

'liggins, C. F., 1984, Repetitive 
bacterial genome, Cell (in press). 
e active uptake of L-glutamate by 

;tribution of various proteases in 

letic intermediates: Regulation of 
120: 114-120. 
ic intermediates: Homoserine and 

::., Crothers, D. M., and Gralla, 
acids, Nature 246:40-41. 
'en by an electrochemical gradient 

of D-cycloserine action: Transport 
Chem. 103:778-788. 
of D-cycloserine action: Transport 
rial. 105:1028-1035. 
and its relation to active transport 

in for L-glutamine and its relation 
!:715-717. 
haracterization of an Escherichia 
transport systems, 1. Bacteriol. 

I peri plasmic glutamate-aspartate 
';hem. 250:2574-2580. 
fa coli, I. Bacterial. 123:937-945. 
ber, N. H., and Furlong, C. E., 
,lla typhimurium and Escherichia 

utamine transport in Escherichia 

m. 47:933-965. 
lism in osmotically shocked cells 

ort in osmotically shocked Esch
. Bioi. Chem. 244:2743-2749. 
j metabolism of marine bacteria. 
Ition to Na + -dependent transport 

)n of mUltiple transport systems 
185. 
I. Bacterial. 146:895-901. 
Characterization of an inducible 
I. 57:1328-1330. 

BACTERIAL AMINO ACID TRANSPORT SYSTEMS 61S 

Yamato, I., and Amaku, Y., 1977, Transport of sugars and amino acids in bacteria. XVIII. Properties of 
an isoleucine transport carrier in the cytoplasmic membrane vesicles of Escherichia coli, I. Bioi. Chem 
(Tokyo) 81:1517-1523. 

Yamato, I., and Amaku, Y., 1980, Genetic and biochemical studies of transport systems for branched
chain amino acids in Escherichia coli: Isolation and properties of mutants defective in leucine-repressible 
activities, I. Bacterial. 144:36-44. 

Yanofsky, C., 1981, Attenuation in the control of expression of bacterial operons, Nature 289:751-758. 
Young, I. G., Rogers, B. L., Campbell, H. D., Jawornowski, A., and Shaw, D. c., 1981, Nucleotide 

sequence coding for the respiratory NADH dehydrogenase of Escherichia coli: UUG initiation codon, 
Eur. I. Biochem. 116:165-170. 

Zwizinski, C., and Wickner, W., 1980, Purification and characterization of a leader (signal) peptidase from 
Escherichia coli, I. Bioi. Chem. 255:7973-7977. 


