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CHAPTER I
INTRODUCTION

Bacterial transport involves the selective permeation of the cell
membrane by certain molecular speciés, allowing them to enter the cell.
These transport systems have, to date, proven to be functionally
specialized and distinct from metabolic enzymes, although they seem
to operate in conjunction with such enzymes. Thus, it is thought that
the entry of most organic nutrilites metabolized by a bacterium must be
mediated by some type of permeation system,

The fundamental importance of the transport phenomenon has long
been recognized in animal physiology. However, microbiologists viewed
data supporting bacterial systems with doubt. As early as 1939, Deere,

et al. (1939) described a strain of Escherichia coli which did not

ferment lactose but did display all the necessary enzyme activities.
Since the metabolism of all other carbohydrates by this strain was
unaffected, the logical assumption to be made was that each cell con-
tained a multitude of specific permeation systems, each for a separate
substrate. At that time, no positive supportive evidence existed and
no direct experimental approach seemed open. A more convincing example
of crypticity was reported by Douderoff and his co-workers (1949, 1951,
1956). A mutant strain of E. coli was unable to metabolize glucose
although it could completely degrade maltose. Since maltose is split

to form glucose, and in this way is metabolized, a conclusion providing



for the presence of a stereospecific permeation system had to be con-
sidered.

From 1955 to 1960, several investigators (Cohen and Rickenberg,
1955a; Rickenberg, et al., 1956; Kepes and Monod, 1957; Jacob, et al.,

1960), working with E. coli, extended the earlier observations on

lactose by demonstrating the requirement of an inducible protein for
transport of this compound and certain other ﬂ-galactosides. This
protein was proven to be distinct from botfhﬂ-galactosidase and trans-
acetylase but was controlled jointly with them under a single regula-
tory mechanism, the operator region of the lactose operon. Since the
function and genetics of the lac operon have been discussed in detail
elsewhere (Jacob and Monod, 1961; Vogel and Vogel, 1967; Beckwith and
Zipser, 1970) they will not be further elucidated here. However,
inasmuch as investigations on the galactoside permeation system have
yielded a wealth of information which has led to the formulation of
many transport models, this subject will be discussed in more detail.

Because the action of the galactoside transport proteln was con-
sidered to be catalytic, it and all other similar proteins received the
name permease (Rickenberg, et al., 1956), a term which has since been
discussed and criticized. 1In 1965, Fox and Kennedy isolated a membrane-
associated protein with properties similar to those of the ﬂ-galactoside
permease. However, since this protein has not been indisputably proven
to be identical with the ''galactoside permease', it has been called the
M (membrane) protein.

Within the period 1955 to 1960, the ﬂ-galactoside permeation
system was found to transport such other compounds as melibiose and

phenylnﬁ—D-thiogalactoside as well as lactose and thiomethylgalactoside



(IMG). The latter compound proved to be particularly useful since it
caused induction but could not be metabolized (Rickenberg, et al.,
1956). 1Investigations utilizing TMG proved galactoside uptake to be
an active process whereby TMG could be recovered unchanged within the
cell (Sistrom, 1958), and accumulation of the compound against a gradi-
ent could be inhibited by such uncoupling agents as 2,4-dinitrophenol
or sodium azide. Also, the latter phase (or plateau value) of a plot
of compound accumulated vs. time, the active transport curve, was
interpreted to reflect the balance between continued uptake and equiva-
lent efflux of the radioactive substrate. At this time in the uptake
sequence, the ratio of the concentration of TMG inside the cell to that
in the medium was calculated to be between 50:1 and 500:1. Further-
more, it was noted that addition of the previously-mentioned uncouplers
during this plateau period caused an immediate decrease in the intra-
cellular concentration of TMG.

By 1960, other permeation systems in addition to that for
ﬁ-galactosides had been proposed: exploratory research had been done
on amino acid uptake (Gale, 1947, 1954; Cohen and Rickenberg, 1955b,
1956), on accumulation of citrate and other Krebs cycle intermediates
(Kogut and Podoski, 1953; Barrett, et al., 1953; Gilvarg and Davis,
1954), on tartaric acid permeation (Shilo and Stanier, 1957) on
glucuronide transport (Stoeber, 1957), and on several other carbohy-
drate systems. However, the/B-galactoside research was by far the most
sophisticated and, by 1960, it provided the necessary kinetic data for
postulation of the first detailed transport model (Kepes, 1960).

This model assumed the presence of two components, a mobile

carrier and the permease. The mobile carrier was described as a



constitutive, nonspecific protein which could exist in an energized
state (%*carrier) or in a low-energy complexed state (carrier-substrate).
The permease was specific, with its function being catalysis of

reaction (1).

Permease

*Carrier + Substrate —> (Carrier-Substrate (L)
Energy Complex
Dissipation

As illustrated, the energy involvement in this system was with the
formation of the initial complex at the outer surface of the membrane.
A later interpretation was presented by Koch (1964). The major differ-
ence was that in Koch's model, energy was involved with the dissociation
of substrate from carrier at the inner face of the membrane. A study
reported by Winkler and Wilson (1966) supported Koch's hypothesis on
energy involvement, but their experiments with sodium azide, iodoace-
tate, and 2,4-dinitrophenol indicated that the carrier was the permease
itself, and that it was involved in active transport as well as in the
facilitated diffusion seen in energy-poisoned cells,

A number of models for transport have since been proposed; the
three most recent ones are shown below in reactions 2-15 and 18-30.
Each depicts three general steps as necessary components of the trans-
port mechanism: (1) association of a carrier (permease) with sub-
strate; (2) translocation by some unknown method, possibly rotation,
vibration, or configurational change; and (3) dissociation of substrate
inside the cell.

The first and least elaborate model (reactions 2-6) was presented

by Manno and Schacter in 1970. It simply noted two pathways, A and B,



by which ﬁLgalactosides could be transported. Influx via A, illustrat-
ed by reactions 2,3, and 4, represents transfer by facilitated diffu-
sion. When pathway B is used (reactions 2,3,5,6), energy coupling is
involved, converting the carrier-galactoside complex (g-c) to an
altered form (g-c*), which then is dissociated in reaction 6, yielding
free carrier and free internal galactoside. Energy coupling retains
intracellular galactoside by recycling it through reactions 4,5, and 6.
The authors state that they have omitted the representation of unloaded

carrier translocation for the sake of simplicity.

l l
, e |
l (g-c)*— ¢ : + g B.
l '~p1¥5) 1 | (2-6)
g +c/~; gc Em=gcS—=c | +g A
| @ @) @
|
Outside | Membrane ; Inside
1

For clarity, this author has added the boundaries of the cell
membrane and slightly altered the orientation of the model represented

by reactions 7 through 15 (Kepes, 1971).

| |
| (11) ,
| PA< > 7
| l (12) oy Py P
= P £ (13) > P | ’
|
S ’7?77{£ oy S (7-15)
N ps < (8) > 5P : AN
|
| I
: (14) I
' [
| (15) l
[ I
Outside Membrane : Inside



This model is much more complicated than the previous one and
requires several specific assumptions., First, energy coupling is
irreversibly involved with formation of an energy donor-permease com-
plex (reaction 10), this being represented by A~P., Second, at least
two steps are associated with energy coupling, the second being the
breakage of the covalent bond of P~A (energy dissipation, reaction 12).
Third, permease can exist in a free form (P), as a substrate complex
(PS), or in an energized form (PvA), all of which can be oriented with
the active site inward or outward. This model hypothesizes not only an
efflux channel inhibitable by uncoupling agents (15) but a nonspecific
leak channel (14).

.Facilitated diffusion, in this model, involves reactions 7, 8, 9,
and 13, whereas inward active transport follows the pathway 7, 8, 9,
10, 11, 12. Outward-oriented P forms a complex with substrate (S).
The complex is translocated to inward-oriented PS which can only accu-
mulate S8 on the inner face by formation of a second complex (inward-
oriented AYP) requiring energy. Conversion to outward-oriented P~A is
followed by the energy dissipation step (reaction 12) which reforms
outward-oriented P. Kepes states that the fate of the radical, A, is
disregarded due to lack of experimental evidence. -Efflux can occur
‘via several pathways. When substrate is removed from the medium caus-
ing the cell to lose substrate in order to maintain equilibrium,
channels 14 and/or 15, being independent of the saturable permease
protein, might be utilized. A permease-mediated exit could be accom-
plished if outward-oriented P were converted to inward-oriented P by
the reverse of reaction 13, this combining with S8 at the inner face

(reverse of reaction 9) and then following the reverse reaction



sequence through reactions 8 and 7. At the steady state in facilitated
diffusion, reactions 7, 8, and 9 occur at equal rates in the inward and
outward directions, simply bringing about exchange. During the steady
state in active transport, substrate still enters through reactions 7,
8, 9, 10, 11, 12 but leaves partly through reversal of reactions 9, 8,
and 7 and partly through 14 and 15, the flux through 10, 11, and 12
counter-balancing that directed through 14 and 15.

With the discovery of the phosphoenolpyruvate-phosphotransferase
system in E. coli, by Kundig, et al. (1964), a new mode of substrate
entry was established. In this instance, several proteins are involved
(as indicated in reactions 16 and 17) and the sugar substrate is
trapped as a phosphorylated derivative upon entry.

Enz I, Mgt
PEP + HPr > P-HPr + Pyruvate ‘ (16)

Enz II, Mg
P-HPr + Sugar > Sugar-P + HPr (17)

In the first reaction (16), the phosphoryl group is transferred from
phosphoenolpyruvate (PEP) to the histidine moiety of a heat-stable,

low molecular weight protein (HPr) upon catalysis by enzyme I. This
first enzyme is soluble, constitutive, and nonspecific with respect to
sugars (Kundig, et al., 1966, Simoni, et al., 1968). In the second
reaction (17), the phosphorylated carrier (P-HPr) donates the phosphate
to the sugar with the intervention of enzyme II (Kundig, et al., 1964;
Kundig and Roseman, 1966). Enzyme II appears to be a membrane-bound
component which is specific for individual sugars and seems, in most

cases, to be inducible.



This PEP-phosphotransferase system has since been demonstrated in

Salmonella typhimurium (Simoni, et al., 1967; Levinthal and Simoni,

1969), Staphylococcus aureus (Egan and Morse, 1965a, 1965b, 1966),

Aerobacter aerogenes and A. cloacae (Kundig, et al., 1964; Tanaka, et

al., 1967), and Lactobacillus arabinosus (Kundig, et al., 1964), and

has been shown to be involved in the accumulation of a number of sugars
including galactose (Kundig, et al., 1965) and TMG (Laue and MacDonald,
1968b). Further specifics of this system will not be described since
they can be found in several review articles, the most recent being
those by Kaback (1970) and Lin (1970).

Koch's recent model (1971) for galactoside transport (reactions
18-30) incorporates the possibility of PEP-phosphotransferase interven-
tion. Since several investigators have demonstrated the accumulation

of phosphorylated lactose or TMG by Staph. aureus cells (Hengstenberg,

et al., 1967; Kennedy and Scarborough, 1967; Laue and MacDonald, 1968a,
1968b), Koch assumes the following model to be representative of the
normal mechanism. He terms E. coli the exception, citing recent
genetic evidence reported by Wang, et al. (1970) as indicative of the
presence of an active membrane-bound phosphatase within these cells.
The function of this enzyme would be to cleave phosphate frqm galacto-
sides giving the appearance, based on chromatographic evidence, of
accumulation of unaltered substrate.

