
AMINO ACID TRANSPORT IN THE PHOTOSYNTHETIC 

BACTERIUM CHROMATIUM VINOSUM 

by 

YOUNG-AE KIM, B.E. 

A DISSERTATION 

IN 

CHEMISTRY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

May, 1989 

U A H U U H B i U B i M l 



; Cop- ^ 

ACKNOWLEDGMENTS 

I would like to thank all the committee members, and 

specially my research advisor. Dr. David B. Knaff, for his 

guidance and support through these years. I am deeply in 

debt to Dr. Charlotte Kampf for her help in my scientific 

career. I also would like to thank all friends at Texas 

Tech University for their friendship and encouragement 

througout the years. 

Finally, I would like to express my warmest appreciation 

to my mother, two sisters and brothers-in-law, and two 

brothers and sisters-in-law, for their love and concern 

throughout my graduate study. 

1 1 

• — ^ . . ^ . ^ ^ . . ^ ^ — . 1 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ii 

LIST OF TABLES iv 

LIST OF FIGURES v 

LIST OF ABBREVIATIONS vii 

CHAPTERS 

I. INTRODUCTION AND STATEMENT OF PURPOSE 1 

II. LITERATURE REVIEW 13 

The Driving Force for Active Transport 13 

Active Transport of Cationic Substrates 18 

Growth Inhibition by Amino Acids 25 

Growth Inhibition and the Peptidoglycan Layer .. 2 6 

III. MATERIALS AND METHODS 33 

Materials 33 

Methods 35 

IV. RESULTS AND DISCUSSION 44 

Lysine and Arginine Transport 44 

Growth Inhibition by Glycine 74 

The Effect of K+ on Glycine Efflux and 

Preparation of Membrane Vesicles 93 

V. SUMMARY AND CONCLUSIONS 107 

LIST OF REFERENCES Ill 

111 

mua 



LIST OF TABLES 

1. The effect of inhibitors on arginine and lysine uptake 
by £. vinosum cells in the light 58 

2. Effect of various amino acids which were added at 
inoculation time on the photoautotrophic growth of 
£. vinnsum D 83 

3. Effect of various amino acids which were added in 
the early/mid-log phase on photoautotrophic growth of 
C. vinosum D 84 

IV 

• • ^ * * * * — " " 



LIST OF FIGURES 

1. Diagrammatic representation of symport, uniport, and 
antiport reactions 6 

2 . Representations of the envelope of Gram-negative 
bacteria 10 

3 . The chemiosmotic theory 15 

4. Model for co-transport carrier for a positively-
charged substrate in bacterial cells 21 

5. Linkage of N-acetylmuramic acid and N-acetylglucos-
amine in the glycan strands and attachment of amino 
acids to muramic acid '28 

6. Arginine uptake by C vinosum cells 45 

7 . Lysine uptake by Q.. vinosum cells 47 

8. pH profile of arginine uptake in Q.. vinosum 4 9 

9. pH profile of lysine uptake in Q.. vinosum 51 

10. Inhibition of lysine uptake in £. vinosum by 
arginine 55 

11. Plots of the velocity of arginine uptake,v^, as a 
function of the arginine concentration, [arginine] . . 56 

12. Effect of a pH gradient (outside acidic, 1 pH unit) 
on lysine uptake in £.. vinosum 61 

13. Lysine uptake by ^. vinosum cells driven by a 
K+/valinomycin diffusion potential in the dark 64 

14. Lineweaver-Burk plot for lysine uptake in £. vinosum 
cells with or without added 20 mM NaCl 67 

15. Lineweaver-Burk plot for arginine uptake in £. 
vinosum cells with 20 mM NaCl 69 

16. Effect of Na"*" gradient to lysine in Q.. vinosum cells 71 



17. Effect of glycine on photoautotrophically growing 
£.. vinosum 75 

18. Effect of glycine on phototrophically growing £.. 
vinosum 77 

19. The growth inhibition by glycine in Q,. vinosum 80 

20. Effect of various amino acids on photoautotrophi
cally growing Q.. vinosum 85 

21. Effect of glycine and L-alanine on photoautotrophi
cally growing £. vinosum 88 

22. Effect of glycine and D-alanine on photoautotrophi
cally growing Q.. vinosum 90 

23. Effect of K+ and Na"*" on glycine efflux 95 

24 . Effect of K+ and Ca+ on glycine efflux 97 

25. Glycine metabolism after uptake by Q.. vinosum 
cells 100 

VI 



LIST OF ABBREVIATIONS 

AIB : a-aminoisobutyric acid 

BChl : bacteriochlorophyll 

CCCP : carbonylcyanide-m-chlorophenylhydrazone 

£. vinosum : Chromatium vinosum 

DCCD : N, N'-dicyclohexylcarbodiimide 

HOQNO : 2-n.-heptyl-4-hydroxyquinoline-N-oxide 

DMSO : dimethylsulfoxide 

MOPS : 3-(N-morpholino)propane-sulfonic acid 

MES : 2-(N-morpholino)ethane-sulfonic acid 

A|IH+ : electrochemical proton gradient 

A\(/ : electrical membrane potential 

ApH : transmembrane proton gradient 

ApNa"*" • transmembrane sodium gradient 

Ap : proton motive force 

K^ : Michaelis constant 

V̂ ajj : maximum velocity 

cpm : counts per minute 

dpm : disintegrations per minute 

DAHP : 3-deoxy-D-arabinose-heptulosonate-7-phosphate 

PTS : phosphotransferase transport system 

Vll 



CHAPTER I 

INTRODUCTION AND STATEMENT OF PURPOSE 

Bacterial cells are capable of taking up and accumulat

ing biologically important molecules from the surrounding 

medium. Molecules like O2 and CO2 have to cross membranes at 

high rates, but can do so by simple diffusion (1,2), because 

those molecules are small and uncharged. In the case of 

larger hydrophilic molecules for which the diffusion would 

otherwise be too slow for the needs of the cell, facilitated 

diffusion occurs in which transport is accelerated by a 

specific interaction between the solute and a membrane 

component which transports the solute across the membrane 

(1). A diffusion process, in either the case of simple 

diffusion or of facilitated diffusion, operates in one 

direction only, namely carrying solutes from a place where 

its electrochemical potential is high to one where it is 

low. 

Not all transport processes operate in this way. Many 

transport processes occur where there is a net movement of 

the transported solute from a low electrochemical potential 

to a high potential. Such a transport is called active 
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transport (3-8) . The solutes are translocated across 

membranes by proteins specific for a particular molecule or 

group of molecules, and these transport proteins are called 

carriers, permeases, porters or translocases. All of these 

are synonyms for transport proteins. Of course, sufficient 

energy must be supplied to accomplish the work of solute 

accummulation. 

Most bacterial systems carry out active transport, 

which can be divided into one of three classes: group 

translocation systems, membrane-bound transport systems and 

binding protein-dependent transport systems (3-5). In group 

translocation systems, the transport of molecules across 

the cell membrane is coupled to chemical modification, and 

the chemical energy of the modification reaction is utiliz

ed to accumulate substrates. For example, in phospho-

transfer ase transport systems (PTS), glucose and other 

sugars are accumulated as sugar phosphates with phosphoenol 

pyruvate serving as the energy source and phosphoryl group 

donor(9). In membrane bound transport systems, molecules 

are transported against a concentration gradient with no 

change in the transported molecule. All of the component 

proteins of such transport systems are firmly bound to the 

cell membrane and are retained in isolated membrane 

vesicles. The most extensively studied bacterial membrane-

bound transport system is the lactose transport system of 

E. QQ1± (7). Lactose transport in E- QQ1± is catalyzed by 
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a single integral protein of the cytoplasmic membrane that 

couples lactose movement across the membrane to movement of 

a proton(s) across the membrane in the same direction. 

In the case of membrane-bound systems, the chemiosmotic 

hypothesis (10-17), which was first proposed by P. Mitchell, 

is generally accepted as providing an explanation for the 

coupling of substrate uptake to proton co-transport. 

According to the chemiosmotic hypothesis, the cytoplasmic 

membrane of bacteria and the inner membranes of mitochondria 

and chloroplasts form topologically closed structures that 

are essentially impermeable to H"*", to 0H~, and indeed, to 

ions in general. ATP hydrolysis through the FoF^-ATPase and 

electron flow through the respiratory chain or photo-

synthetic apparatus -are coupled to proton translocation 

across the cytoplasmic membrane and such a H"*" translocation 

results in an electrochemical proton gradient. The bacterial 

active transport systems derive their energy from the 

electrochemical proton gradient, A)J,n+, which is the 

difference in partial specific molal free energies of H"*" in 

the two aqueous phases. The magnitude of A)J,jj+ is often 

referred to in terms of the proton motive force Ap . The 

proton motive force (Ap) has two components. One is the 

membrane potential (A\j/) generated by the movement of the 

positively charged H"*" from one side of the membrane to the 

other, and the other is the transmembrane proton gradient 

(ApH). This relationship is expressed as 



Ap = A|IH+ /F = Ay - ZpH , (1) 

Z = 2.3RT/F, where R is the universal gas constant, T is the 

absolute temperature and F is the Faraday constant. The value 

of Z is close to 60mV at 20°C. 

In binding protein-dependent transport systems, mole

cules are also transported without modification, but 

transport systems of this class require at least one 

soluble protein that initially binds the substrate of the 

transport system. Because this soluble protein is located 

in periplasmic space between the inner and outer membranes, 

these transport systems are also referred to as periplasmic 

transport systems (8). The histidine transport system in 

Salmonella typhimurium is one of the best-studied examples 

of a periplasmic transport systems (18). Even though there 

are some observations which suggest that A|J,jj+ or at least 

its A\|/ component may play some role in substrate 

accumulation by periplasmic transport systems, considerable 

evidence suggests that ATP or a metabolically linked 

phosphorylated compound, rather than AJIH+, functions as the 

immediate energy source for periplasmic transport 

systems(19). This conclusion has been strengthened by the 

recent finding that two membrane-bound components of the 

histidine transport system contain ATP-binding sites. 
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Active transport can be classified as either primary or 

secondary. Primary active transport processes are coupled 

directly to an energy-generating reaction. The FoF^-ATPase 

V?hich converts the energy of the terminal phosphate 

anhydride bond of ATP into an electrochemical proton 

gradient is one example. In the case of the Ca"'"2-ATPase of 

the mammalian sarcoplasmic reticulum, the energy released 

during ATP hydrolysis is utilized directly to drive Ca'''̂  

movements across a membrane. The components of the electron 

transport chain also affect extrusion of protons. Systems 

found in chloroplasts and photosynthetic bacteria convert 

the electromagnetic energy of light into proton gradients. 

Likewise, the light-driven proton pump of Halobacterium 

halobium is a primary active transport system in which the 

protein bacteriorhodopsin uses the energy of captured 

photons to produce an electrochemical gradient of protons. 

Secondary active transport uses the primary ion gradient 

to bring about the movement of other components against 

their concentration gradients. These transport systems can 

be further classified as "symports," "antiports," and 

"uniports" (13,19). Symports are those in which two 

different molecules or ions are translocated by the same 

carrier in the same direction at the same time. In 

antiports, two different solutes are translocated by the 

same carrier in the opposite direction at the same time. A 

uniport has only one substrate (Fig.l) . 





Fig. 1. Diagrammatic representation of symport, 
uniport, and antiport reactions. (a) Representation of 
symport. Left: an electrogenic symport, with a 1:1 symport of 
an uncharged solute with a proton. Top: an electroneutral 
symport reaction with an anion and a proton transported in a 
1:1 ratio, (b) Representation of uniport reaction. Left; A 
cation moves into the cell in response to a membrane 
potential, positive outside. Right: An anion moves out of the 
cell in response to the membrane potential. Bottom: An 
uncharged solute (S) moves passively, but the reaction is 
facilitated by the porter, (c) Representation of antiport 
reaction. Left: Electroneutral exchange of a cation for a 
proton. Right: Hypothetical electrogenic exchange of an 
uncharged solute (S) for a proton (Ref. 4). 
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Recently, it has been shown that the phototrophic purple 

sulfur bacterium Chromatium vinosum possesses active 

transport systems for many substrates including amino acids, 

dicarboxylic acids and sugars (See References 20 and 21 for 

reviews), and that the ultimate energy source for these 

transport systems appears to be the electrochemical proton 

gradient (A|J,H+, outside positive and acidic) generated 

either by a light-driven cyclic electron flow or by ATP 

hydrolysis via the DCCD-sensitive ATPase. These previously 

characterized systems all involve the uptake of neutral or 

negatively charged substrates. Because no active transport 

systems for purple sulfur bacteria, it was of interest to 

study the transport of basic amino acids in £.. vinosum. 

Kinetic studies of the uptake of both arginine and lysine 

were undertaken in an attempt to define the energy source 

for uptake of these positively charged amino acids in Q.. 

vinosum. 

Transport systems for glycine and other aliphatic 

nonpolar amino acids have been described for Chromatium 

vinosum (22,23). The uptake of glycine might be expected to 

have a growth-promoting effect in £.. vinosum,, since this 

amino acid functions as an essential constituent for the 

biosynthesis of various cell proteins. Furthermore, glycine 

is a precursor for the biosynthesis of serine(24), 

purines (25) and 5-aminolevulinic acid(25). The latter 

compound is a key intermediate in the synthesis of 
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tetrapyrroles such as heme and bacteriochlorophyll (25). On 

the other hand, it might have been predicted that instead of 

stimulating growth, the uptake of glycine and its subsequent 

intracellular accumulation would have a growth-inhibitory 

effect in Q.. vinosum by interfering with cell wall 

synthesis. 

The protoplast of Gram-negative bacteria is typically 

surrounded by a peptidoglycan monolayer (26) with peptide 

bridges consisting of D-glutamate, D-alanine and 

diaminopimelic acid (Fig. 2). Glycine can be incorporated 

instead of alanine into the peptide subunit of the 

nucleotide-activated precursor, replacing L-alanine at 

position 1 and D-alanine at positions 4 and 5 (28,29). 

Glycine could thus interfere with cell wall assembly in a 

fashion similar to the antibiotic cycloserine (30) . In 

addition, glycine could possibly inhibit the growth of £,. 

vinosum by feedback inhibition of pathways leading to the 

biosynthesis of other amino acids. Such inhibition of growth 

after the addition of single amino acids has been reported 

for other autotrophic bacteria (31,32). In these cases, the 

simultaneous presence of related amino acids or of a complex 

mixture of amino acids (e.g., casamino acids) permitted 

normal growth. An investigation of the effect of glycine on 

the general growth physiology of £. vinosum was the aim of 

the second portion of this dissertation. The long-term 

effect on growth caused by different extracellular 
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Fig. 2. Representation of the envelope of Gram-negative 
bacteria (Ref. 57). 
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concentrations of glycine was investigated in the presence 

and absence of several potentially counterbalancing amino 

acids. The possible advantage to £. vinosum of the capacity 

for glycine efflux under natural growth conditions will also 

be discussed. 

Because it has been shown that glycine accumulation can 

be driven by a K"̂  gradient ([K'̂ 'Jô ^ > [K''"]in) in £. vinosum 

(22) , the effect of K"*" on glycine efflux will be discussed 

in the third portion of this dissertation. This portion of 

the dissertation also describes attempts to prepare trans

port-active right-side-out vesicles from £. vinosum. 



CHAPTER II 

LITERATURE REVIEW 

The Driving Force for Active Transport 

The chemiosmotic hypothesis had origins in work by 

Mitchell aimed at understanding the mechanism of active 

transport across bacterial cell membranes, particularly how 

apparently directionless chemical reactions could create 

directional (vectorial) translocation of species across the 

membrane. Studies on the transport of phosphate in bacteria 

led Mitchell to consider mechanisms by which phosphate could 

pass through a biological lipid membrane (33-38). Mitchell 

proposed that phosphate transport could be the result of 

covalent attachment and detachment from a transmembrane 

enzyme, and proposed the concept of vectorial metabolism, in 

which substrate approaches from one side of the membrane and 

product is released on the other side. Indeed, although it 

is now known that covalent substrate attachment does not 

occur during phosphate transport, vectorial movement is the 

function of carrier proteins. 

Three forms of vectorial metabolism were proposed by 

Mitchell. The first type was termed "group translocation" 

13 
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and involved the spatial transfer of chemical groups by 

enzymes. The second type was electron transfer systems, and 

the third type was solute transport, which can be either 

primary or secondary. 

The main idea of the chemiosmotic hypothesis is that 

metabolic energy is conserved at the level of the membrane 

as an electrochemical proton gradient (Fig. 3). Several of 

the major energy-generating metabolic pathways have been 

shown to be arranged within the membrame so as to span it 

with a specific orientation. The respiratory chain is one 

example. Oxidation of substrate then results in the net 

extrusion of protons from cytoplasm. The ATP synthase is a 

second example. ATP hydrolysis brings about the extrusion 

of protons, while ATP synthesis is accompanied by proton 

uptake. The photosynthetic apparatus is the third major 

electrogenic proton-translocating complex. In bacteria, the 

polarity of light-driven proton movements is the same as 

that of the respiratory chain. In photosynthetic bacteria, 

light-driven cyclic electron flow is coupled to an 

obligatory efflux of protons from the cells, resulting in 

an electrochemical proton gradient (A|XH+) t outside acidic 

and positive, which in turn provides the energy for 

transport (61). 

There are three groups of phototrophic bacteria, 

phototrophic green bacteria (Chlorobiinae), phototrophic 

purple bacteria (Rhodospirillinae) and cyanobacteria. The 
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Fig. 3. The chemiosmotic theory. The top row shows 
three of the known proton-extruding pathway : (a) The 
respiratory chain, (b) the proton-translocating ATPase, and 
(c) cyclic electron transport in photosynthesis. All three 
generate an electrochemical gradient of protons across the 
plasma membrane (d), which provides a driving force for the 
movement of protons back into the cytoplasm. The bottom row 
shows the utilization of the proton circulation to perform 
three kinds of useful work : (e) coupling of proton 
movements to transport carriers, (f) ATP synthesis driven 
by a proton influx, and (g) proton-linked 
transhydrogenation. For clarity the arrows point in only 
one direction, but all the reactions shown are in principle 
reversible (Ref. 17). 
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group of phototrophic purple bacteria, Rhodospirillinae, 

contains the families Rhodospirillaceae and Chromatiaceae. 

Chromatium vinosum, which was used throughout these 

studies, is a member of the latter family. The phototrophic 

green and purple bacteria carry out an anoxygenic photo

synthesis using only one photosystem (39). They use 

electron donors such as reduced sulfur compounds, molecular 

hydrogen, or simple organic compounds which have a less 

positive redox midpoint potential than that of the H2O/O2 

couple. The corresponding oxidized products are sulfate, 

protons, and organic compounds, respectively. 

The two components of Ap , ApH and A\|/, have been 

quantitated under a variety of conditions using intact 

cells of phototrophic bacteria (40,41) . Generally A\X^+ 

tends to remain relatively constant over the viable pH 

range of the cell. The internal pH in cells is maintained 

near neutrality over this external pH range, with ApH 

decreasing with increasing external pH. In intact cells, 

A\\f generally increases with external pH. Light-induced 

ApH and A\j/have been measured using intact cells of £.. 

vinosum under various conditions of external pH and medium 

composition (42). In this study the ApH maintained by cells 

decreased with increasing external pH. The A\|/ (inside minus 

outside) increased from -60mV at pH 5.5 to -190mV at pH 

8.0. Thus ApH and A\j/ respond reciprocally as a function of 

external pH which results in a relatively constant A|IH+. 
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Active Transport of Cationic Substrates 

In E. coli^ lysine is transported by means of two 

kinetically distinct systems (43, 44, 45). One system is a 

lysine specific transport system which-has a relatively low 

affinity for lysine {K^ = 10 |IM) . The other system is the 

common transport system for the basic amino acids, lysine, 

arginine, and ornithine, which has high affinity for lysine 

(Km =0.5 .̂M) . This high affinity lysine transport system 

is associated with a periplasmic lysine binding protein. 

Arginine appears to be transported by means of a 

specific high affinity system (Kĵ  = 0.02 6 |IM) and a 

periplasmic arginine binding protein is involved in this 

system in E. coli (43). This system was not inhibited by 

either lysine or ornithine even at a 500-fold molar excess 

of the inhibitor. In Pseudomonas putIda, three different 

transport systems for basic amino acids were described by 

Rodwell si. al. (46, 47) . One system is a common transport 

system for the three amino acids. The second transport 

system is for the transport of lysine and ornithine. An 

arginine-specific transport system, induced in the presence 

of arginine, is also present. 