The upper half of Koch's model is interpreted as the mechanism
for transport of all sugars, each having its specific permease, its
specific enzyme II, and, in some cases, a specific phosphatase. On
the outside of the membrane, substrate (Sz) is bound by one or more

permease molecules (PZ) and transferred to the
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| TS, < ) > 18, (22 Sze\—“sz'("P
(18) ! (20) | HPr
S 7 Enz II
) 2 i
o + . (18-30)
T € > T | ~p_ (29) Pi

|
|
2

! Enz
| YA

(26) _/ (28)
TS, :

Membrane Inside

transporter (T), which is defined as the substance, structure, or

(25)

TS, <

W

|
I
I
|
Outsid%
channel that permits diffusion of the substrate, by its interaction,
through the cell membrane (Koch, 1967). Spontaneous dissociation of
substrate from the transporter-substrate complex (TSZ) at the inner
face of the membrane can occur via reaction 23; however, this mechanism
is considered negligible. Therefore, for all practical purposes, Koch
eliminates interference by facilitated diffusion. TS2 is normally
dissociated at the inner membrane interface by interaction with enzyme
I1I and P-HPr (reaction 24), with substrate being released inside the
cell as the phosphoryl derivative and free transporter reformed in the
membrane. Where a phosphatase is involved, reaction 30 is carried out.

Koch (1971) does visualize additional mechanisms providing for
transport. However, he dismisses the possiblity of a second energy-
coupled system in tandem with the PEP system as illogical and, instead,
postulates that the inner cell membrane contains a variety of mecha-
nisms for dissociation of TS, all in parallel.

Reactions 25-29 and 21 illustrate an alternative to the PEP system

although it is connected in parallel with the latter. This series of
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reactions would yield nonphosphorylated substrate in the true sense of
active transport. Again, specific permease molecules (Pl) transfer
substrate (Sl) to the common transporter (T) forming the complex TSl.
+Since reaction 28 is regarded as inconsequential, the dissociation of
TS1 must proceed through reaction 29 where energy in some form is
required (~P). It 1s noteworthy that Koch's model predicts the absence
of transport in the absence of energy.

The early transport models only speculated on the existence and
function of the various components involved with permeation systems,
using kinetic data. The later models, however, benefitted from infor-
mation obtained from a series of investigations utilizing an osmotic
shock procedure first described for enzyme release by Malamy and
Horecker (1964) and Neu.and Heppel (1964). The procedure involved
suspending gram-negative bacteria in a solution containing sucrose,
Tris buffer, and ethylenediaminetetraacetate (EDTA), centrifuging at
room temperature, and resuspending in cold magnesium chloride. This
procedure leaves the cells viable (able to replicate after a short lag
period) even though it seems to alter the permeability barrier. The
final supernatant fluid (shock fluid) was shown to contain approximate-
ly 3.5 per cent of the cellular protein including enzymes and permeases
(binding proteins). There is general agreement with Heppel's proposal
(1967) that the selectively released proteins are confined to a region
between the cell wall and the cytoplasmic membrane.

Pardee's group (Dreyfuss and Pardee, 1965; Pardee and Prestidge,
1965; Pardee, et al., 1966) used the previously-described
osmotic shock procedure, was the first to isolate and purify a binding

protein from shock fluid. This protein factor, which bound inorganic
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sulfate, was concluded to be a necessary component of K the sulfate
transport system in S. typhimurium. Using antibody interaction, Pardee
and Watanabe (1968) finally proved the surface location of this sulfate
binding protein.

Soon after Pardee's initial report, Piperno and Oxender (1966)
showed that a nondializable factor in shock fluid from E. coli K12
binds leucine, iscleucine, and valine. Uptake of these amino acids by
the cell was significantly reduced by osmotic shock. These workers
compared the Km values for binding and uptake, finding them to be
essentially equivalent,

More recent binder characterization studies have concentrated on
specifying the interrelationship between binders and substrates. In
some cases, several substrates may be transported by one permease
(Penrose, et al., 1968; Anraku, 1968a; Boos, 1969), a relationship
detected by competition in binding and uptake experiments, and in
others, the same substrate can be accumulated via several permeases
simultaneously. Rotman and co-workers have described at least four
permeases which can concentrate galactose in E. coli (Rotman, 1959;
Rotman and Guzman, 1961; Rotman and Radojkovic, 1964; Ganesan and
Rotman, 1966; Rotman, et al., 1968), while several other groups working
with this same organism have demonstrated at least two permeases which
act on leucine (Furlong and Weiner, 1970; Penrose, et al., 1968;

Anraku, 1968a). In Pseudomonas aeruginosa, Kay and Gronlund (1969)

have reported two distinct sets of Km and Vmax values for proline
transport, which may possibly indicate the presence of two permeases.
Kaback (1970) states that one of the very few ways to prove the

interdependence of transport and binding is to restore transport
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activity to shocked cells by addition of isolated protein factors
(purified binding protein). Various researchers have tried this,
obtaining results of minimal value. Under some conditions a beneficial
effect is seen (Anraku, 1967, 1968c; Anraku and Heppel, 1967a, 1967b;
Wilson and Holden, 1969), while under other conditions no significant
effect is observed. 1In some instances results are extremely variable
(Pardee, 1968), with nonspecific proteins producing the same effect as
binding protein. Of course, osmotic shock could damage the cells in
ways other than release of certain proteins. For instance, Leive
(1965,a-d) has reported that treatment of cells with EDTA in the
presence of Tris buffer released approximately 50 per cent of the
cells' lipopolysaccharide and made them permeable to actinomycin D and
other small molecules. Intracellular constituents such as the acid-
soluble nucleotide pool are also released (Kaback, 1970). Because some
investigators feel that this loss represents at least some of the
energy reserves of the cell, they believe that this fact alone could
account for loss of active transport in osmotically shocked cells.
Thus, they dismiss recent studies incorporating osmotic shock treatment
as inconclusive.

In a search of the literature, one finds a general lack of agree-
ment as to what actually constitutes the energy source for active
transport. According to some, it is not even connected with the
previously-mentioned nucleotide pool. However, the earliest theory,
one which is still quite popular, did couple ATP directly with active
transport. Proponents claim that this nucleotide is involved, since
uncouplers of oxidative phosphorylation such as sodium azide, 2,4-

dinitrophenol, and cyanide inhibit accumulation against a gradient.
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They agree with Slater (1966) in assuming that uncouplers cause the
hydrolysis of high-energy intermediates that transfer energy from the
electron transport chain to ATP. In addition, some workers have

demonstrated the following aspects of ATP involvement: (1) Exogenous

ATP specifically activates p-galactoside transport in E. coli, with
many substrate molecules being transported per molecule of ATP hydro-
lyzed (Scarborough, et al., 1968; Carter, et al., 1968). This led
Kennedy's group (Fox, et al., 1967; Scarborough, et al., 1968) to
propose that ATP converts the M protein into a form with lower affinity
for the substrate, causing its release inside the cell, (2) The energy
supply for sodium and potassium transport by erythrocytes seems to be
ATP, since this nucleotide, added to a membrane preparation, stimulates
transport (Skou, 1965; Albers, 1967). (3) Uphill transport in

Streptococcus faecalis is coupled to ATP production because addition

of arginine stimulates galactose uptake in this organism (Wilkins,
1970).

HPr, the energy donor implicated in the phosphotransferase system,
serves as a popular alternate to ATP for aiding in accumulation against
a gradient. However, referring back to reactions 16 and 17, it seems
more correct to specify PEP as the energy source in this instance. In
any case, this energy donor is related to the bacterial transport of at
least nine sugars in various organisms (Kundig, et al., 1966; Simoni,
et al., 1967; Anderson, et al., 1968). The decided advantage of this
group translocation system, according to Roseman (1969), is that the
energy used for transport is not wasted. 1Instead, it is used for
direct accumulation of the phosphorylated compound, yielding more net

ATP than normal from glycolysis. Uncouplers of oxidative
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phosphorylation may also be used to distinguish this type of energy
donor: these compounds stimulate phosphotransferase transport since
they increase the rate of formation of PEP (Davis and Gibson, 1967).
.On the other hand, iodoacetate still acts as an inhibitor (Englesberg,
et al., 1961).

Three other mechanisms of energy generation have been suggested as
responsible for active transport, these being proton conduction,
sodium-dependent co-transport, and transport coupled to D-lactic
dehydrogenase.

Proton conduction implies that the respiratory carriers in mem-
branes are so arranged as to generate H" and OH" on opposite sides of
the membrane. Then, by virtue of associated membrane carriers, the
resulting proton gradient may be utilized directly to drive active
transport (Mitchell, 1967). In the initial experiments, Mitchell's
group (Mitchell, 1962; Mitchell, 1967; Mitchell and Moyle, 1967) worked
with mammalian cells. .Permeation of the cells to protons was measured
by following equilibration of the pH after addition of a pulse of HCL.
Pavlasova and Harold (1969) and Harold and Baarda (1968), using this
same procedure, studied Rb+, K*, and PO4-3 transport in the fermenta-

tive organism Strep. faecalis and ﬁ-galactoside transport in anaerobic-

ally grown E. coli, with particular emphasis on the effect of uncoup-
lers of oxidative phosphorylation. They determined that compounds such
as tetrachlorosalicylanilide (TCS), carbonylcyanide-m-chlorophenyl-
hydrazone (CCCP), tetramethyldipicrylamine (IMPA), and 2,4~dinitrophen-
ol do not interfere with ATP metabolism yet do abolish energy coupling
in active transport. In addition, they showed that these compounds

actually accelerate proton translocation. Thus, inhibition of proton



15

conduction-driven active transport by uncouplers of oxidative phosphor-
ylation is thought to be caused by an increased passage of protons,
collapsing the gradient.

Animal cells have long been thought to transport certain sugars
and amino acids by a sodium-dependent co-transport mechanism (Stein,
1967; Schultz and Curran, 1970). In other words, a substrate-specific
membrane protein transports the substrate inward against the concentra-
tion gradient at the same time that sodium ions are pumped from inside
the cell outward, i.e. down a concentration gradient, via a sodium
pump. The net result is active transport of the substrate. Stock and
Roseman (1971) have recently demonstrated this system in S. typhimurium.
They have correlated it with the system previously designated TMG
permease II (Prestidge and Pardee, 1965) which transports melibiose.

In their studies, Stock and Roseman (1971) noted a definite dependence
of the apparent K of TMG uptake upon the Nat concentration: the
stimulatory effect of the Nat caused a decrease in the Kn without
affecting the Vmax of entry. Also, ions such as K+, NH4+, Mg++, Mﬁ++,
and Catt showed no such effect, indicating the system to be specific.

Quite recently, D-lactic dehydrogenase has been implicated as the
driving force for active transport of amino acids, ﬂ-galactosides,
manganese, and potassium by membrane vesicles prepared from E. coli
(Bhattacharyya, 1970; Kaback and Milner, 1970; Barnes and Kaback,
1970). 1In fact, there is now evidence that the carriers of these
D-lactic dehydrogenase-coupled transport systems are the electron
transfer intermediates themselves (Barnes and Kaback, 1971; Kaback and
Barnes, 1971). Of course, the one requirement for this type of coup-

ling is that the organism maintain some form of electron transport
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system. A working model has been shown by Kaback and Barnes (1971) and
is represented here by reactions 31 through 42, Only a portion of the

electron transport chain is shown.