The histidine transport system of Salmonella 

typhimurium is one of the best-characterized examples of 

binding protein-dependent transport systems (8, 27, 48, 

4 9). The genes for this system, which code for four 

proteins, are arranged in an operon for which the entire 
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DNA sequence is known. There is a single soluble, 

periplasmic protein, the histidine-binding protein, J, 

responsible for the initial binding of histidine and three 

membrane-bound components called M, Q, and P proteins. 

The periplasmic histidine-binding protein undergoes a 

change in conformation upon binding its substrate. Genetic 

analysis of a series of ̂ . typhimurium mutants indicated 

that the single polypeptide chain of the J protein has two 

functional domains, one of which is responsible for binding 

histidine while the other is involved in a interaction with 

at least one of the membrane-bound components, the P 

protein. In the case of the J protein, some evidence is 

available to support the idea that only the conformation 

present when substrate is bound can interact productively 

with the membrane-bound components of the histidine 

transport. 

2.. typhimurium contains another periplasmic transport 

system for the basic amino acids, lysine, arginine and 

ornithine that appears to be closely related to the 

histidine transport system. The gene coding for the 

histidine binding protein is highly homologous (70%) to a 

closely linked gene coding for periplasmic lysine-arginine-

ornithine-binding protein (LAO protein). The LAO protein 

also requires the P, Q, and M proteins in order to function 

in transport. On the basis of these observations, it has 

been proposed that the substrate binding functional domains 
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of the J and LAO proteins may differ significantly to allow 

for the binding of two different amino acids by two 

periplasmic binding proteins which share a common binding 

domain involved in interaction with the same membrane • 

component. This hypothesis is supported by the fact that 

regions of the J and LAO proteins implicated in interacting 

with the P protein are much more homologous (>90%) than the 

overall amino acid sequences of the proteins (70% homo

logous) . 

Models for proton-substrate co-transport systems for 

neutral substrates, for negatively charged substrates and 

for positively-charged substrates have been proposed by 

Rottenberg (50). According to this model, the basic amino 

acid transport carriers are negatively charged with a net 

charge which is at least equal to that of the substrate. 

Two possibilities were considered by Rottenberg (Fig.4) : 

One, a uniport, in which there is no obligatory coupling of 

substrate transport to proton transport. In this case, the 

membrane potential (inside negative) is sufficient to drive 

substrate transport against concentration gradients. But 

since at low external pH, ApH is quite large, Rottenberg 

proposed, as a second possibility, that some of these 

transport systems would be coupled to proton transport. 

In a recent review (7), uniport mechanisms for uptake 

of cationic substrates such as lysine or K"*" are discussed 

in which a transmembrane uniporter facilitates "electro-
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phoresis" of an external cationic substrate in response to 

the internally negative A\|/. Even though lysine could, in 

principle, be transported by an electrogenic uniport, it 

has been shown that instead lysine is accumulated by a 

lysine/H"*" symport in £. coli (51) . In E. coli^ lysine 

uptake occurs in vesicles, and this indicates that no 

periplasmic binding proteins are involved in at least one 

transport system for this basic amino acid and that the 

proteins involved in uptake are present in the cytoplasmic 

membrane. The effects of valinomycin and nigericin on 

lysine uptake in E. coli vesicles showed a good correlation 

between the effects of the two ionophores on the magnitude 

of A|iH+ and their effect on lysine accumulation. Further

more, A|liysine measured at steady-state, was approximately 

twice the measured Ay, a finding incompatable with uptake 

via a uniport process. 

In contrast to lysine uptake in E. coli vesicles, 

uptake of some positively-charged antibiotics does appear 

to occur via a uniport mechanism. The uptake of amino

glycoside antibiotics (e.g., streptomycin and gentamicin) 

in Staphylococcus aureus appear to occur by such a 

mechanism (52). These antibiotics are large, water-soluble, 

and positively charged. These antibiotics are transported 

across the bacterial cytoplasmic membrane prior to 

inhibition of protein synthesis. It has been shown that 

gentamicin uptake and its antibacterial action are related 
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to the magnitude of Ay across the bacterial cell membrane 

in 2.. aureus. Av|/ increased in an approximately linear 

fashion from -85 mV to -130 mV as the external pH was 

increased from 5.0 to 7.5, and uptake of gentamicin and 

cell killing also increased linearly despite the fact that 

the decreasing DpH caused the total A|a.H+ to decrease from 

-200 mV to -130 mV over this pH range. At pH 5.0, where A\|/ 

(interior negative) in S.. aureus is relatively low, uptake 

of gentamicin is negligible and the viability of the 

bacterium is not affected by the antibiotic. Nigericin, 

which eliminated the ApH equivalent to -100 mV maintained 

by S.. aureus at pH 5.0, produced a concomitant increase in 

Ay to -105 mV and also caused a dramatic increase in 

uptake and cell killing. At pH 7.5, where the Ay maintained 

by S,. aureus is -ISOmV, gentamicin uptake and cell killing 

were observed. Addition of nigericin at pH 7.5, where 

ApH = 0 in control S.. aureus suspensions, had no effect on 

either gentamicin uptake or the susceptibility of S. aureus 

to killing by the antibiotic. Addition of valinomycin (in 

the presence of K"*") , which completely eliminates Ay in S.-

aureus,. abolished uptake of gentamicin and eliminated the 

uptake of the antibiotic on cell viability. These observa

tions suggest that the cationic antibiotic is accumulated 

via an electrogenic uniport mechanism without any co-

transport of protons. 
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Growth Inhibition by Amino Acids 

Growth inhibitions in heterotrophic organisms by L-

amino acids can arise from two regulatory mechanisms, 

either by feedback inhibition or by repression of bio-

synthetic enzymes (53). A number of studies with 

thiobacilli have demonstrated that a single amino acid may 

inhibit growth of autotrophic bacteria. The growth of i. 

thioparus. 1. neapolitanus and 1. thinoxidans was inhibited 

completely or in part by a single amino acid in an 

otherwise autotrophic medium, and the inhibition pattererns 

were different for different bacterial species (54) . 

Because of the reversal of phenylalanine, serine, and 

valine inhibition of growth of these bacteria by related 

single amino acids and the reversal, at least in part, of 

all observed amino acid inhibitions by casein hydrolysate, 

it was concluded that all the L-amino acid inhibitions of 

growth in the three thiobacilli came from an amino acid 

imbalance in the media. 

It has been shown that valine inhibits the activity of 

the acetolactate forming enzyme which is the first enzyme 

of the pathway leading to the biosynthesis of branched 

chain amino acids, i.e., the enzyme catalyzing the 

formation of acetolactate from pyruvate in H. thiooxidans. 

Also phenylalanine inhibits DAHP (3-deoxy-D-arabinose-

heptulosonate-7-phosphate ) synthase activity in H. 

neapolitanus (lOO) . DAHP synthetase is the initial enzyme 
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of the branched pathway of aromatic amino acid biosynthesis 

and catalyzes the conversion of erythrose-4-phosphate and 

phosphoenolpyruvate to 3-deoxy-D-arabinose-heptulosonate-7-

phosphate. The pathway from 3-phophoglycerate to serine is 

a common pathway not only for serine itself but for the 

synthesis of the carbon chains of glycine and cysteine as 

well. The one-carbon unit derived from the conversion of 

serine to glycine is also a major source of one-carbon 

units needed for the synthesis of purines, thymine, 

methionine, and histidine. It has been shown that serine 

inhibits the first enzyme in this pathway, 3-phospho-

glycerate dehydrogenase, in S.- typhimurium and E. QQH 

(55,56) . 

Growth Inhibition and the 
Peptidoglycan Layer 

It is known that glycine can inhibit bacterial growth 

by interfering with cell wall biosynthesis (28,29). The 

bacterial cell wall, and particularly the peptidoglycan 

monolayer, is responsible for the maintenance of the shape 

and integrity of the cell. The peptidoglycan monolayer is a 

highly cross-linked aminosugar polymer (26). Although there 

is considerable variation in the detailed composition of 

peptidoglycan among different species, the basic structure 

is the same in all bacteria. Peptidoglycan is made up of a 

network of linear polysaccharide chains (glycan strands), 

up to 200 disaccharide units in length, cross-linked by 
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short peptide chains. The structure of the peptidoglycan 

found in E. coli is typical of most other Gram-negative 

bacteria and many bacilli. 

The glycan strands are composed of alternating units of 

N-acetylglucosamine and N-acetylmuramic acid joined by p-

1,4-glycosidic linkages (Fig.5). The sequence of the cross-

linking tetrapeptide chains is L-alanine, D-glutamic acid, 

meso-diaminopimelic acid and D-alanine. In the case of most 

Gram-negative bacteria and many bacilli the cross-linkage 

is formed by a direct peptide bond formation between the 

carboxyl group of the fourth amino acid on one glycan 

chain, D-alanine, and the free amino group of the third 

amino acid on an adjacent chain, i.e., meso-diaminopimelic 

acid. The major variation in the composition of 

peptidoglycans concerns the amino acid at position 3 in the 

peptide chain. The D-glutamate residue at position 2 is 

also subject to modification. 

The bacterial cell wall has to be expandable in order 

to allow the cell to grow and divide. In particular, the 

peptidoglycan matrix has to be extended in a controlled way 

so that the shape and integrity of the cells are preserved. 

Peptidoglycan biosynthesis occurs in three sequential 

stages: a) synthesis of the precursors in the cytoplasm, 

b) transfer of the precursors to a lipid carrier molecule 

which transports them across the membrane and, and c) 

insertion into the wall and coupling to existing peptide-
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Fig. 5. Linkage of N-acetylmuramic acid and N-
acetylglucosamine in the glycan strands and attachment of 
amino acids to muramic acid (Ref.57) 
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glycan. The precursor UDP-N-acetylglucosamine is 

synthesized from UTP and N-acetylglucosamine-1-phosphate and 

the UDP-N-acetylmuramyl pentapeptide is synthesized from 

UDP-N-acetylglucosamine by addition of a 3-carbon fragment 

from phosphoenol pyruvate to the 3-position of N-

acetylglucosamine. The first three amino acids of the 

pentapeptide are added sequentially to UDP-N-acetylmuramic 

acid and the remaining two D-alanine residues are added 

together as a preformed dipeptide, D-alanyl-D-alanine. 