-OUT
31 32 33 34
Pyr Red Red
fP Cyt bp
D-Lact Ox S S Ox
Oxidized IN
Low K
m
35 36 37 38 OuT
Pyr Red SH Red (31-42)
D-Lact ox Ox
Reduced IN
ngh Km
39 40 41 42 ouT
Pyr Red Red
D-lact Oox SH ox
Reduced IN

The component between reactions 32 and 33, 36 and 37, and 40 and
41 is the binding protein (permease) or membrane protein which is
specific for each substrate. In the oxidized state (31-34) the carrier
has a high affinity site for substrate at the outer surface of the
membrane. Then, electrons coming ultimately from D-lactic acid through
one or more flavoproteins reduce a critical disulfide in the carrier
molecule (35-38) which results in a conformational change (39-42).

This change affects the affinity of the carrier for its substrate,
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bringing about release of the substrate inside the cell. After the
release, the sulfhydryl form of the binder is reoxidized by cytochrome
b1 and electrons continue through the remainder of the chain to reduce
molecular oxygen to water. Facilitated diffusion was postulated to
occur via the reduced carrier through an unexplained vibrational
phenomenon. The authors admit that this is only a simplified concep~
tual model but emphasize that it correlates with all their data.

As is evident from the previous discussion, transport systems for
a number of compounds have been investigated. Uptake of all major
amino acids as well as of a number of carbohydrates and intermediates
in glycolysis and the Kreb's cycle have been studied in one organism or
another. However, even though peculiarities in behavior of various
cells in hypertonic glycerol solutions were observed as early as 1903
(Fisherj, investigations on the metabolism and mechanism of uptake of
glycerol were not undertaken until much later (Jacobs, et al., 1938;
LeFevre, 1948; Jacobs, et al., 1950). These investigations were per-
formed with erythrocyte membranes, with results indicating that facili-
tated diffusion was responsible for glycerol transport. Later, in
1965, Lin's group (Hayashi and Lin, 1965) initiated the examination of
the entry of glycerol into bacterial cells, 'E. coli was chosen as the
experimental organism. Measurement and comparison of Km values for
cell growth and glycerol kinase activity showed these values to be
essentially equivalent, while chromatography of a cold distilled water
extract of cells exposed to 14C-glycerol for 5 minutes indicated the
presence of 14C-glycerophosphate as the sole intracellular radioactive
product. These results, coupled with the fact that all glycerol

kinase-negative mutants selected were also transport-negative,
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accounted for their conclusion that glycerol entered E. coli cells by
free diffusion and was only retained inside by being metabolized to
L-0C -glycerophosphate. In 1968, Lin's group developed a rapid optical
method which was supposed to distinguish between mediated transport and
free diffusion (Sanno, et al., 1968). Upon its application to cultures
of E. coli grown and induced in various ways, they determined entry of
glycerol to be inducible by L-¢K-glycerophosphate and mediated by some
component which has never been isolated or further described. Never-
theless, they then concluded that a process of facilitated diffusion
serves to transport glycerol into E. coli.

.Several of the pleiotropic PEP-phosphotransferase mutants of E,
coli (Enzyme I° and HPr~) have also exhibited inability to grow on
glycerol. Although this seems to implicate the transfer of glycerol
by the PEP system, several researchers have refuted this possibility
(Zwaig and Lin, 1966; Berman, et al., 1970; Berman and‘Lin, 1971).
They have shown that this particular anomaly can be specifically
suppressed in various ways. The result is a revertént which grows on
glycerol but still cannot grow on the other carbohydrates.

Transport of glycerol by the aerobic organism, P. aeruginosa, has
been investigated by Tsay (1971). Some of this data was collected by
use of the previously-mentioned rapid optical method of Sanno, et al.
(1968), results of which are difficult to interpret in P. aeruginosa.
This technique, used with the addition of uncouplers of oxidative
phosphorylation, provided data suggesting that facilitated diffusion
serves to transport glycerol into this organism. 1In support of this
conclusion, a glycerol binding factor was released by an osmotic shock

procedure and shown to be heat-labile and NEM-sensitive. However,
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kinetic data suggested the presence of at least two of these binding
proteins,

The present investigation was undertaken in order to extend the
transport studies of Tsay, with emphasis being placed on characteriza-
tion of both binding and transport of glycerol by P. aeruginosa. All
transport data were collected via 14C-glycerol uptake experiments. In
this manner, the possibility of energy coupling was re-examined. Two
newly-selected glycerol-negative mutants (GA-73 and AH-8) were charac-
terized and compared with PA-1-623 (the transport-negative strain used
by Tsay). Binding proteins for glycerol and glucose were partially
purified and characterized by means of competition experiments and an
optimum pH technique. 1In addition, glycerol binding activity was
demonstrated to be distinct from either glycerol kinase or L-oC-
glycerophosphate dehydrogenase activity,

In this investigation, the term free diffusion will be used to
describe a non-specific transfer of solute in which neither the mem-
brane nor any component thereof acts in a catalytic manner to expedite
the process, Facilitated diffusion will indicate the involvement of
some carrier which catalyzes the transfer process and increases the
rate as compared with free diffusion. Active transport is similar to
facilitated diffusion with the exception that solute is transferred
against a concentration gradient, a process requiring an energy source.
Group translocation will refer to transport via the PEP-phosphotrans-
ferase system. The terms transport, accumulation, and uptake will be
used interchangeably to indicate entry of solute into the cell, as will
the terms permease, binding protein, binder, and carrier, to distin-

guish that component which catalyzes the transfer.
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Since the study of any transport system requires a knowledge of
that substrate's metabolism, various known pathways for glycerol
catabolism have been reviewed and are illustrated in Figure 1. Possi-
ble entry mechanisms are represented by reactions 1-3. Reaction 2 has
been impliéated as the process utilized in E. coli (Lin, et al., 1962;
Hayashi, et al., 1964). Two pathways for the dissimilation of glycerol

are known to exist in both Strep. faecalis and A. aerogenes (Jacobs and

VanDemark, 1960; Lin, et al., 1960), these being represented by reac-
tions 4, 6, and 9, and 5, 7, and 9. The latter series is supposed to
function anaerobically, while the former is aerobic. The initial reac-
tions of glycerol metabolism in P. aeruginosa were studied by Cowen
(1968) who demonstrated the presence of enzymes catalyzing reactioms 4,
6, and 9. The remaining series of reactions interrelating glycerol
metabolism and glucose metabolism has been proposed by Heath (1971),
who suggested that catabolism of glycerol by P. aeruginosa proceeds
through the reaction sequence 9, 10, 11, 12, 28, 20, 21 to reach
pyruvate, unless NADt-linked GAP dehydrogenase (reaction 22) is consti-

tutive.



Figure 1., Reactions Involved in Metabolism of Glycerol and Glucose.

Enzymes and abbreviations are listed below. Enzyme numbers
correspond to numbered reactions shown in the figure.

Abbreviations:
L-oC-GlyP, L-cC-glycerophosphate
DHA and DHAP, dihydroxyacetone and dihydroxyacetone phosphate
GAP, glyceraldehyde-3-phosphate
PGA, phosphoglyceric acid
PEP, phosphoenolpyruvate
Pyr, pyruvate
KDPG, 2-keto-3-deoxy-6-phosphogluconate

Enzymes:
1. Glycerol permease
2,4. Glycerol kinase
3,5. Glycerol dehydrogenase
6. L-oC-Glycerophosphate dehydrogenase
7. Dihydroxyacetone kinase
8. Series of reactions leading to phospholipid synthesis

9. Triose phosphate isomerase

10, FPructose diphosphate aldolase

11. Pructose diphosphatase

12. Phosphohexose isomerase

13. Glucokinase

14. Glucose dehydrogenase

15. Gluconokinase

16. 6-Phosphogluconate dehydrogenase

17. Gluconate dehydrogenase

18. 2-Ketogluconokinase

19. 2-Keto-6-phosphogluconate reductase

20. 6-Phosphogluconate dehydrase

21. KDPG aldolase

22. Glyceraldehyde-3-phosphate dehydrogenase
23. Phosphoglycerate kinase

24, Phosphoglycerate mutase

25. Enolase

26. Pyruvate kinase

27. Series of reactions leading to the Kreb's cycle
28. Glucose-6-phosphate dehydrogenase
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CHAPTER II

MATERIALS AND METHODS

Strains of Bacteria

Two varieties of the wild type strain of Pseudomonas aeruginosa

(designated PA-lL and PA-ls) were. used in this study. The original
PA-1 was obtained from B. W. Holloway of the University of Melbourne.
This strain displays the normal appearance and metabolic characteris-
tics of P. aeruginosa as listed in Bergey's Manual (Breed, et al.,
1957) with a colonial morphology on glucose minimal medium A as fol-
lows: circular, convex, entire, butyrous, opaque and greenish yellow.
In 0.5 per cent glycerol minimal liquid medium A with aeration, it
reaches 20 per cent transmittance with even turbidity in approximately
12 hours.

The small colony variant (PA-lS) was spontaneously derived from

PA-lL and is metabolically similar to PA-1_ with regard to the reac-

L
tions of interest in this study except that it grows more slowly in
liquid culture (which is consistent with its smaller size on plates).
In all liquid cultures it forms flakes, producing a grainy-appearing
turbidity. In 0.5 per cent glycerol minimal medium A, it requires
approximately 27 to 30 hours to reach a per cent transmittance of 20.

On glucose plates the colonial morphology differs from that of PA-}L

only in that PA-1_, colonies are punctiform, slightly raised, and dry.

S
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Glycerol-negative mutants used in this study were derived from
PA-1L by nitrosoguanidine treatment. These include: GA-73, AH-8,
obtained from Floyd E. White, Jr., and PA-1-623, obtained from Clint

Cowen (1968).
Media

Minimal medium A was a modification of Robert's M-9 medium
(Roberts, et al,, 1957) and contained the following constituents per

liter: NaZHP04-7H20, 8.2 g; KH2P04, 2.7 g; MgSO4~7H20, 0.4 g; NH4CI,

1.0 g; FeSO,, 0.1 per cent solution, 0.5 ml; distilled water to volume.

The MgSO4-7H2

(w/v). The carbon sources, sodium lactate, glucose, and glycerol, were

0 was autoclaved separately as a 40 per cent solution

autoclaved separately as 20 per cent (w/v) solutions, while all other
carbon sources, also at this concentration, were filter-sterilized
through 47 mm Gelman filters, H. A. 45 p. All substrates were added
aseptically to a final concentration of 0.5 per cent (w/v) to minimal
medium A which had been autoclaved in the flasks to be used for growth
of the organism.

The term minimal medium B is used to designate a medium identical
to minimal medium A except that MgSO4'7H20 and a carbon source were

omitted. It was used for washing cells in most experiments and for

suspension of cells during transport experiments.
Plates

All minimal medium plates were prepared by autoclaving the pre-

viously mentioned amounts of Na HPO -7H20, KH2PO4, and NH,Cl in one

2774 4

flask, 0.5 per cent (w/total volume) carbon source in a second flask,
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and two per cent (w/total volume) Bacto-agar (Difco) plus the required

amounts of MgSO4-7H20 and FeSO4

tents were autoclaved at 250 C and 15 psi for 15 minutes. After steri-

in a third flask. All flasks and con-

lization the flasks were cooled to 47 C in a preheated water bath and
all constituents were added aseptically to the large flask containing
Bacto-agar, MgSO4'7H20 and FeSO4 and mixed well before being distribut-
ed into plates.