Alanine racemase and D-alanyl-D-alanyl ligase catalyze the 

synthesis of the dipeptide. These precursors are then 

transported across the membrane by the lipid carrier 

molecule, undecaprenyl phosphate, which facilitates their 

movement across the membrane. Finally, they are polymerized 

into peptidoglycan on the outside of the membrane by enzymes 

located on the membrane's outer surface. If the new 

monomeric subunit is to be involved in a cross-link between 

peptide strands, transpeptidase catalyzes a transpeptidation 

reaction by breaking the peptide bond between the two 

terminal D-alanine residues and forming a peptide bond 

between the subterminal D-alanine residue and the free amino 

group of diaminopimelic acid on an adjacent peptide strand. 

If the peptide is not to be involved in a cross link, the 

terminal D-alanine group is removed without forming a new 

peptide bond. 
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Hammes £ji ai. studied the mechanism of glycine action in 

growth inhibition of eight different species of bacteria of 

various genera representing the four most common 

peptidoglycan types (28). In this study, the only features 

of the glycine inhibition common to all species was a 

decrease (20 to 40%) in the extent of cross-linkage of the 

peptidoglycan and the synthesis of modified UDP-activated 

precursors in which alanine residues are partially replaced 

by glycine residues. The inhibited cells also showed 

morphological aberations. This work demonstrated that 

glycine replaces not only L-alanine but also D-alanine and 

that it is the latter replacement that causes growth 

inhibition and morphological aberations. Which specific 

alanine residue is replaced by glycine and by what mechanism 

the poorer cross-linkage is caused varies among the 

bacteria. In Ccrynebacterium sp., £,. callunae, C. 

plantarum,. and L. cellobiosuSf most of the D-alanine which 

replaces by glycine occurs C-terminal in position 4 and in 

Q.. insidiosum and S. aureus glycine is found in C-terminal 

in position 5. It was suggested that the modified UDP-N-

acetylmuramyl pentapeptides containing glycine in positions 

4 and 5 are poor substrate for some enzymes involved in 

peptidoglycan synthesis, so they are accumulated. Even 

though the modified glycine-containing precursors might be 

incorporated, these are poor substrates in the 
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transpeptidation reaction. Therefore, a high-percentage of 

mucopeptides remains uncross-linked. 
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Membrane filters (0.45 |lm) for filter assay experiments 

were purchased from Millipore Corporation. Spectropor 

dialysis tubing (Molecular weight cutoff = 6000-8000), 

purchased from VWR Scientific Inc., was used for flow 

dialysis experiments. 

Potassium phosphate (monobasic and dibasic), potassium 

chloride (KCl), ammonium chloride (NH^Cl) , magnesium sulfate 

(MgS04-7H20) , disodium ethylenediaminetetraacetic acid (Na2-

EDTA), ferrous chloride (FeCl2-4H20) , zinc chloride (ZnCl2) , 

zinc sulfate (ZnS04-7H20) , manganese chloride (MnCl2-6H20) , 

boric acid (B3HO3) , nickel chloride (NiCl-6H20) , sulfuric 

acid (H2SO4) , sodium bicarbonate (NaHCOa) , and sodium 

thiosulfate (Na2S203-5H20) were obtained from Fisher 

Scientific. Calcium chloride (CaCl2-7H20) , sodium molybdate 

(Na2Mo04-2H20) and sodium sulfide (Na2S-9H20) were purchased 

from MCB Reagents. Cobalt chloride (C0CI2-6H2O) was purchased 

from American Drug and Chemical Company. Cupric chloride 

(CUCI2-2H2O) was obtained from Merck Company. L-isoleucine 

was obtained from U.S. Biochemical Co. The other amino 

acids were obtained from Sigma Chemical Co. 

Reagents used for protein determination were obtained 

from Bio-Rad. Membrane filters (0.2 )lm) used for membrane 

filtration sterilization were purchased from Millipore 

Corporation. 
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Methods 

Chromatium vinosum D, which was used for lysine and 

arginine transport experiments, was a gift from Prof. B. B. 

Buchanan, Division of Molecular Plant Biology, University of 

California, Berkeley. Chromatium vinosum D from Pfennig's 

culture collection (University of Konstanz, Federal Rebulic 

of Germany) was used for growth inhibition by glycine and 

glycine efflux experiments. Chromatium vinosum cells were 

grown on a malate-containing medium described by Pfennig and 

Triiper (58) . The following basal mineral salts medium was 

used for stock cultures and for the cultures used in the 

growth studies. 2mM KH2PO4, 4mM KCl, 6mM NH4CI, 2mM MgSO^ and 

ImM CaCl2. The medium also contained EDTA and trace elements 

as described by Pfennig and Triiper. The 150 ml screw-cap 

bottles were filled to 80% of their volume with the basal 

mineral medium, tightly closed and autoclaved. The medium 

was cooled to room temperature and supplemented from sterile 

stock solutions with buffer (80mM HC03~) , reducing agent 

(1.5mM S~2) and substrate (5mM thiosulfate, 1.5mM sulfide or 

5mM malate), resulting in a final pH of 7.3. 

Cells were harvested using a Beckman 21-B preparative 

centrifuge with a type JA-20 rotor at 4,000 x g for 5 min at 

0-5°C. Cells were washed twice and resuspended in the buffer 

to be used in the subsequent assays. The resuspended cells 

were then stored on ice under a N2 atmosphere prior to 

experimental use. 
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The bacteriochlorophyll (BChl) concentration was 

determined by the method of Clayton using a 7:2(v/v) 

acetone: methanol solution for pigment extraction (59). The 

extraction mixture, containing 0.1 ml of cells and 4.9 ml of 

solvent, was filtered through Whatman No.l analytical grade 

filter paper. The absorbance of the filtrate was measured at 

772 nm using a Bausch and Lomb Model 710 UV-Visible 

Spectrophotometer. The BChl concentration was calculated by 

use of the Beer-Lambert law with a value of 75 raM~^cm~^ for 

the extinction coefficient of BChl at 772 nm. 

C. vinosum whole cells were used for lysine and arginine 

transport experiments. The main advantage of using whole 

cells compared to membrane vesicles is that their transport 

components are not damaged or lost and are present under 

physiological conditions. The disadvantage of using whole 

cells is that the radioactive substrates can be metabolized 

after transport. To eliminate metabolism, non-metabolizable 

s-ubstrate analogs or bacterial mutants can be used. Neither 

are available for the transport systems studied in this 

work, but an attempt was made to minimize the effect of 

metabolism on the transport reactions by rapid assay of 

transport after short substrate accumulation times. The 

cells can be quickly collected by centrifugation or, more 

commonly, trapped on membrane filters with pore sizes 

smaller than the bacteria. This filter assay technique was 

used for all transport experiments described in this 
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dissertation unless otherwise noted, and membrane filters of 

pore size 0.45 |lm were used. £^ vinosum cells (equivalent to 

a final [BChl] of 150 |iM) were suspended in a 100 |J.l 

reaction mixture with the appropriate assay buffer, 

inhibitors, uncouplers, or cation, and allowed to incubate 

for 10 min (except for samples containing arsenate which 

were allowed to incubate for 30 min ) under water-saturated 

nitrogen gas in the dark prior to the onset of the 

experiment. Dimethyl sulfoxide (DMSO) was used as the 

solvent for the inhibitors. The volume of DMSO added to the 

reaction mixture was always < 2%(v/v), to avoid any 

nonspecific effects which might be caused by the DMSO 

itself. At this concentration, no effects of DMSO alone were 

noted. Cells were allowed to transport radioactively labeled 

substrate either in the light (at a saturating light 

intensity of 7.5x10"^ erg cm~2 s~̂ ) , or in the dark. The 

internal content of radioactively-labeled substrate was 

determined by trapping cells on membrane filters using a 

Millipore filter assay apparatus fitted with a Millipore 

0.45 |lm pore size filters after adding a 1.0 ml aliquot of 

0.1 M LiCl solution to each tube to quench the reaction. An 

additional 1.0 ml of the LiCl solution was then used to 

rinse the test tube and filter. The filter was then 

dissolved with 4.5 ml of National Diagnostics Filtron-X 

Scintillation Cocktail. The samples were counted using a 

Beckman LS-7000 Liquid Scintillation Counter. To determine 
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nonspecific binding, samples were prepared as described 

previously, except that the first 1.0 ml of LiCl was added 

prior to the radioactively-labeled substrate and the 

reaction mixure was filtered immediately. The non-specific 

cpm values were then subtracted from all cpm values measured 

during the uptake experiments. 

To determine counting efficiencies for [i''C]-containing 

samples, samples identical to the actual reaction mixture 

were prepared and filtered, except that non-labeled 

substrate was added prior to filtration. The filter was 

treated as above and a known amount of isotope with known 

dpm was added to the scintillation vial. The percent 

counting efficiency was calculated from the equation: 

(measured cpm / dpm) x 100 = % efficiency. (2) 

Initial velocities of lysine and arginine uptake were 

measured as a function of substrate concentration. Values of 

K^, K^ and V̂ ^̂  were determined using Lineweaver-Burk double-

reciprocal plots. The experiments were repeated at least 

three times to get average values. 

Flow dialysis was performed as described by Ramos si. 

aJi..(60) using water-saturated nitrogen as the gas phase. 

The upper sample chamber of the flow dialysis apparatus 

contained a reaction mixture (final volume = 500 p.1) 

consisting of cells ( [BChl] =150 flM) , appropriate ionophores 
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or inhibitors and buffer. The reaction mixture was incubated 

in the dark for 10 min prior to the start of the experiment. 

The lower chamber contained the assay buffer and the 

inhibitor in a concentration equivalent to that in the 

reaction mixture, and was continuously flushed with nitrogen 

gas. The flow dialysis technique was introduced originally 

by Colowick and Womack (72) to determine the binding of 

small molecular weight ligands to enzymes and it has been 

adapted by Ramos si. aJ.. to measure transport. The method is 

based on the measurement of the rate of dialysis of the 

ligand. Under steady-state conditions, the concentration of 

ligand in the dialysate is proportional to the concentration 

of unbound ligand in the solution on the other side of the 

dialysis membrane, and changes in binding or uptake are 

easily ascertained by assaying the dialysate. By this means, 

changes in the external concentration of solute can be 

determined continuously, accurately, and highly reproducibly 

under conditions which will not damage the cells or 

vesicles. 