Nutrient agar was rehydrated according to directions on the bottle,
autoclaved under the same conditions as the minimal media, cooled to
47 C, mixed and poured into plates.

Sterile syringe pipettes (A. H. Thomas Co.) were used to deliver
25 ml of agar medium per sterile plate. After solidification, the
plates were inverted, allowed to dry approximately 48 hr at room
temperature and then stored at 0-5 C. Plates to be spread with cells

were dried an additional 24 hr at 37 C before use,
Cultivation of Bacteria

All bacterial strains were stfeaked on nutrient agar slants,
allowed to grow 18-24 hr at 37 C, and placed at 0-5 C for storage.
Glycerol-negative strains, PA-1-623, AH-8, and GA-73 were maintained
more efficiently by placing 1 ml of 20 per cent sterile glycerol on the
pre-grown slant before storage at 0 C.

Minimal medium A plus the desired carbon source was the growth
medium of choice. For the majority of experiments, cells were grown in
flasks placed on a reciprocal shaker at 37 C. Growth continued until
the suspension attained a reading of 20 per cent transmittance as meas-

ured in an 18 mm tube at 540 nm on a Coleman Junior Spectrophotometer.
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Cells were harvested by centrifugation at room temperature when
physiologically active cells were desired, or at 0 C otherwise, and
washed twice with minimal medium B unless stated otherwise. When in-
duction was required, once-washed cells were resuspended to the
original volume in minimal medium A plus the desired carbon source at
0.5 per cent and placed on a reciprocal shaker at 37 C for four hours.
Before use for experimentation, the induced cells were harvested and
washed twice with minimal medium B.

Whenever mutants were used in an experiment, a 0.05 ml sample was
removed from each growth flask, inoculated into 6.0 ml of 0.5 per cent
glycerol minimal medium A and incubated with aeration at 37 C to check

for reversion.
Chemicals

Carbenicillin was a gift from Beecham Pharmaceuticals. D=~
cycloserine was a product of Mann Research Laboratories. Absolute
ethanol was produced by U. S. Industrial Chemicals. Aquasol was a
product of New England Nuclear. Adonitol was obtained from Difco
Laboratories. Products of Aldrich Chemical Company were N-methyl-N'-
nitro-N-nitrosoguanidine (NTG) and 1,3-propanediol. - Sodium pyruvate
and 3(4,5 dimethyl thiazolyl 1-2)2,5 diphenyl tetrazolium bromide
(MTT) were obtained from Nutritional Biochemicals. G1ycerol-U-14C and
the scintillation fluors were purchased from Amersham/Searle. Products
of Eastman.Kodak Company were N-ethylmaleimide, 2,4-dinitrophenol,
dulcitol, hydrazine, and 1l,2-propanediol.

Chemicals obtained from Fisher Scientific Company (Certified

A.C.S. grade) included the following: sodium chloride, sucrose,
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dextrose, 857 phosphoric acid, potassium cyanide, glycerin, sodium
azide, tertiary potassium phosphate, sodium arsenate, toluene, absolute
methanol, potassium hydroxide pellets, phenol reagent, magnesium
chloride, D-fructose, sodium citrate, and mannitol. -Sodium lactate was
obtained from.Fisher as a 607 syrup.

Chemicals from Calbiochem (A grade) were as follows: histidine
(hydrochloride, hydrate), diphosphopyridine nucleotide (NAﬁ+), tris-
(hydroxymethyl)aminomethane (Tris), N,N Bis(2-hydroxyethyl)glycine
(Bicine), adenosine-5'-triphosphate (ATP), dihydroxyacetone dimer,
L-methionine, succinic acid (disodium salt, hexahydrate), and uniformly
. labelled 14C-glucose.

The following chemicals were purchased from the J. T. Baker
Company (Analyzed Reagent grade): disodium (ethylenedinitrilo)
tetraacetate-2H20 (EDTA), potassium phosphate (monabasic),.potassium
phosphate (dibasic), ammonium sulfate, sodium carbonate (anhydrous
powder), cupric sulfate (pentahydrate), potassium sodium tartrate, and
n-propanol,

Those chemicals produced by Sigma Chemical Company include:
bovine serum albumin, DL-glyceric acid (calcium salt, dihydrate),
D-gluconic acid (potassium salt),fg-glycerophosphate (disodium salt,
pentahydrate), oligomycin, antimycin A, chloramphenicol, meso-
erythritol, DIL-0Gglycerophosphate (disodium salt, hexahydrate), and

L-0-glycerophosphate dehydrogenase (rabbit muscle).
-Protein Determination

The protein assay of Sutherland et al. (1949) was used to deter-

‘mine the protein content of shock fluids, partially purified binding
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protein solution, and cell-free extracts.  Standards (bovine serum
albumin) and samples containing 30 to 90 mg/ml of protein were diluted
to 1.0 ml with distilled water., Five milliliters of a fresh solution
containing 1.0 ml of 4.0 per cent potassium sodium tartrate and 1.0 ml
of 2.0 per cent CuSO4-5H20 per 100 ml of 4 per cent Na2003 were added
to each sample and to a water blank and mixed. After 40 minutes
incubation at room temperature, 0.5 ml of a freshly prepared 0.67 N
phenol reagent solution was added to each tube and mixed immediately.
The optical density was determined at 660 nm after 15 minutes.

Recently a report by Gregory and Sajdera (1970) noted that certain
buffers interfere with color formation in protein determinations uti-
lizing the Folin-Ciocalteau method. Standards consisting of 30, 60,
and 90 mg/ml bovine serum albumin were made up in bicine buffer, phos-
phate buffer, and sucrose-tris-EDTA solution in the same proportions as
in samples. In all cases, color production was increased. Therefore,

standards made up in the appropriate solutions were run simultaneously

with each set of samples.
Preparation of Cell-Free Extracts

The appropriate strain of P. aeruginosa was grown (in a volume of
at least 200 ml) and induced, when necessary, according to the proced-
ure described previously. Cells were harvested by centrifugation at
0 C and washed twice with 0.85 per cent (w/v) saline. The final pellet
was frozen at -20 C for not longer than one week.

Frozen pellets were thawed by resuspending in cold 0.1 M bicine,
pH 8.5, to a volume equivalent to approximately 2 per cent of the

original growth volume. These cells were broken by sonication with a
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Bronson sonifier, being subjected to 15 second bursts and intermittent
cooling in ice until a clear suspension was obtained. Calbiochem
MiniBeakers (5, 10, and 25 ml size) were found ideal for efficient
breakage. - The clear suspension was centrifuged at 0 C and 20,200 x g
for 10 minutes in a refrigerated centrifuge to obtain the crude cell-
free extract (supernatant), which was placed on ice and assayed;
immediately. A 1:20 dilution of the cell-free extract was made and a

0.1 ml sample was frozen for a later protein determination.
Enzyme Assays

Undialyzed crude cell-free extracts were assayed spectrophoto-
metrically for glycerol kinase (ATP:glycerol phosphotransferase,
EC 2.7.1.30) and L-0Cglycerophosphate dehydrogenase (L-glycerol-3-
phosphate [acceptdﬂ oxidoreductase, EC 1,1.,99) activities on a Cary 14
dual beam recording spectrophotometer, Total volume in the blank and
sample cuvettes was 3,0 ml with the contents of the two differing only
in the substitution of glass-distilled water for substrate in the
blank. For both assays, constituents were added in the order mentioned
below with the cuvettes being mixed by inversion after the addition of
substrate. The assays were performed at room temperature. Appropriate
controls were run to insure the purity of all enzymes and reagents
added to the reaction cuvette. However, it was noted that the kinase
reagents displayed a very slight activity (A0.D./wmin=0.002) which was
subtracted from each rate before calculation of specific activity. A
unit of enzyme (U) was defined as that amount required to convert one
micromole of substrate to product(s) per minute under the specified

conditions.
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Glycerol Kinase

The method of Lin et al. (1962) was adapted for use with P.
aeruginosa extracts. An amount of crude cell-free extract varying
between 0.2 ml and 0.5 ml was preincubated at least 12 minutes (in both
cuvettes) with 0.1 ml of 0.05 M ATP. The remaining reaction mixture
consisted of: 0.2 ml of 0.02 M NAﬁi~approximate1y 5 U of rabbit muscle
L-e-glycerophosphate dehydrogenase (L-glycerol-3-phosphate: NAD'+
oxidoreductase, EC 1.1.1.8); 0.1 M Tris buffer, pH 7.5, (0.9 to 1.2 ml
depending upon the amount of extract); 0.3 ml of 3 N hydrazine; 0.6 ml
of 0.1 M MgClz; and 0.3 ml of 0.1 M glycerol. Formation of NADH was
followed at 340 nm. The millimolar extinction coefficient used to cal-

culate the specific activity was 6.2 (Dawson et al., 1959),.

L- X-Glycerophosphate Dehyvdrogenase

This assay was also a modification of that of Lin et:al. (1962). The
reaction mixture consisted of the following: 2.1 to 2.4 ml (depending
on amount of extract) of 0.1 M Tris buffer, pH 7.5; 0.2 ml of 0,15 M
KCN; 0.2 to 0.5 ml of cell-free extract; 0.1 ml of 1 mg/ml MTT; and
0.1 ml of 1.0 M DL-e(-glycerophosphate. Enzyme activity was detected by
spectrophotometric measurement, at 550 nm, of the rate of reduction of
the tetrazolium dye, MTT, to its formazan. The millimolar extinction
coefficient used for calculation of specific activity was 9.9 (Sowerby

and Ottaway, 1966).
14
Transport of Glycerol-U-"'C

Several types of transport experiments were run. These varied

only in the additions of''cold" substrate or inhibitor and in the time of
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sampling. In each case, the desired strain of P. aeruginosa was grown
and treated as described previously. After the last centrifugation,
the pellet was resuspended in minimal medium B to a per cent transmit-
tance of 45, A 0.1 ml volume of 10-6 dilution of this cell suspension
was spread onto each of three glucose minimal medium plates, and after
24 hr of incubation at 37 C the colonies were counted and the average
count was used to calculate concentration of viable cells. Either

24.9 ml of the cell suspension were placed into a 250 ml Erlenmeyer
flask or 12.45 ml were placed into a 125 ml Erlenmeyer flask, depending
upon the number of samples to be taken. The flask was then incubated
for 10 minutes at 37 C and 134 oscillations per minute in a shaking
water bath, When required, '"cold" substrate additions to 0.01 M were
made at one minute before zero time and inhibitor additions at their
appropriate concentrations were either made at 30 minutes before zero
time or during uptake. In each case, untreated controls were pre-
incubated for the same period of time under identical conditions except
for the addition of substrate or inhibitor.

At zero time, 15.9 nmoles of glycerol-U-14C (14.3 mCi/mM) in a
volume of 0.1 ml were added to the 24.9 ml volume of cell suspension or
0.05 ml of solution containing 7.95 nmoles glycerolrU-IAC was added to
the 12.45 ml volume. This yielded a concentration of approximately

0.6 nM/ml of glycerol-U-lAC.