To begin the experiment, labeled substrate was added to 

the reaction mixture. Approximately 30 fractions were 

collected before turning on the light to start uptake in 

order to establish an adequate base line for uptake. 

Fractions of 1.5 ml were taken at a flow rate of 6.0 ml/min. 

One ml aliquots were taken and combined with 3.0 ml of 
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Universal Scintillation Cocktail for aqueous samples and 

counted as described above. 

In the experiments designed to monitor glycine 

inhibition of growth, a set of bottles was inoculated 

simultaneously (5% v/v) and filled with sterile distilled 

water. The cultures were allowed to equilibrate overnight in 

the dark, after which they were illuminated with 

incandescent light (Intensity = 1500 lux). Cultures growing 

with sulfide as the electron donor were supplemented 

repeatedly with Na2S (1 mM aliquots each time) in order to 

keep the intracellular content of sulfur globules constant. 

Small amounts of NaOH were added to adjust the pH to 7.3 as 

soon as the pH dropped below 6.8. This was necessary because 

of an acidification of the medium which resulted from the 

formation of sulfate during the complete oxidation of 

sulfide and thiosulfate. Glycine was added to give final 

concentrations ranging from 0.1 to 1.5 mM, either at the 

time of inoculation or as soon as all the sample bottles of 

one set of cultures showed the same exponential growth rate 

(early to mid-log phase). Other amino acids were added to 

cultures grown in NH^'^-containing media at concentrations 

ranging from 0.25 to 1.5 mM. Growth of the cultures was 

monitored using either total cell protein content, measured 

according to the method of Bradford (61), or the optical 

density of the culture measured at 650 nm. The method of 

Bradford is based on the observation that Coomassie 
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Brilliant Blue G-250 exists in two different color forms, 

red and blue. The red form is converted to the blue form 

upon binding of the dye to protein. The protein-dye complex 

has a high extinction coefficient thus leading to great 

sensitivity in measurement of the protein. The binding of 

the dye to protein is a very rapid process (approximately 2 

min), and the protein-dye complex remains dispersed in 

solution for a relatively long time, thus making the 

procedure very rapid and not requiring critical timing for 

the assay. A wavelength of 650 nm was chosen because the 

absorbance spectrum of £. vinosum shows a minimum at this 

wavelength. Therefore any apparent changes in absorbance at 

this wavelength are largely due to changes in turbidity. The 

rate of change of O.D.ggQ with time and its maximal value at 

the transition from exponential to stationary growth were 

determined. 

In the experiments designed to detect the effect of K"*" 

on glycine efflux, the cells were loaded with glycine by 

illumination for 3 min in the presence of [^^C]-glycine, 

DCCD, and chloramphenicol. The chloramphenicol was added to 

minimize glycine incorporation into proteins. DCCD was added 

to prevent any energization of transport by ATP hydrolysis 

during the subsequent dark period. After 3 min, the light 

was turned off and the sample was diluted 10 times with 

either K"''-containing buffer or K''"-free buffer. After 

dilution, the amount of [^^C]-glycine inside the cells was 
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measured using the filter assay technique. To estimate how 

much glycine was metabolized after uptake, the cells were 

illuminated for 3 min in the presence of [̂ Ĉ] glycine, DCCD, 

and chloramphenicol. The light was then turned off and a 100 

times higher concentration of [̂ Ĉ] glycine was added. The 

amount of [•'•̂C] glycine inside the cells was measured using 

the filter assay technique. 

To isolate membrane vesicles from £.. vinosum^ a method 

adapted from that devised in the laboratory of Prof. W. 

Konings was followed. Cultures (11) , grown until A433njj, = 1, 

were centrifuged for 10 min at 8,000 x g and the resulting 

pellets were suspended in 0.1 M Tris-Cl buffer (pH 8) 

containing 10 mM EDTA and 20% sucrose (80 ml/ g wet weight). 

The sample was placed in a water bath at 37°C, and lysozyme 

was added (200-250 \iq/ml) . The suspension was incubated for 

30 min at 37°C, during which time the mixture was kept 

anaerobic as much as possible. The mixture was then 

centrifuged for 30 min at 8,000 x g and the pellet suspended 

in 10 ml 0.1 M potassium phosphate buffer (pH 6.6) 

containing 5mM MgS04, 20% sucrose, 100 |lg DNase, and 100 |J.g 

RNase. This suspension was rapidly diluted into 1 1 of 25 mM 

potassium phosphate buffer (pH 6.6) containing 5 mM MgSO;, 

and incubated at 37°C. After 15 minutes, 10 mM EDTA (pH 7) 

was added. After an additional 15 min, 15 mM MgSO^ was 

added, and after an additional 15 min, the suspension was 

centrifuged for 60 min at 4,000 x g to remove unlysed cells 
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and protoplasts. The remaining suspension was centrifuged 

for 60 min at 30,000 x g. The pellet was suspended in 0.1 M 

potassium phosphate buffer (pH 6.6). 

I would like to thank Professor Wil Konings (Department 

of Microbiology, University of Groningen, The Netherlands) 

for supplying this unpublished protocol. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Lysine and Arginine Transport. 

Figure 6 shows a time course for arginine uptake in 

Chromatium vinosum cells. H. vinosum cells take up arginine 

in both the light and the dark, with a higher rate and 

extent of uptake observed in the light. A similar time 

course was observed for the uptake of lysine by Q. vinosum 

cells (Fig. 7). This pattern is similar to that previously 

observed for the uptake of a number of amino acids by Q.. 

vinosum (20). 

Maximal rates of arginine uptake were observed at pH 

7.5 (Fig. 8), while the pH optimum for lysine uptake was 

7.0 in 50mM potassium phosphate buffer (Fig. 9). Uptake of 

both amino acids obeyed Michaelis-Menten kinetics with K̂ ^ 

value of 16±1 |IM and 14±4 |jjyi for lysine and arginine 

uptake, respectively. (These values each represent the 

average of three determinations.) 

Since the V̂ ^̂ ĵ  values for lysine and arginine uptake are 

comparable, if there existed a single active transport 

system for both lysine and arginine uptake in Q. vinosum. 

44 



45 



-o 
c "̂  -^ 

o <" 

c 4J -;! o i 
• <u o tn ^ 

(U Q) o • 

CO a "̂  ^ ; U ^ 

. C I , 
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Fig. 8. pH profile of arginine uptake in Q. vinosum. 
The reaction conditions were as indicated in Fig. 6. 
Reaction rates were determined after 4 min. 
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one would expect that either [i2c]-amino acid would act as 

a competitive inhibitor for uptake of the other with K̂^ 

equal to its K̂ , for uptake. As shown in Fig. 10, lysine 

uptake was inhibited competitively by arginine, with a K̂^ 

for arginine of 10±1 )J.M. 

The inhibition constant (K̂ ) was calculated using the 

equation 

( 1 / [competitor] ) x ( K^ app/̂ m - 1 ) = 1 / K̂ . (3) 

Even though the presence of lysine (at concentrations 

as high as 150 |IM) affected the V̂ ^̂ ^ of arginine uptake 

significantly (Fig. 11), as a contrast, the presence of the 

former did not produce any competitive inhibition of the 

uptake of the latter (Fig. 11). Although additional 

evidence (e.g., from genetic studies) is required before 

definitely concluding that two transport systems for these 

amino acids exist in C.. vinosum, the kinetic data seem 

difficult to interpret in terms of a single transport 

system and are more readily interpreted in terms of two 

transport systems: One that transports both lysine and 

arginine and a second that transports arginine, but not 

lysine. 

To investigate the possible energy source (s) for uptake 

of lysine and arginine by Q.. vinosum. the effect of a 

variety of inhibitors on uptake was determined. Table 1 
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Fig. 11. Plots of the velocity of arginine uptake, v^, 
as a function of the arginine concentration, [arginine]. 
They were measured in the absence (a) and presence of 80 |IM 

[12c] lysine (b) and 150 flM ["^^C] lysine (c) . Reaction 
conditions were as described in Fig. 7. 
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Table 1. The effect of inhibitors on arginine and 
lysine uptake by Q. vinosum cells in the light. 

uptake (% control) 

sample arginine lysine 

1. control 

2. (1) + 300 \m DCCD 

3. (1) + 30 jlM CCCP 

4. (1) + 150 |IM HOQNO 

5. (1) + 5 mM Arsenate 

6. (1) + 1 JIM Nigericin 

Transport was assayed using the filter assay described 
under Materials and Methods. The cells were suspended in 
potassium phosphate buffer at pH 7.0 for lysine uptake and 
pH 7.5 for arginine uptake. Potassium phosphate buffer (pH 
6.0) was used for the experiment with nigericin. Control 
rates were 690 and 580 \lmol min~^ (mol Bchl)"^ for arginine 
and lysine respectively. 

100 

97 

12 

51 

105 

124 

(+/- 10%) 100 (+/-

100 

10 

57 

130 

120 

10%) 

file:///lmol
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shows the effect of inhibitors and uncouplers on lysine and 

arginine uptake in £. vinosum cells. HOQNO, an inhibitor of 

light-driven cyclic electron flow in £. vinosum (62,63,64), 

inhibits the uptake of both arginine and lysine in the 

light. It has been shown that HOQNO inhibits A[Xjj+-producing 

cyclic electron flow in £. vinosum by blocking the 

oxidation of a b-type cytochrome (63). Because HOQNO 

inhibits light-driven cyclic electron flow, which is 

obligatorily coupled to proton efflux in Q.. vinosum, no 

A|J.H+ can be generated and no A|ig+-dependent processes can 

occur in the presence of the inhibitor. In contrast, 

neither DCCD nor arsenate had any inhibitory effect on 

light-dependent uptake. DCCD is an inhibitor of ATP 

hydrolysis by the H''"-translocating ATPase of £.. vinosum 

(67,68). Arsenate is a reagent that completely depletes the 

internal pool of ATP in C.vinosum (69). 

The proton-conducting uncoupler CCCP (70) , which 

completely collapses the two components of the 

electrochemical proton gradient (Ap.H+) , ApH and A\|/, in £. 

vinosum cells (42), is a potent inhibitor of uptake of both 

arginine and lysine by illuminated £. vinosum cells. CCCP 

also gave marked inhibition (>90% at 30IIM) of the uptake of 

either amino acids in the dark. All of these results 

indicate that neither ATP nor the H^-translocating ATPase 

is involved in light-dependent arginine or lysine uptake 
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and suggests that uptake is driven by the A|IH+ resulting 

from light-driven cyclic electron flow. 

An attempt was made to determine which of the two 

components of AHjj+, the ApH or the membrane potential (A\|/) , 

was involved in arginine and lysine uptake. Ionophores, 

such as nigericin and valinomycin, which collapse either 

ApH or A\}r selectively, were used. Nigericin catalyzes the 

1:1 electrically-neutral exchange of K+ for H+ (71). This 

ionophore collapsed ApH in £.. vinosum while producing an 

approximately 20% increase in the steady state A\|/ 

maintained by £. vinosum cells at pH 6.0 (42) and, as a 

consequence, inhibits the uptake of substrates co-

transported with protons (e.g., phenylalanine (23)) while 

stimulating the uptake of substrates driven by A\|/ without 

H"̂  co-transport (e.g., a-aminoisobutyric acid (AIB) (73)). 

Table 1 shows that nigericin does not inhibit, but rather 

stimulates light-dependent uptake of both lysine and 

arginine by about 20%. These results suggest that the ApH 

component of A1I3+ is not involved in arginine or lysine 

uptake by Q.. vinosum. 

Additional evidence that ApH does not serve as an 

energy source came from the observation that a ApH of 1 pH 

unit (outside acidic) produced by an HCl pulse caused no 

uptake of lysine or arginine in flow dialysis experiments. 

Figure 12 shows that a ApH of 1 pH unit had no effect on 

lysine uptake. In contrast, such an "artificial" ApH was 
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shown to drive the uptake of substrates thought to be 

transported via proton symports in £. vinosum (e.g., 

aspartate or a-methylglucoside, data not shown), in 

agreement with experiments carried out in.our laboratory 

(74,75). The above observations suggested the uptake of 

these two amino acids by illuminated C.vinosum cells 

involved the Ay component of A|IH+ as the energy source, and 

that, since ApH is not involved, transport does not occur 

via a H"*" symport. 

Evidence to support this hypothesis is shown in Fig. 13 

where a A\\f (outside positive), created in the dark and in 

the presence of DCCD by a K"''/valinomycin diffusion 

potential (76), resulted in lysine uptake in the absence of 

any other apparent energy source. Uptake of arginine could 

also be driven by a K"*"/valinomycin diffusion potential. In 

this experiment, C. vinosum cells washed in buffer 

containing KCl were placed in a K'̂ '-free medium and the 

experiment was initiated by adding valinomycin to render 

the cells permeable to K"*". 

The data shown in Fig. 13 indicate that lysine uptake 

is electrogenic, resulting in the import of net positive 

charge into the cell. Additional evidence for this 

conclusion comes from the observation that valinomycin 

inhibits lysine uptake (56% inhibition at 40|IM valinomycin) 

by illuminated Q.. vinosum cells at pH 7.5, where the cells 

maintain a Ay but no ApH (42) . In earlier work in our 
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laboratory (42) it had been shown that Ay was completely 

eliminated by this concentration of valinomycin in the 

presence of K"*" in £. vinosum. However, this measurement was 

not repeated as part of the current work. The valinomycin-

induced elimination of Ay was accompanied by an 

approximately constant increase of ApH over the range of pH 

5.5 to 6.5, but with the valinomycin-induced increase in 

ApH increasing slightly as a progressively larger Ay is 

being abolished (42). At pH 7.5 where ApH is zero, addition 

of valinomycin produced no detectable effect on ApH (42). 

An inhibition of lysine uptake by valinomycin, comparable 

to that seen at pH 7.5, was observed at pH 6.0. For unknown 

reasons, inconsistent results (i.e., valinomycin inhibition 

observed in most, but not all, experiments) were obtained 

when the effect of valinomycin on arginine uptake was 

measured. As discussed above, the electrogenic nature of 

lysine or arginine uptake is unlikely to arise from co-

transport of protons. 

It appears that Na"*" is not co-transported with either 

lysine or arginine in £.. vinosum, since Na"*", at 

concentrations up to 20 mM, had no effect on the kinetics 

of uptake of either lysine (Fig. 14) or arginine (Fig. 15) 

by CL. vinosum. Furthermore, imposition of a ApNa"*" 

( [Na"'"]out>[Na''"]in) on Q. vinosum cells produced neither 

arginine nor lysine uptake (Fig. 16). In contrast, such a 

ApNa"*" produces uptake of substrates thought to be taken up 
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Fig. 14. Lineweaver-Burk plot for lysine uptake in Q. 
vinosum cells with (̂ ) or without (D) added 20 mM NaCl. 
Cells were prepared for filter assay as described in 
method, and 300 |iM DCCD was present. 
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by Na"*" symports in £. vinosum (e.g., AIB, data not shown), 

in agreement with previous experiments carried out in our 

laboratory (73,78). Also, for substrates such as AIB, Na+ 

results in a substantial decrease in the K̂ , for transport 

(78) . 

In conclusion, the energy source for arginine and 

lysine uptake appears to be Ay, produced either by cyclic 

electron flow in the light (42,66,77) or by ATP hydrolysis 

via the H^-translocating ATPase in the dark (63,65,77). 

Although this study has focused on uptake in the light, the 

observation (see above) that uptake of lysine and arginine 

in the dark is greatly inhibited by CCCP is consistent with 

this view. The stimulatory effect of nigericin and 

inhibitory effect of valinomycin on transport makes it 

appear likely that the ApH portion of A|lfi4- is not involved 

as an energy source for uptake and thus suggests the 

possibility that neither amino acid is co-transported with 

protons via an amino acid/proton symport (69). Similarly, 

the absence of any Na"*" effect on transport would appear to 

rule out Na•'"/amino acid co-transport (79) . It would 

therefore appear most likely that transport occurs via a 

"uniport" mechanism (7) with the Ay (inside negative) 

maintained by £. vinosum (42,65) providing the energy for 

the uptake of the positively charged amino acids without 

any coupling to the co-transport of either protons or Na+ 

ions (50). Additional measurements quantitatively 
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correlating the magnitudes of Aiîysĵne ^^^ M̂'arginine with 

that of Ay are needed to provide definitive evidence for 

this hypothesis. However, the data presented above 

represent the first evidence for amino acid active 

transport via an electrogenic uniport in a photosynthetic 

bacterium. 

Growth Inhibition by Glycine 

Phototrophically growing Q.. vinosum cells were exposed 

to extracellular glycine concentrations ranging from 0.1 to 

1.5 mM. Under these conditions, light-driven cyclic 

electron flow can provide energy for glycine uptake (23). 

The effect of glycine on two different modes of growth was 

investigated: (a) Autotrophic growth in the presence of 

sulfide or thiosulfate as electron donors and COj as the 

sole carbon source; and (b) Heterotrophic growth in the 

presence of malate which serves as both the electron donor 

and the carbon source. The results obtained by adding 

glycine to exponential autotrophic cultures are shown in 

Fig.17. Even at glycine concentrations as low as 0.1 mM, 

the growth rate decreased noticeably within a time period 

of approximately one doubling. The dependence of the degree 

of growth inhibition on glycine concentration in both 

autotrophically and heterotrophically growing cultures is 

shown in Fig.18. The glycine concentration causing half 

maximal inhibition of growth seemed to correlate with the 
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Fig. 17.. Effect of glycine on photoautotrophically 
growing £,. vinosum (growth conditions : S"̂  = 1.5 mM, HCO"̂  
= 80 mM, pH = 7.3, T = 25-30°C and I = 1500 lux). Growth 
was monitored using turbidity.^, no glycine added :/i , 0.1 
mM glycine added : X, 0.8 mM glycine added. The arrow 
indicates the time at which glycine was added. 
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Fig. 18. Effect of glycine on phototrophically growing 
Q. vinosum (growth conditions as given in Fig. 17). 
^ , autotrophic growth with sulfide ; ̂  , heterotrophic 
growth with malate. 
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growth rate prior to glycine addition. The inhibitory 

effect on rapidly growing autotrophic cells (t^ = 5h, 50% 

inhibition observed at 0.1-0.2 mM glycine) was evident at 

lower external glycine concentrations than in the case of 

the somewhat slower growing heterotrophic cells (t,̂  = 6 to 

8h, 50% inhibition observed at 0.5 mM glycine). A more 

noticeable inhibition of growth was observed when glycine 

was present at the time of inoculation than when it was 

added during exponential growth (Fig.19). 

Microscopic examination of the C. vinosum cultures 

revealed that a significant number of misshaped cells were 

present and considerable vacuolization occurred in those 

cultures in which the presence of glycine caused lower 

growth rates. This was not the case for cells grown in the 

absence of external glycine. Supernatants recovered from 

growth-inhibited cultures contained considerable amounts of 

soluble protein while supernatants recovered from control 

cells contained little or no soluble protein, indicating 

that glycine caused significant amounts of cell lysis 

and/or protoplast formation. Vacuolization and partial 

protoplast formation suggested an impact of glycine on the 

integrity of the cell wall. 

Another possible explanation for the inhibition of 

growth by glycine might be feedback inhibition caused by an 

intracellular amino acid imbalance. To determine whether 

the effect of glycine on growth is related to feedback 
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Fig. 19. The growth inhibition by glycine in £.. 
vinosum (growth conditions as given in Fig. 17). 
• , control; O ,glycine was added at the time of 

inoculation. 
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inhibition of a biosynthetic pathway for some other amino 

acid rather than to competitive inhibition of peptidoglycan 

biosynthesis, growth was investigated in the presence of 

glycine plus various other amino acids, added singly. The 

amino acids tested were: (1) serine; (2) D-alanine; (3) L-

isoleucine; (4) Other nonpolar aliphatic amino acids of the 

pyruvate family and (5) a-aminoisobutyric acid, a non-

metabolizable structural analog of alanine in £. vinosum 

(80). The L-alanine, L-valine and L-leucine are considered 

members of the pyruvate family, because at least part of 

their carbon chains are derived directly from pyruvate. The 

amino acids were first tested to determine whether they 

might by themselves influence autotrophic growth of £. 

vinosum. None of the amino acids tested affected growth 

whether they were present at the time of inoculation (Table 

2) or were added during exponential growth (Table 3). These 

results are in accordance with investigations by Wagner £Ji 

al.(81) which showed that neither the aliphatic amino acids 

nor serine were utilized as carbon sources by £.. vinosum. 