At the time intervals appropriate for
each experiment, 1.0 ml samples were removed with a 1.0 ml automatic
syringe and filtered immediately through a pre-wetted Gelman Metricel
filter (47 mm diameter, 0.45 p pore size) placed on a metal screen in

a Millipore filter funnel apparatus. The vacuum was opened to each

filter tower 25 seconds before sampling, and filters were washed with
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1.0 ml of minimal medium B at 60 seconds and at 105 seconds after
sampling. After all samples had been taken and all washings completed,
filters were removed, placed in scintillation vials and dried with hot
air. They were then crushed in order to form a transparent suspension
upon addition of 10 ml of scintillation fluid B. As a control, 0.01 ml
of glycerol-U-14C was placed in a separate vial in 10 ml of scintilla-
tion fluid B. Thirty minutes after the addition of scintillation
fluid, the vials were shaken vigorously to emulsify the filter parti-
cles. The vials then remained at least four hours at room temperature
without being disturbed before being counted on a Nuclear Chicago Model
720 scintillation counter. Counts were corrected for quenching, and
uptakeé-were plotted as nanomoles of glycerol-U-14C taken up per milli-
gramt dry weight of cells, using the viable cell counts and assuming the

13

dry weight of one cell to be 2 x 10  ~ g (Luria, 1960).

Measurement of 14002 Accumulation

During Transport

Cells grown or induced as described previously were harvested by
_centrifugation at room temperature, washed twice with minimal medium B
and resuspended to 45 per cent transmittance in minimal medium B. The
cell suspension was plated to determine viable count as in transport
experiments. A 2.5 ml volume of cell suspension was then placed into
each of the 25 ml Erlenmeyer flasks used in the experiment. Into a
small Nalgene vial cap, suspended in each flask by wire (Figure 2), was
placed 0.1 ml of 20 per cent KOH. The flask was then sealed with a
serum stopper. Individual flasks were preincubated ten minutes at 37 C

and 134 oscillations per minute in a shaking water bath when a '"cold"
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substrate was added and 11 minutes under the same conditions when con-
trol experiments were run. The final concentration of '"cold" substrate

in the flask was 0.01 M.

Injection Port

Serum Stopper

Cap Containing KOH

4
o — 1]

Cell Suspension

Figure 2. Flask Used for Measuring laco

. 2
Accumulation

When inhibitors were used, the preparation procedure was altered
so that the required concentration of inhibitor was added to the cell
suspension before it was placed in the flask. After following the
remaining preparation procedure, the flasks were preincubated under
the aforementioned conditions for 30 minutes.

In all cases, 0.0l ml of 159 uM glycerol-U-14C was injected into
each flask with a 50 gl syringe at zero time. Care was taken so that
the syringe tip was below the KOH-cap but slightly above the level of
the cell suspension. After the appropriate incubation time for each
flask, the reaction was stopped by injecting 1.0 ml of 5 N HCl with a
1.0 ml automatic syringe, taking care not to release the plunger and
remove COZ' The acid also served to release any 14002 dissolved in

the medium. The flasks were allowed to shake for an additional thirty

minutes, after which they were removed from the shaking water bath and
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unstoppered. The entire cap and contents were carefully transferred to
‘a scintillation vial. Immediately, 18 ml of scintillation fluid C were
added to the vial. Inversion of the capped vial several times provided
sufficient mixing. Samples were counted with correction for quenching
as indicated in previous experiments. 'As a control, 0.0l ml of
glycerol-U-l4C was:placed in a vial with 18 ml of the same scintilla-
-tion fluid and counted. Results are plotted as dpm x 103/mg dry wt of

cells.
- Shock Procedure

The various strains to be shocked were grown, and when necessary
induced, according to the procedure described previously. The cells
were harvested by centrifugation at 10,000 x g at room temperature and
were washed twice with 0.05 M tris(hydroxymethyl)aminomethane (Tris),
pH 7.0. For shocking, the washed pellet was resuspended in a cold
solution containing either 0.5 M sucrose-0,05 M Tris-0.001 M disodium
(ethylenedinitrilo)tetraacetate (EDTA) or 0.5 M sucrose-0,05 M Tris-

‘l mg/ml disodium EDTA, depending upon the experiment. The amount of
solution (5 to 45 wl) was dependent upon the size of the pellet and the
amount of shocking desired. This suspension was placed at room temper-
ature and was periodically mixed by aspirating with a pipette. After
at least thirty minutes, a 0.1 ml sample was removed, pipetting 0.05 ml
into 10 ml of 0.05 M sucrose and the remaining 0.05 ml into 10 ml of
distilled water in order to confirm the presence of fragile rods. A
well-shocked sample displayed a loss of optical density of at least 15

per cent during a fifteen minute interval in distilled water.
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The shock suspension was then centrifuged at 0 C for fifteen
minutes, and the supernatant was harvested as the shock fluid. The
pellet was saved and, where necessary, was assayed for kinase and
dehydrogenase activity. One tenth milliliter of the shock fluid was
immediately removed for the protein determination. The rest, in most
cases, was used immediately for further experimentation since the bind-

ing activity of PA-1 was unstable.
Equilibrium Dialysis

Equilibrium dialysis cells (Chemical Rubber Go.) were prepared for
use by washing with soapy water and rinsing with tap and distilled
water followed by complete drying. A six-inch segment of dialysis
tubing (1 1/8 inch inflated diameter) was cut along the edges and
separated. These pieces were then either boiled in 0.001 M EDTA (no pH
adjustment) or 0.3 M sucrose-0.001 M disodium EDTA, pH 8.0, depending
on the experiment. The single-thickness boiled membrane was rinsed
with triple distilled water and placed onto one-half of the equilibrium
dialysis apparatus. The other half was then aligned and bolted into
place.

In all cases, 1.0 ml of shock fluid or partially purified binding
protein solution was added to one side of a cell in the equilibrium
dialysis apparatus with a 1.0 ml syringe. To the other side of the
membrane was added a 1.0 ml volume which contained either 0.69 pM
glycerol-U—l4C (14.3 wCi/mmole) or 0.16 uM glucose—U—14C (60 mCi/mmole)
made up in glass-distilled water. Although equilibration and binding
took place in seven hours, the cells were usually sampled after twelve

hours of incubation on an equilibrium dialysis shaker.
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. Sampling consisted of removing 0.1 ml of solution from each side
of the dialysis membrane and placing it into a scintillation vial.
-Immediately, 10 ml of scintillation fluid A were added to each vial
after which thé samples were counted with correction for quenching.

Binding in equilibrium dialysis experiments was expressed as a
ratio, R, which equaled the dpm.in a 0.1 ml aliquot taken from the
proteln solution divided by the dpm in a 0.1l ml aliquot taken from the
radioactive substrate solution. It is noted that when RS1.0 there is

no-apparent binding activity.
Isolation of Binding Protein

Cells were grown to approximately 25 per cent transmittance in two
liters of the specified medium. They were harvested in centrifuge
bottles at 10,000 x g at room temperature, washed twice with 0.05 M
Tris, pH 7.0, and shocked with 30 ml of 0.5 M sucrose-0.05M Tris-0.001 M
disodium EDTA according to the shock procedure described previously.

-One milliliter of the crude shock fluid was immediately placed in
an equilibrium dialysis cell to verify the initial presence of glycerol
binding. In some cases a second 1.0 ml sample was checked for glucose
binding activity.

The remaining shock fluid was placed in a beaker in an ice bath.
The solution was mixed with a magnetic stirrer (E. H. Sargent) at its
lowest setting while solid (NH4)ZSO4 was added. Samples were taken- at
intervals of 10 per cent saturation between 50 and 80 per cent.

To test the precipitate for binding activity, the suspension was

centrifuged at 0 C and 20,200 x g for fifteen minutes, and the pellet

(partially purified binding protein) was resuspended in a proporticnate
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amount of distilled water or buffer (as specified in each experiment).
Two tenths milliliter of this partially purified binding protein solu-
tion (PPBPS) was removed for a protein determination. One milliliter
aliquots of the remaining solution were dialysed against labelled

glycerol and glucose.

Determination of pH Profile of

Isolated Binding Protein

Cells were grown, harvested, and shocked according to the proced-
ures previously described. The shock fluid was treated as described
previously to the point of its final centrifugation. The terminal
treatment consisted of placing equal amounts of 70 per cent saturated
ammonium sulfate-shock fluid suspension into seven centrifuge tubes and
centrifuging in the cold at 20,200 x g for 15 minutes. The supernatant

.was discarded and the tubes were dried completely with cotton swabs.
*Phosphate buffers at 0.05 M and pH's of 4, 5, 6, 7, 8, 9, and 10 were
prepared utilizing H3P04, KHZPOA"KZHPQA’ and K3PO4. Three milliliters
of the specified buffer were placed in each centrifuge tube. The tubes
were kept on ice while the precipitate dissolved and until being placed
in equilibrium dialysis cells.

Equilibrium dialysis tubing was boiled in 0.001 M-EDTA and rinsed
with glass distilled water. Two 1.0 ml samples were removed from each

centrifuge tube; 1.0 ml of PPBPS was dialyzed against glycerol-U-lac

and 1,0 ml against glucose-U-léc. A 0.2 ml sample of PPBPS was removed
from each: tube for a protein determination. Curves displaying the pH

profile for a given strain on a specified growth medium were plotted as

R vs. pH.
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Assay of Binding Competition

Binding competition studies were carried out on crude shock fluids
and on PPBPS from wild;type cells. Normal cultivation, harvest, and
shock procedures were followed. For the case of the PPBPS, the protein
isolation procedure described above was followed. The pH was adjusted
to 5.0 and 7.0 for different samples when checks were made to determine
binding competition with glucose-U¥14C and glycerol-U-14C, respectively.
After the partially purified binding protein had been dissolved in
buffer, the remaining procedure was identical to the following one for
shock fluids.

Each competitor was placed into-an individual tube to produce a
final concentration of 0.01 M upon addition of 1.5 ml of shock fluid.
When  inhibitors were tested, the format differed only as to the concen-
tration used in the specific experiment. The shock fluid-competitor
‘gsolution remained at room temperature at least 10 minutes, with inter=-
mittent mixing. 1Individually, & 1.0 ml aliquot was removed from each
.tube and placed into a separate equilibrium dialysis cell. An untreat-
ed control was added to the last cell, after which the appropriate
radioactive substrates were added to theilr respective compartments.
-The remaining procedure was that described for equilibrium dialysis
using dialysis tubing boiled in 0.5 M sucrose-0.001 M EDTA solution
adjusted to pH 8.0 for shock fluids and in 0.001 M .EDTA for PPBPS.

Inhibition of binding by competitors or inhibitors was calculated

by the following equation:

R sample - 1.00
R control - 1.00

% inhibition = 100 - ( ) x 100
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. Scintillation Fluids

It was noted early in this study that addition of 47 mm membrane
filters to scintillation fluid in vials reduced counting efficiency, as
did addition of a basic solution such as KOH. Therefore, all scintil-
‘lation counting was optimized between 40 and 60 per cent efficiency
with the utilization of three scintillation fluids.

Scintillation fluid A consisted of absolute ethanol-toluene 4:6
(v/v), 4 g/1 of 2,3-diphenoloxazole (PPQ) and 200 mg/l of 1,4-bis
[2-(5-phenyloxazolyl)benzene] or POPOP. -Scintillation fluid B was a
1¢1 mixture of scintillation fluid A and commercially obtained Aquasol.
Scintillation fluid C or Turmer's scintillation fluid (Chabner.and
Livingston, '1970) consisted of absolute methanol-toluene 3:7 (v/v) with

3 g/1 PPO and 100.mg/1 of POPOP.