The slight inhibitory effect observed with serine at 

concentrations higher than 0.5 mM (Table 3) may perhaps 

have been caused by secondary transformation of serine into 

glycine (82) . 

The effect of glycine on exponential cultures in the 

presence of equimolar amounts of various putative 

counterbalancing amino acids is illustrated for L-valine 
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Table 2. Effect of various amino acids which were added 
at inoculation time on the photoautotrophic growth of £. 
vinosum D. 

Amino Acid Final Concentration Maximal tci(h) 

none 

glycine 

L-alanine 

D-alanine 

a-aminoisobutyrate 

L-valine 

L-isoleucine 

L-leucine 

0 

0.5 
1.0 

0.5 
1.0 

0.5 
1.0 

0.5 
1.0 

0.5 
1.0 

0.5 
1.0 

0.5 
1.0 

.95 8(± 3) 

.063 

.05 

.99 

.99 

.91 

.87 

.94 

.97 

1.1 
1.3 

1.15 
.95 

1.06 
1.07 

no growrh 
no growth 

11 
10 

8 
8 

8 
8 

8 
8 

8 
8 

11 
11 
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Table 3. Effect of various amino acids which were added 
in the early/mid-log phase on photoautotrophic growth of Q.. 
vinosum D. 

amino acid Final Concentration (mM)^ 

,25 .50 1.0 1.5 

glycine 

serine 

L-alanine 

D-alanine 

L-valine 

L-isoleucine 

L-leucine 

Addition in the early/mid-log growth phase when all 
cultures showed td = 5h, The control without amino acid 
addition proceeded at td=5h. 
nd= not determined. 

8 

6 

5 . 5 

6 

6 

5 . 5 

5 . 5 

12 

8 

5 . 5 

6 

6 

5 . 5 

5 . 5 

14 

9 . 5 

6 . 5 

6 

6 

5 . 5 

5 . 5 

nd 

10 

7 . 5 

6 

6 . 5 

5 . 5 

6 . 5 
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and D-alanine in Fig. 20, with turbidity used to monitor 

growth. The inhibitory effect of 1 mM glycine on the growth 

rate of autotrophically cells was completely abolished by 

the presence of D-alanine. L-alanine also completely 

eliminated the inhibitory effect of glycine on growth (Fig. 

21) . No other amino acid tested abolished the glycine 

inhibition of growth. Furthermore, only D- and L-alanine 

were able to decrease the number of misshaped cells 

produced by the presence of glycine in the growth medium. 

In fact, microscopic examination revealed that the 

addition of L-valine, L-isoleucine, L-leucine or L-serine 

by themselves led to the appearance of a small number of 

misshaped cells. These results suggest that the effect of 

glycine on cell growth may be explained by its competitive 

inhibition with D- or L-alanine. Figure 22 shows the effect 

of glycine on growth in the absence and presence of D-

alanine when total cell protein is used as a growth 

parameter. As was the case when turbidity was used to 

monitor growth, only D- and L-alanine were able to reverse 

the inhibition of growth caused by glycine. In contrast to 

the turbidity measurements, the inhibitory effect of 

glycine was evident immediately after glycine addition and 

was not delayed. Changes in the light-scattering properties 

of Q.. vinosum cells arising from the glycine-induced 

changes in cell morphology may possibly be responsible for 

the differences observed between the results obtained using 
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Fig. 20. Effect of various amino acids on 
photoautotrophically growing Q. vinosum (growth conditions 
as given in Fig. 17). Amino acids were added at the time 
indicated by the arrow. ̂  , control; A , + 1 mM glycine; 
X , + 1 mM glycine and 1 mM D-alanine; £ , + 1 mM glycine 

and 1 mM L-valine 
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Fig. 21. Effect of glycine and L-alanine on 
photoautotrophically growing £. vinosum (growth conditions 
as given in Fig. 17). Glycine and L-alanine were added at 
the time indicated by the arrow. • , control; X , + ImM 
glycine; O , + 1 mM glycine and 1 mM L-alanine. 
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Fig. 22. Effect of glycine and D-alanine on 
photoautotrophically growing C.. vinosum (growth conditions 
as given in Fig. 17), Growth was monitored using total cell 
protein. Amino acids were added at the time indicated by 
the arrow. ^ , control; ^ , + 1 wM. glycine; )( , + 1 mM 
glycine and 1 mM D-alanine 
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turbidity to monitor growth and those obtained by following 

cell protein content. 

The results of the growth studies described above raise 

questions concerning the possible functions of glycine 

transport system(s) in £. vinosum under natural condition. 

As growth in exponential cells was inhibited upon exposure 

to glycine, further uptake seems unlikely to benefit the 

cells since under these conditions intracellular glycine 

probably exceeds the amount which is immediately 

incorporated into cell components such as proteins, purines 

and pyrrole-containing pigments. Under such conditions, 

glycine efflux via a reversible transport system could 

serve to at least partially reverse an elevated glycine 

pool concentration and thus prevent glycine from competing 

with D- and L-alanine for proper cell wall assembly. 

Although it might seem that efflux would be disadvantageous 

for an autotrophically growing organism since it would 

result in the loss of a valuable two carbon compound, the 

advantages gained by protecting cell wall assembly may 

outweigh the disadvantages arising from substrate loss. 

While high metabolite turnover rates would be expected to 

result in a low glycine pool concentration (83) and little 

glycine efflux would occur under natural growth conditions, 

consideration of certain aspects of CO2 fixation by £. 

vinosum does provide an additional rationale for the 

occurrence of glycine efflux in £. vinosum. C02-fixation in 
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Q. vinosum occurs via the Calvin cycle and involves 

ribulosebisphosphate carboxylase which, in the presence of 

oxygen, exhibits oxygenase activity (84) producing 

glycolate which is eventually converted to glycine (85,86). 

Thus the facultative chemotroph £. vinosum (87,88) may be 

expected to accumulate glycine during autotrophic growth in 

the dark under micro- to semiaerobic conditions. As a 

result of such accumulation, the internal glycine 

concentration could be high enough to unbalance the 

intracellular amino acid composition with respect to the 

glycine/alanine ratio. Evidence for such a possibility 

comes from an observed increase in intracellular glycine 

from 0.15 up to 3 mM upon short-term aeration (15 min) of 

whole cells of Q.. vinosum(85) . Furthermore, it has been 

reported that Q.. vinosum cells can excrete glycine into the 

external medium (85), supporting the idea that £. vinosum 

does contain a glycine transport system that catalyzes 

glycine efflux under certain conditions. 

The Effect of K"*" on Glycine Efflux and 
Preparation of Membrane Vesicles 

Since it had been shown previously that glycine uptake 

can be driven by a K+ gradient ([K+Ĵ t̂ > [K+l̂ n) in £. 

vinosum (22), while gradients of other cations were 

ineffective, an attempt was made to study the effect of K"*" 

on glycine efflux. In these experiments, Q.. vinosum cells, 

pre-loaded with [̂ ''C]-glycine, were diluted into glycine-
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free test systems composed of either K+-containing buffer 

or K+-free buffer. Unexpectedly, Fig. 23 shows that a small 

additional [̂ ''C]-glycine uptake was observed after dilution 

of the pre-loaded cells with sodium phosphate buffer. Not 

only are there no apparent energy sources for uptake (the 

cells were kept in the dark and DCCD added to prevent A\l^^ 

formation coupled to ATP hydrolysis) but the dilution 

should lower the external glycine concentration so far 

below the K„ that the rate of glycine uptake should be 

negligible. In analyzing this unanticipated result, it 

appeared that the only possible energy source for this 

uptake might be a Na"*" gradient ([Na''"]o„t > [Na''"]in) 

established during the dilution of the cells into the 

glycine-free medium. Although it was previously shown that 

no glycine uptake was produced by a Na"*" pulse (22) , it was 

also shown that glycine was a competitive inhibitor of L-

alanine uptake (23), suggesting that the two amino acids 

might be transported by the same £. vinosum transport 

system. Since it was known from earlier work that L-alanine 

uptake can be driven by a Na"*" pulse (65,73,78), in 

subsequent experiments (described below) Na"'"-free buffers 

were used for the dilution for efflux to avoid the 

possibility of glycine uptake via a Na'^'-dependent 

alanine/glycine transport system. MES or MOPS buffer 

adjusted to the pH 7.5 with choline base were used, so that 

the only cation in buffer is choline"''. Figure 24 shows that 
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Fig. 23. Effect of K"*" and Na''" on glycine efflux. Q.. 
vinosum cells, pre-loaded with [̂ ''C]-glycine during a 3 
minute illumination, were diluted ten-fold with (a) 
potassium phosphate buffer, or (b) sodium phosphate buffer 
The cells were kept in the dark after the initial 3 minute 
illumination. DCCD (300 |1M) and chloramphenicol (20 |lg/ml) 
were present. 
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Fig. 24. Effect of K'*' and Ca''" on glycine efflux. 
Reaction conditions were as described in Fig. 23, except 
that C vinosum cells were diluted with either (a) MES 
buffer containing 25 mM CaCl2, or (b) MES buffer containing 
25 mM KCl . 
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glycine efflux was observed when £. vinosum cells were 

diluted with MES buffer containing 25 mM CaCl2, while 

almost no glycine efflux was observed when MES buffer 

containing 25 mM KCl was used. Thus, as would be predicted 

if glycine transport occurs via K'̂ /glycine symport, 

external K''" appeared to inhibit glycine efflux. 

It was intended to explore the cation specificity of 

this apparent inhibition of glycine efflux by using buffers 

containing either LiCl, RbCl, or MgCl2 instead of K''", but 

since consistent, reproducible efflux was not observed 

(i.e., glycine efflux from pre-loaded £. vinosum cells was 

observed in some experiments, but for unknown reasons, 

glycine efflux was not observed in other experiments), it 

was thus decided to shift from whole cells to vesicles to 

see whether glycine efflux could be more reproducibly 

observed in the latter system. Other advantages of using 

vesicles would be the ability to eliminate glycine 

metabolism and to control the ionic composition of the 

internal acjueous phase. Figure 25 shows that almost 30% of 

the glycine taken up during a 3-min illumination did not 

return to the external medium when a large molar excess of 

unlabeled glycine was added. This suggests that a 

significant fraction (i.e., approaching 30%) of the 

transported glycine was metabolized after uptake, despite 

the presence of DCCD and chloramphenicol. Thus, use of 

vesicles which are free of the enzymes that would catalyze 
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subsequent glycine metabolism, could prove extremely 

advantageous. 

Since 1960, when it was reported by Kaback that 

subcellular preparations from £1. QQ1± were able to catalyze 

the uptake of glycine (89), cytoplasmic membrane vesicles 

have been used for studies of active transport. These 

vesicles have been particularly useful in studying energy-

coupling mechanisms for solute translocation (90,91). 

Vesicles from a number of different bacteria have been 

shown to have the same membrane orientation as intact 

cells. These vesicles retain transport activity for many 

major secondary active transport systems, for components of 

phosphotransferase systems, and for respiratory or 

photosynthetic electron transport. Naturally, such vesicles 

cannot carry out active transport that reĉ uires a soluble 

periplasmic binding protein. Another advantage of using 

vesicles is that metabolism due to the presence of 

cytoplasmic enzymes can be avoided. Furthermore, by 

controlling the composition of the medium during vesicle 

membrane resealing one can define the composition of the 

internal medium during studies on the mechanism of active 

transport. These vesicles can also be useful for studies of 

efflux. For example, Saier QL ai. pre-loaded membrane 

vesicles with cyclic AMP (92). Efflux of this nucleotide 

from the vesicles was stimulated by DL-lactate and 

phenazine methosulfate plus ascorbate. This stimulatory 
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effect was largely blocked by an uncoupler, suggesting that 

the efflux was energy coupled. In-side-out vesicles have 

also been prepared and the mechanism of secretion of 

solutes from cells can then be studied as uptake into these 

vesicles (93). 

To make C. vinosum membrane vesicles, the organism must 

first be converted into an osmotically sensitive form and 

lysed by osmotic shock in the presence of nucleases and a 

chelating agent. Lysozyme was used to make the osmotically 

sensitive form. Lysozyme has a lytic action which has been 

shown to be due to its hydrolysis of the p-1,4-linkage of 

N-acetylglucosamine and N-acetylmuramic acid disaccharide 

unit of peptidoglycan layer. The envelope of Gram-negative 

bacteria consists of three layers, which are the outer 

membrane, peptidoglycan layer, and cytoplasmic membrane. 

Gram-negative bacterial cells are resistent to lysozyme 

because the outer membrane protects the peptidoglycan from 

the action of lysozyme (94) . Thus to make Q.. vinosum 

spherolasts, certain manipulations are necessary in order 

to expose the peptidoglycan layer to lysozyme. £. vinosum 

cells were treated with EDTA at alkaline pH (pH 8.0). The 

action of EDTA appears to involve the chelation of metal 

cations in the cell wall. In some bacteria, EDTA treatment 

causes a release of macromolecular cell wall constituents 

and alteration of cell wall permeability. The pH of the 

cell suspension buffer has been reported to affect the rate 
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of lysis with EDTA and lysozyme. For example, the rate at 

which E. £iiili was lysed by lysozyme in Tris-HCl buffer 

increased when the pH was increased from 7.2 to 8.3. 

Spheroplasts release their intracellular contents when 

placed in hypotonic media, and the membrane reanneals 

yielding closed membrane vesicles free of the cell's normal 

soluble internal constituents. The vesicles can be easily 

sedimented. DNase and RNase were added because much of the 

intracellular DNA which is released on lysis adheres to the 

membranes and makes the preparations difficult to handle. 

There is an unpublished report (W. Konings, personal 

communication) that £. vinosum membrane vesicles isolated 

by this method oxidize exogenous NADH, succinate and 

ascorbate-phenazine methosulfate, generate a proton motive 

force in the presence of these electron donors and carry 

out active transport of glutamate. However, in our hands 

the cells were not lysed by this method, as indicated by 

the fact that they still maintained a rod-like shape after 

exposure to lysozyme. The incubation time with lysozyme was 

increased up to 1 hr. without producing appreciable cell 

lysis. 

Witholt £t ̂ . suggested that a mild osmotic shock 

could be used to drive lysozyme through the outer membrane 

(95) . To do this they exposed E. QQH cells to lysozyme and 

diluted twofold with water. They also used 200 mM Tris-HCl 

to destabilize the outer membrane sufficiently to promote 
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lysozyme penetration during osmotic shock, since optimal 

lysozyme access to peptidoglycan occurs only at 

concentrations of 100 to 200 mM Tris-HCl. Following the 

method of Witholt st. aJ.., £. vinosum cells were suspended 

in 200 mM Tris-HCl buffer (pH 8.0) and lysozyme was added 

to a final concentration 300 |i.g/ml. The suspension was then 

diluted two-fold with water and incubated for 30 min at 

37°C. Microscopic examination showed that a large fraction 

of the cells had been converted to a form that appeared 

large, swollen, and spherical, as expected for 

spheroplasts. After a subsequent osmotic shock, these 

spheroplasts changed to vesicles. However, these 

spheroplasts were very unstable even though Mg+2, a reagent 

known to stabilize spheroplasts (96,97), was present in the 

solution. This was true when the time of incubation with 

lysozyme was decreased to 10 min. 

After removing unlysed cells and protoplasts by 

centrifugation, the remaining suspension was centrifuged 

for 60 min. at 30,000 x g. These vesicles were incubated 

for 10 min at 48°C (98) with 50 mM Tris-HCl containing 100 

mM KCl and 10 mM MgS04 to make potassium-loaded vesicles, 

and then chilled in ice. After centrifugation, one fraction 

was suspended in the buffer containing 100 mM KCl and the 

other fraction was suspended in the buffer containing 100 

mM choline chloride. These two fractions were used for 

glycine transport experiments. Because glycine efflux would 
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be catalyzed by the glycine transport system, it was 

necessary to see if the vesicles were capable of 

transporting glycine. The vesicles have lost soluble 

cytochrome c (99) and thus are incapable of light-driven 

cyclic electron flow. Therefore a K"*"/valinomycin induced 

Ay had to be used as energy source. Glycine transport was 

tested with K"''/valinomycin diffusion potential, but no 

uptake was observed. The reaction was initiated by the 

addition of valinomycin (final concentration = 40 |J.M) and 

glycine uptake was measured by the filter assay technique. 

Since it was not possible, in our hands, to obtain Q.. 

vinosum vesicles capable of glycine active transport, it 

was decided not to pursue this project further at this 

t ime. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

The results of this research may be summarized as 

follows: 

1. The photosynthetic purple sulfur bacterium Chromatium 

vinosum has been shown to possess active transport systems 

for lysine and arginine. The ultimate energy source for 

these transport systems appeared to be the electrochemical 

proton gradient (A|ijj+, outside positive and acidic) 

generated either by a light-driven cyclic electron flow or 

by ATP hydrolysis via the DCCD sensitive ATPase. The 

electrochemical proton gradient has two components, the pH 

gradient and the membrane potential (Ay) . The energy source 

for arginine and lysine uptake were studied using uncouplers 

and inhibitors, and it appeared to be the Ay component of 

the electrochemical proton gradient that drives uptake with 

no involvement of ApH. It would therefore appear most likely 

that transport occurs via a "uniport" mechanism with the Ay 

(inside negative) maintained by Q.. vinosum providing the 

energy for the uptake of the positively-charged amino acids 

without any coupling to the co-transport of protons or 

107 
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sodium ions. This is the first evidence for amino acid 

transport by an electrogenic uniport in any bacterium. 

2. Uptake of both amino acids obeyed Michaelis-Menten 

kinetics with K„ values of 16±1 |IM and 14±4 |IM for lysine 

and arginine, respectively. Competitive inhibition 

experiments have shown that lysine uptake was inhibited 

competitively by arginine, with a K̂  for arginine of 10±1 

|IM, and the presence of lysine (at concentrations as high as 

150 |IM) did not produce any inhibition of arginine uptake. 

The kinetic data were more readily interpreted in terms of 

two transport systems: One system is capable of transporting 

either lysine or arginine and the second is capable of 

transporting arginine, but not lysine. 

3. The effect of glycine on phototrophically growing £.-

vinosum was investigated in the presence and absence of 

various amino acids. Phototrophically growing Q.. vinosum was 

exposed to extracellular glycine concentrations ranging from 

0.1 to 1.5 mM. Even at glycine concentration as low as 0.1 

mM, the growth rate decreased noticeably within a time 

period of approximately one doubling. Inhibition of 

autotrophic cells was more pronounced than that of 

heterotrophic cells. A more noticeable inhibition of growth 

was observed when glycine was present at the time of 

inoculation instead of being added during exponential 

growth. 
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The growth inhibition by glycine can be explained either 

by feedback inhibition caused by an intracellular amino acid 

imbalance or by interference by glycine of peptidoglycan 

biosynthesis. Cells exposed to glycine in the presence of 

eqimolar amounts of either D- or L-alanine did not show any 

inhibition of growth. Neither serine, leucine, valine, 

isoleucine, nor a-aminoisobutyric acid could counteract the 

inhibition of growth by glycine. Cells of growth-inhibited 

cultures were misshaped, showing vacuolation and partial 

protoplast formation. The inhibitory effect of glycine on 

growth is thus likely to be a competition between glycine 

and alanine during cell wall synthesis. The results of the 

growth studies described above were discussed in terms of 

the possibility that £. vinosum contains a transport system 

that catalyzes glycine efflux under certain conditions. 

4. Previous work in our laboratory (22) had demonstrated 

that glycine uptake could be driven by a K''' gradient 

([K"'"]̂ ^̂ -̂  f̂ '̂ lin) • ̂ " ^^ attempt to provide additional 

evidence for K"'"-dependent glycine transport, the effect of 

K"̂  on glycine efflux was studied by diluting £.. vinosum 

cells, pre-loaded with [̂''C] glycine, with K"'"-containing 

buffer or K"'"-free buffer. Since consistent, reproducible 

efflux was not observed, it was decided to use membrane 

vesicles instead of whole cells. The main advantages of 

using membrane vesicles would be the elimination of glycine 

metabolism and control of the ionic composition of the 
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internal aĉ ueous phase. Although formed the C. vinosum 

spheroplasts were very unstable and £. vinosum membrane 

vesicles capable of glycine active transport could not be 

obtained. 
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