CHAPTER III
EXPERIMENTAL RESULTS

Transport and Binding of G1ycerol-U-14C

by Wild-Type Variants

~ Since PA-lL (large colony variant) and PA-lS (small colony
variant) were used interchangeably in all types of experiments in this
study, it was necessary to compare transport and binding data for the
two strains. Figure 3a illustrates the results obtained when PA-lL and

PA-1 grown in 0.5 per cent glycerol minimal medium A, were checked

s’
for their ability to transport glycerol-U-14C. The curves representing
glycerol uptake by the two strains appeared to be equivalent in all
respects. The one-minute value of 0.73 nmoles/mg dry wt of cells was
the same for each strain as was the plateau value of 1.17 nmoles/mg dry
wt of cells reached at three minutes,

Part of the PA-lL cell suspension used to measure the uptake‘shown
in Figure 3a was placed into a 125-ml Erlenmeyer flask and boiled for
six minutes. After transferring 24.9 ml of this suspension to a 250-ml
Erlenmeyer flask, uptake of glycerol-U-léc was again measured. These
data are also shown in Figure 3a. It was evident that heated wild-type
cells neither took up nor bound (on the outer surface or at binding
sites) significant amounts of radioactive glycerol.

Glycerol-grown PA-lL and PA-lS cells were shocked and the shock

fluids were used in equilibrium dialysis experiments with radioactive

40



Figure 3. Transport of Glycerol—U-14C by Glycerol-Grown PA-lL Cells,
PA-lS Cells, and PA-lS Fragile Rods,

a. Untreated cells were prepared for transport assay by
. the procedure described in Materials and Methods.
Boiled PA-1; cells were heated at 100 C for 6 min,
after which transport was measured.

Glycerol-U-MC transport by PA-lL (*); PA-lS (0);
and by boiled PA-lL (m).

b. Glycerol-grown PA-lg (whole cells) were washed and
suspended to 45 per cent transmittance in 0.5 M
sucrose, after which transport was measured with
substitution of 0.5 M sucrose for minimal medium B.
A portion of the cell suspension was shocked. The
shock pellet (fragile rods) was suspended to 45 per
cent transmittance in 0.5 M sucrose and also tested
for transport ability.

Transport by whole cells in sucrose (@) and by
fragile rods in sucrose (@).
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glycerol and glucose to determine their respective binding capacities.
At the same time, bovine serum albumin at BOOJpg/ml (suspended in 0.5 M
Tris-0.001 M EDTA) was tested for binding of glycerol and glucose in
order to define protein specificity for these substrates. Table I
lists the results which indicated that the two wild-type variants bound
approximately equal amounts of glycerol and glucose, respectively.
‘Also, bovine serum albumin displayed no affinity for either substrate,
at least negating the possibility that glycerol and glucose could bind

nonspecifically to any protein.

TABLE I

BINDING OF GLYCEROL AND GLUCOSE BY' SHOCK
FLUIDS FROM PA-1L and PA-lS

Binding (R)

‘Protein Solution Glycerol Glucose
Shock fluid from PA-lL 1.98 3.34
Shock fluid from PA-lS 1.96 2.23
Bovine serum albumin 0.95 0.98

A portion of the PA-lS shock pellet, retained from the binding
experiment and consisting of fragile rods, was suspended in 0.5 M
sucrose to 45 per cent transmittance and a sample was plated as was

usually done in transport experiments. Glycerol transport activity was
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measured and compared to that of a control of untreated PA-lS cells
suspended in 0.5 M sucrose. It was important to determine the effect
of osmotic shock upon transport and also to determine whether sucrose,
at this high concentration, had some effect other than protection of
fragile rods. In both instances, optical density readings were taken
before and after measurement of transport and ne¢’ changes were observed.
Results of this experiment, shown in Figure 3b, indicated that shocked
wild-type cells almost completely lost their ability to tramnsport
glycerol. The rate of glycerol uptake by fragile rods became linear
and reached a maximum of only 3.4 per cent of the control at 10 min-
utes. It is noteworthy, also, that 0.5 M sucrose had no noticeable
effect on glycerol transport by whole cells of PA-lS, compared to

glycerol transport by PA-1_ in the usual transport medium (Figure 3a).

S

Induction of Glycerol Transport Activity and

Glycerol Degradative Enzymes in PA-—lL

Tsay (1971) had determined that, in wild-type cells, the glycerol
degradative enzymes were induced after four hours of incubation in
glycerol minimal medium. She also noted that glycerol transport by
glucose-grown PA-1 was increased after a four-hour induction period in
glycerol medium. For further experimentation in this study, it was
necessary to determine the true induction times for glycerol transport
and for the glycerol degradative enzymes (glycerol kinase and L-&C-
glycerophosphate dehydrogenase). Therefore, 1200 ml of PA-lL cells
were grown to late log phase in 0.5 per cent glucose minimal medium A,
after which they were harvested at 10,000 X g at room temperature,

washed with minimal medium B, and resuspended in 1600 ml of minimal
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medium A containing 0.5 per cent glycerol and 0.5 per cent glucose.

A 200-ml sample was removed after 30 minutes incubation, a 15-ml por-
tion being checked for optical density and 14C-glycerol transport,
while the remaining cells were prepared for assay of enzyme activities.
After determining the 0.D. of a 1/10 dilution of the cell suspension,
this 10-ml portion was membrane-filtered and the filtrate was frozen
for use in later determinations of the concentrations of glucose and
glycerol, Glucose was determined by the Glucostat method of Worthing-
ton Biochemical Corporation (Cowen, 1968). Komolrit's modification
(Komolrit, 1965) of the method of Neish (1952) was used to determine
the glycerol content., At one hour intervals (up to and including eight
hours) additional 200-ml samples were removed and treated identically.

Figure 4 shows the glycerol transport curves for cells tested
after 0.5, 1, 2, 3, 4, and 8 hours of glycerol induction. The inter-
mediate curves (for cells taken at hours 5 through 7) were not included
since they were essentially the same as curves representing transport
by four-hour and eight-hour cells. Interestingly enough, the 30-second
uptake value remained relatively constant after two hours of glycerol
induction (including the values not shown), while at least four hours
of induction was required to produce consistent plateau levels.

For comparison, Table II lists the optical densities of the cell
suspensions (after a 1/10 dilution) and the corresponding specific
enzyme activities of the respective samples. Disappearance of both
substrates occurred simultaneously, with the majority being removed
between one and three hours. Three to four hours of induction with

glycerol seemed necessary to produce constant enzyme activities.



Figure 4.

Induction Pattern for Glycerol-U-lAC Transport by PA-1

L

Wild-type cells were grown in 0.5 per cent glucose minimal
medium A, washed, and induced for various periods of time
in minimal medium A containing both 0.5 per cent glycerol
and 0.5 per cent glucose. The initial sample was removed
30 minutes after resuspension of cells in the induction
medium. Additional samples were removed at one-hour
intervals up to, and including, eight hours.

Glycerol-U-lAC uptake by PA-1; induced 0.5 hours (A);
one hour (@); two hours (O ); three hours (A); fdur
hours ([J); and eight hours (0O).
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Therefore, a four-hour induction period was adopted for use in further

experiments,

TABLE II

INDUCTION PATTERN FOR GLYCEROL DEGRADATIVE ENZYMES
OF PA-lL IN RELATION TO GROWTH

Specific Activities
nmoles/min/mg of protein

Growth
Time L-e glycerophosphate 0. D. of
Hours Glycerol Kinase dehydrogenase 1/10 dilution
0.5 1.06 3.14 0.11
1 4,95 5.56 0.12
2 4.48 7.94 0.23
3 8.02 8.73 0.35
4 7.86 9.72 0.38
8 3.05 3.19 0.42

Samples of PA—lL cells were the same as those described in
Figure 4.

In order to check for induction of glycerol uptake activity by
other growth substrates, PA-lL cells were grown in minimal media con-
taining lactate, histidine, succinate, or glucose, respectively, with
each carbon source at a concentration of 0.5 per cent, 14C-Glycerol

transport was measured and then part of each culture was shocked.
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Shock fluids were assayed for glycerol binding activity by equilibrium
dialysis. The remaining whole cells were induced for four hours in
0.5 per cent glycerol minimal medium A, after which a second transport
measurement was made.

As seen in Figure 5a, succinate-grown cells took up an amount of
glycerol equivalent to only nine per cent of the induced level after a
period of 10 minutes, This uptake appeared linear. Also, shock fluid
from succinate-grown cells displayed no capacity for glycerol binding.
All other levels of glycerol transport by uninduced.cells were higher
than that found for succinate-grown cells but less than their respec-
tive levels after induction (Figure 5b-5d). Shock fluids from
histidine-, lactate-, and glucose-grown cells exhibited some glycerol
binding activity. These data are indicated on each figure (distribu-
tion ratios for equilibrium dialysis). All transport by induced cells
appeared approximately the same.

Measurement of glycerol uptake by wild-type cells grown on a
number of other substrates was made. Again, each carbon source was
added to minimal medium A to a concentration of 0.5 per cent. The
results are shown in Figures 6a-6h. It was apparent that none of the
substrates fully induced glycerol transport activity. Ethylene
glycol-, fructose-, and gluconate-grown cells displayed the lowest
levels of uptake. A distribution ratio for glycerol binding by shock
fluid from fructose-grown cells was 1.10 indicating a low level of
glycerol binding. The remaining substrates tested failed to induce
levels of glycerol transport equivalent to or greater than those

displayed by glucose- and lactate-grown cells (shown in Figure 5).



Figure 5.

Transport of Glycerol—U-l4C by Uninduced and Induced PA-lL.

Uninduced cells were grown on substrates other than
glycerol. A portion of each batch of cells was removed
for transport and binding assays, while the rest were
washed and induced 4 hr in 0.5 per cent glycerol minimal
medium A. A second transport measurement was then made.

The R's with letter subscripts indicate binding ratios for
shock fluids from succinate-(S), histidine-(H), lactate-
(L), and glucose-grown (G) cells.

Curves for uninduced transport are those with closed
symbols. Open symbols represent curves for induced cells.

Succinate-grown (A); succinate-grown, glycerol-induced
(A); histidine-grown (@); histidine-grown, glycerol-
induced (0); lactate-grown (@); lactate-grown, glycerol-
induced (Q); glucose-grown (@); and glucose-grown,
glycerol-induced ().
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Figure 6. Transport of Glycerol-U414C by Uninduced PA-lL.

Cells were grown in minimal medium A with the carbon
sources indicated in each graph. Carbon source concen-
tration was 0.5 per cent. Cells were prepared for
transport assays as described in Materials and

Methods.
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Distinction Between Glycerol Binding Activity and the

Activities of the Glycerol Degradative Enzymes

Glycerol binding activity of shock fluids from induced wild-type
cells could be attributed to loss of glycerol kinase and/or L-0F
glycerophosphate dehydrogenase from shocked cells rather than to the
presence of a binding protein specifically involved in glycerol trans-
port. Since Lin has attributed uptake of glycerol in E. coli to
facilitated diffusion, with accumulation and retention of the substrate
being dependent upon glycerol kinase activity (1970), it was particu-
larly important to distinguish between binding and kinase activities.

For this purpose, 600 ml of PA-1_ cells were grown in 0.5 per cent

L
glycerol minimal medium A to 20 per cent transmittance. An extract was
prepared from half of the cells by sonication while the remainder were
shocked with 0.5 M sucrose-0.05 M Tris-1.0 mg/ml EDTA. The shock
pellet was then sonicated. The shock fluid was assayed for glycerol
binding, kinase, and dehydrogenase activities. After measuring initial
activities, extracts and shock fluid were frozen and thawed twice.
Again, binding and enzyme activities were assayed. Table III shows the
results. Data for another preparation of shock fluid, treated similar=
ly, are also shown (last line of table).

The two different preparations of shock fluid from glycerol-grown
wild-type cells varied in activities demonstrated. .One preparation had
no measurable kinase activity, while the other had a total glycerol
kinase activity equivalent to 0.6 per cent of the total activity of an
extract from an equal number of unshocked cells (67 nmoles/min total
activity). Neither preparation exhibited L-qgglycerophosphate dehydro-

genase activity.



TABLE III

EFFECT OF SHOCKING AND FREEZE-THAWING ON GLYCEROL
BINDING ACTIVITY AND ON THE ACTIVITIES OF THE
GLYCEROL DEGRADATIVE ENZYMES

L~aGGlycerophosphate
Treatment Binding (R) Glycerol Kinase _ Dehydrogenase

Before F-T After F-T Before F-T AfterzF-T.: Before F-T

After F-T

Extract of

Whole Cells” - - 9.64 9.64 11.20
Extract of _

Shock Pellet - - 9.40 9.40 8.10
Shock Fluid 3.99 1.17 6.18 6.18 0.00
Shock Fluid 3.74 1.24 0.00 0.00 0.00

11.20

8.10

0.00

0.00

Abbreviations are as follows: F-T, freeze-thaw.

PA-1j, cells were grown in 0.5 per cent glycerol minimal medium A in all cases,
Enzyme activities are expressed as nmoles/min/mg.protein. :
Binding is expressed as the distribution ratio (R).

%125 ml total volume, 11,616 nmoles/min.total kinase adtivity.

*%20 ml total volume, 67 nmolés/min total kinase’ activity.

99
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The two activities detected (binding and kinase) exhibited differ-
ences in stability to freezing. The shock fluid containing glycerol
kinase activity retained this activity after freeze-thaw but lost
almost all (94 per cent) of its binding activity. It was noted repeat-
edly during the course of this investigation that, in cell-free
extracts, both glycerol kinase and L-6&glycerophosphate dehydrogenase
activities were stable to freeze-thaw.

In order to distinguish enzyme activities from binding activity by
other criteria, a comparison was made of effects of numerous compounds
on activities of extracts and shock fluids. Results are listed in
Table IV. 1In all cases, the compound being tested and the appropriate
amount of extract or shock fluid were mixed and preincubated at least
15 minutes before adding the remaining constituents and assaying. No
significant alteration of pH was observed after addition of any of the
compounds except in the case of hydrazine.

Sucrose at a concentration of 0.5 M and 1.0 mg/ml EDTA, which were
components of the binding assay, were found to have no effect on either
glycerol kinase or L-aFglycerophosphate dehydrogenase activity. Known
inhibitors of energy production via electron transport or substrate
level phosphorylation had varied effects. Sodium azide at 300 mM and
sodium arsenate as high as 100 mM showed no substantial inhibition of
either enzyme. Yet both, at a 30 mM concentration in shock fluid,
eliminated glycerol binding. Sodium cyanide, a constituent of the
dehydrogenase assay, also caused complete inhibition of glycerol bind-
ing and inhibited the kinase at a 10-fold higher concentration.
2,4-Dinitrophenol, on the other hand, had no significant effect on any

of the activities. It may be noted that 2,4-dinitrophenol is a highly



TABLE IV

EFFECT OF POSSIBLY INHIBITORY COMPOUNDS ON GLYCEROL BINDING ACTIVITY
AND ON ACTIVITIES OF THE GLYCEROL DEGRADATIVE ENZYMES

Enzyme Activities

Binding Activity

Conc. of . Conc. of R

Possible Inhibitor in Kinase Dehydrogenase ;i pibitor in &)

Inhibitor Enzyme Assay  Without With Without With Binding Assay  Without With
Sucrose 0.5 M 6.92 6.92 5.19 5.19 0.5 M In Assay

1 mM or 1 mM or

EDTA 1 mg/ml 4.70 4.70 6.33 6.32 1 mg/ml In Assay
Sodium Azide 300 mM 5.51 5.02 6.85 7.12 30 mM 1.86 0.99
Sodium Cyanide 300 mM 6.00 0.88 In Assay 30 mM 3.99 1.00
2,4-Dinitrophenol 100 mM 6.63 5.26 4.54 3.87 10 mM 3.99 4.04
NEM 10 mM 6.92 5.22 5.19 0.86 1 mM 1.86 0.99
NEM 100 mM 6.92 0.00 5.19 0.00 1 mM 1.86 1.07
Hydrazine 0.3 N In Assay 5.19 5.50 0.3 N 1.86 1.07
Sodium Arsenate 10 mM 10.72 12.78 - - 30 mM 1.42 1.00
Sodium Arsenate 100 mM 10.72 12.78 - - - - -
Sodium Fluoride - - - - - 30 mM 1.46 1.46
Oligomycin - - - - - 1x10-° M 1.92 1.96
Antimycin A - - - - - 1x10"° M 1.56 1.55
Mercaptoethanol 50 mM 6.92 6.04 - - - - -

Abbreviations are

as follows:

(Ethylenedinitrilo)tetracetate.

Extracts and shock fluids were prepared from PA-1

Without and with indicate absence and presence of inhibitor.
Enzyme activities are expressed as nmoles/min/mg protein.

Conc., concentration; NEM, N-ethylmaleimide; EDTA, disodium

grown in 0.5 per cent glycerol minimal medium A.

LS
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colored compound (yellow). When this compound was added to cuvettes
for enzyme assay at 340 nm and 550 nm, the slit opened almost complete-
ly. Of course, this reduced the sensitivity and, more than likely,
accounted for the apparent reduction of kinase and dehydrogenase
activities. Therefore, it was assumed that the slight decrease in
enzyme activities after addition of 2,4-dinitrophenol could be ignored.
Hydrazine, a highly reactive compound and a necessary constituent of
the glycerol kinase assay, seemed to stimulate L-&-glycerophosphate
dehydrogenase activity but inhibited glycerol binding by approximately
92 per cent,

The sulfhydryl reagent, N-ethylmaleimide (NEM), has been shown to
inhibit transport of galactose, leucine (Anraku, 1968c¢), and AL
galactosides (Fox and Kennedy, 1965) in E. coli. Tsay (1971) had
reported an inhibitory effect of NEM on glycerol transport by P.
aeruginosa but found no significant inhibition of glycerol catabolic
enzymes assayed in an extract from glycerol-grown PA-1 whole cells
pretreated for 15 minutes with NEM before sonication. In the present
study, NEM and cell-free extract were preincubated. At the end of 15
minutes, excess NEM was inactivated by addition of 50 mM mercaptoetha-
nol before other components of the assay mixture were added. It was
noted that mercaptoethanol alone inhibited glycerol kinase by approxi-
mately 15 per cent. Therefore, the control activity for NEM should be
6.04 nmoles/min/mg rather than 6.92 nmoles/min/mg. Then, NEM at a
concentration 10 times greater than the concentration used to inhibit
transport or binding activity decreased kinase activity by only 14

per cent.
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Oligomycin, antimycin A, and sodium fluoride were not tested in
cell-free extracts but did not have a detrimental effect on glycerol
binding.

The data cited above seem adequate to differentiate binding from
kinase and dehydrogenase activities, especially since binding of the
substrate would be essential for catalytic activity. However, it might
be argued that cofactors required for kinase activity, which were pres-
ent in the kinase assay but not in the binding assay, would be capable
of reactivating the enzyme so that inhibition would be observed in the
binding assay but not in that for enzyme activity. If such were the
case and the binding activity of the shock fluid were actually due to
the presence of glycerol kinase, the cofactors of the kinase reaction
should provide protection against inhibition of binding. The data in

Table V show that addition of MgCl, and ATP, separately or in combina-

2
tion, had no protective effect when azide was added to the equilibrium

dialysis cell.

Isolation of Mutants

To add further support to the hypothesis that glycerol binding and
glycerol catabolic enzymes are distinctive entities, glycerol negative

mutants were isolated and characterized.

Enrichment Using D-Cycloserine (DCS)-Carbenicillin (CAR)

Glycerol-grown nitrosoguanidine-treated PA-lL cells were obtained
from Floyd E. White, Jr. After washing with minimal medium B, these
cells were suspended to approximately 1 X 108 cells per ml in 0.5 per

cent glycerol minimal medium A. Eight milliliters of the suspension
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TABLE V

EFFECT OF MgCl2 AND ATP UPON INHIBITION OF

BINDING BY SODIUM AZIDE IN SHOCK FLUID

Additions Glycerol Binding (R) Per Cent Inhibition
None 1.86 ' -
Sodium Azide 0.99 100
Mg012 2,01 -
MgCl,, Sodium Azide 1.00 100
ATP 1.43 -
ATP, Sodium Azide 1.03 93
MgCl,, ATP 1.99 -
MgClz, ATP, Sodium Azide 1.03 97

Concentrations were: Sodium azide, 30 mM; MgClz, 60 mM; ATP,
1.67 mM.

Shock fluid was prepared from PA-lS grown in 0.5 per cent glycerol
minimal medium A.
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were aseptically transferred to a sterile 20 mm tube and placed on a
shaker at 37 C for six hours, allowing time for wild-type cells to
begin growth. Then, 0.1 ml of a freshly-prepared solution containing

4 mg DCS and 0.8 mg CAR (final concentrations equalling 500 pg/ml DCS
and 100 pg/ml CAR) was added to the tube (Heath, 1971). The culture
was returned to the shaker where incubation was continued for 12 hours.
The cells were washed and resuspended in eight ml of minimal medium B,
after which 0.1-ml aliquots of a 10-fold dilution series were spread
onto glucose minimal medium A plates which were incubated at 37 C until
colonies were large enough to pick. The remaining cell suspension was
centrifuged and the cells were resuspended in eight ml of 0.5 per cent
glucose minimal medium A in a sterile 20 mm tube and allowed to grow to
log phase (about 0.35 0.D.). This cell suspension containing mutants
and wild~type cells was washed twice in minimal medium B and resuspend-
ed to 1 X 108 cells per ml in 0.5 per cent glycerol minimal medium A
for recycling (second enrichment cycle) through the DCS-CAR enrichment.
The isolation procedure with plating after each enrichment cycle was

continued through three such cycles.

Selection and Detection of Mutants

All colonies were picked from second and third cycle plates (con-
taining no more than 300 colonies per plate) and spotted on 0.5 per
cent glucose minimal medium A master plates. After incubation for
approximately 24 hours at 37 C, the glucose plates were replicated,
using the replica-plating method of Lederberg and Lederberg (1952), to
0.5 per cent glycerol minimal medium A plates, 0.5 per cent lactate

minimal medium A plates, 0.5 per cent glucose minimal medium A plates,
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and nutrient agar plates, respectively. Presumptive mutants were
recognized by their failure to grow on glycerol plates after at least
48 hours. Growth on the other two types of minimal medium A plates
was desirable while growth on the nutrient agar plate was a necessity.
For confirmation, a small sample of the presumptive mutant colony was
picked from the glucose replica plate and respotted on glycerol, lac-
tate, and glucose minimal media A plates, ' Stock cultures of the
confirmed glycerol negative mutants were prepared by transferring a
portion of the glucose-grown colony to a nutrient agar slant.

After growth of stock cultures, the slants were washed with 2 ml
of minimal medium A, aliquots of this wash being used to inoculate
liquid test cultures. -Sterile, 18mm-diameter tubes containing 8 ml of
glycerol, glucose, or lactate liquid minimal medium A, respectively,
(0.5 per .cent carbon sources) were each inoculated with one drop of
slant wash from a 0.1 ml pipette, i.e., about 0.03 ml. Glycerol nega-
tive mutants were expected to.grow to stationary phase in 12 to 18
hours on glucose and lactate liquid media and to display a per cent
transmittance greater than 90 after 60 hours incubation on glycerol
liquid medium.

Glycerol negative mutant GA-73 was isolated by this procedure and

was used in this study along with AH-8 and PA-1-623,
Characterization of Mutants

Glycerol Binding and Enzyme Activities

The previously-mentioned mutants were characterized as to the

capacity of their shock fluids to bind glucose and glycerol and as to
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the specific activities of their glycerol kinase and L-9f-glycerophos-
phate dehydrogenase., While assaying the wild-type variants (PA-lL and
PA-lS) for control levels, it was noted that not:only .was there no
significant difference between the enzyme activities in the two vari-
ants, but that there was essentially no difference between enzyme
levels in cell-free extracts from sonicated whole cells and from soni-
cated shock pellets. Therefore, all strains were grown with aeration
in large batches (600 ml when induction was required; 300 ml with
combination substrates). The 600-ml portions of uninduced cells were

- divided into two parts, one-half being induced while the other half was
shocked. The shock pellet was frozen and then treated as in prepara-
tion of cell-free extracts (Materials and Methods). After the remain-
ing cells had been induced they were treated identically. In this way,
all data were obtained from aliquots of the same batch of cells.
Results are presented in Table VI. For clarification, the numbers in
parentheses under kinase indicate the activity after four minutes of
reaction. Radioactive assays of commercial glycerol kinase, L-6&
glycerophosphate dehydrogenase, and these enzymes in cell-free extracts
(following the same protocol as used in spectrophotometric assays and
identifying products by chromatography) confirmed the characterization
of PA-1, GA-73, and AH-8.

Shock fluid from GA-73 bound both glycerol and glucose. This
mutant displayed L-o-glycerophosphate dehydrogenase activity but lacked
glycerol kinase. 1In most cases, the small initial kinase activity
dropped to zero., Also, GA-73 displayed dehydrogenase activity when
grown in the presence of glucose but not when grown in lactate or

succinate.



BINDING AND ENZYME ACTIVITIES OF GLYCEROL-NEGATIVE MUTANTS

TABLE VI

Shock :Fluid Binding S.F. Enzyme Activities
Prot.

Strain Substrate(;)/Inducer Glz;;rol Glﬁ;;se Conc Kinase Dehage
PA=-1L Glycerol 3.34 1.98 0.47 11.75 12.95
Glucose 1.86 2.03 0.50 0.63 0.18

-Lactate 1.43 1.63 0.49 0.29 0.00

Succinate 0.87 2.03 0.45 0.34 0.00
Glucose/Glycerol 3.33 - 0.50 6.38 10.96
Lactate/Glycerol 2.11 - 0.47 3.87 7.28
Succinate/Glycerol 2,37 - 0.52 6.29 11.07
Glucose-Glycerol - - - 6.72 11.23
Lactate-Glycerol 1:48 - 0.48 0.74 3.55
Succinate-Glycerol - - - 8.68 7.08

GA-73 Glucose 1.64 2.73 0.41 0.20 (0.00) 3.84
Lactate 1.71 2.01 0.38 0.67 (0.00) 0.81

Succinate 1.09 2.10 0.62 0.14 (0.00) 0.35
Glucose/Glycerol 2.20 1.97 0.44 0.65 (0.26) 3.83
lLactate/Glycerol 1.53 2.90 0.44 0.91 (0.00) 2.78
Succinate/Glycerol 1.07 2.17 0.34 1.77 (0.5%) 1.11
Glucose-Glycerol 1.43 2.00 0.48 0.22 (0.00) 6.46
Lactate-Glycerol 1.31 1.11 0.37 0.69 2.96

. Succinate-Glycerol 1.12 1.98 0.32 0.00 2.15

AH-8 Glucose 1.04 1.31 0.46 4,60 0.10
Lactate 0.99 1.36 0.38 4.20 0.00

Succinate 0.62 1.27 0.29 7.50 0.00
Glucose/Glycerol 0.95 1.27 0.44 4.60 0.00

%9



TABLE VI (Continued)

Shock Fluid Binding S.F. Enzyme Activities
. Glycerol Glucose Prot.

- Strain Substrate(s)/Inducer (R) (R) Conc. Kinase Dehase

AH-8 lLactate/Glycerol 1.15 2.87 0.36 4.20 0.00
Succinate/Glycerol 1.84 3.09 0.32 3.40 0.00
Glucose-Glycerol 1.23 1.38 0.35 4.40 0.00
Lactate=-Glycerol 0.55 1.11 0.50 2.50 0.00
Succinate-Glycerol 1.01 0.96 0.87 2.60 0.00

PA-1-623 Glucose 0.68 0.86 0.41 7.80 0.14
Lactate 1.15 1.11 0.31 1422 0.00
Succinate 0.89 1.18 0.44 4.28 0.12
Glucose/Glycerol 1.17 1.02 0.24 9.28 0.35
lactate/Glycerol 0.91 1.31 0.26 9.98 0.26
Succinate/Glycerol 1.09 1.21 0.21 2.24 0.00
Glucose-Glycerol 1.02 1.36 0.29 7.72 0.00
Lactate-Glycerol 1.06 1.13 0.30 7.22 0.00
Succinate-Glycerol 1.09 1.11 0.50 7.66 0.00

Enzyme activities are expressed as nmolés/min/ng protéin.

Abbreviations are as follows: S.F. Prot. Conc., Shock fluid protein concentration (mg/ml); Kinase,
Glycerol Kinase; Dehase, L-@'- glycerophosphate dehydrogenase; Glucose/Glycerol, glucose-grown
glycerol-induced; Glucose-Glycerol, grown in the presence of both glucose and glycerol.
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AH-8 was characterized as having glycerol kinase activity and
partial binding activity, but lacking L-«-glycerophosphate dehydrogen-
‘ase activity. In contrast to the wild-type, this strain had glycerol
kinase activity even when grown in the presence of glucose, lactate, or
succinate.

‘PA-1~623, on the other hand, lacked glycerol binding activity but
had low levels of glucose binding activity. It had elevated glycerol
kinase activity and lacked L-&{-glycerophosphate dehydrogenase activity.
‘Again, kinase activity was apparent when the cells were grown in the

presence of glucose, lactate, or succinate.

Glycerol-U—léc Transport

From the previously-mentioned large batches of cells (enzyme and
binding data given in Table VI), a.25-ml sample of each mutant cell
suspension was tested for its ability to transport glycerol-U-l4C. All
substrate combinations were tested, with each mutant ekhibiting similar
differences between induced and uninduced batches of cells. Therefore,
four representative substrates were chosen for demonstration of trans-
port in the three mutants. Uninduced transport levels were assayed in
cells grown in succinate or in glucose. Since it was difficult to
induce transport in the glycerol negative strains by the conventional
method (aeration for four hours in glycerol minimal medium A), combina-
tion substrates were used. Combinations of 0.5 per cent glucose plus
0.5 per cent glycerol or 0.5 per cent succinate plus 0.5 per cent
glycerol thus served as inducer substrates. Figures 7a-7d show the

uninduced and induced transport curves for each of the mutant strains.



Figure 7. Transport of Glycerol-U-14C by Mutants AH-8, GA-73, and
PA-1-623.

Uninduced mutants were grown on either glucose or
succinate,. harvested, and assayed for glycerol transport
according to the procedures described in Materials and
Methods. 1Induced cells were grown in a glucose-glycerol
combination or a succinate-glycerol combination, after
which transport. abiligy was measured.

The carbon source used for growth is shown on the
individual plots.

Glycerol-U-MC transport by AH~8 (@); by GA-73 (0);
and by PA-1-623 (A).
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Mutant GA-73, which showed full binding activity (Table VI) dis-
played a high level of glycerol transport when induced. The level was
also significant when this strain was grown in the presence of glucose,
but considerably lower when grown in succinate. This difference corre-
lated with that in enzyme activities.

On the other hand, PA-1-623 appeared to take up little or no
glycerol., This was in agreement with data showing that it had no
detectible glycerol binding capacity (Table VI).

Glycerol transport by AH-8 was unusual. When induced, it dis-
played partial transport ability as expected from its binding activi-
ties. It was similar to the wild-type in that a plateau was attained.
-On the other hand, uninduced cells appeared to have increased initial
transport followed by a loss of l4¢ to below the 30-second value at the
end of 10 minutes. ©No level plateau was observed. When grown on
single substrates or induced for four hours after growth on single
substrates, the later in the growth cycle that AH-8 cells were harvest-
ed, the greater was the initial uptake vaiue. However, the plateau
height (difference between the initial 30-second value and the highest
point in the plateau) remained constant for all AH-8 glycerol transport
curves as demonstrated in Figure 7.

Although PA-1-623 and AH-8 seemed to be similar enzymatically,
their binding and transport capacities differed significantly. This
suggested a direct correlation between binding and transport and pro-
vided further evidence negating the hypothesis that glycerol transport
was dependent upon glycerol kinase activity.

Previously, data shown in Figure 3b had indicated that osmotic

shocking of wild-type cells removed binder and simultaneously decreased
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transport of glycerol when fragile rods were protected in 0.5 M
sucrose. This procedure was repeated with AH-8 and PA-1-623, with
results shown in Figure 8. Osmotic shocking of AH-8 reduced glycerol
transport by approximately 52 per cent whereas the small amount of
transport by PA-1-623 was unaffected.

In addition, Figure 8 shows transport by the two mutant strains
resuspended in minimal medium B, where they were unprotected. The
optical density had been adjusted to 0.35 before measurement of trans-
port. Afterward, the 0.D. had decreased to between 0,22 and 0.26
indicating that some lysis had occurred. It was noted that, in both
instances, as lysis occurred, glycerol uptake increased until it far
surpassed that displayed by whole cells.  This suggested that cells
lysed prior to measurement of transport could produce a pseudo-uptake
curve which might show a high initial rate (value) and might, or might
not, appear normal in the later phases. It also indicated that PA-1-
623 could take up glycerol if the substrate could gain access to the
cell, i.e., when the permeability barrier was altered by osmotic

shocking in the absence of an osmotically protective medium.

pH Profiles for Mutants as Compared With Wild-Type

The final aspect of mutant characterization involved partial
purification of binding proteins and determination of pH profiles for
binding of glycerol and glucose. Mutant cells were grown on the
glucose plus glycerol combination substrate. Controls were run using
wild-type cells grown in the presence of several different substrates
and it was found that, in this respect, there was a difference between

the large and small colony variants. First, the partially purified



Figure 8. Transport of Glycerol—U-l4C by AH-8 and PA-1-623 as Whole
Cells, Protected Fragile Rods, and Unprotected Fragile
Rods.

AH-8 and PA-1-623 were grown in .the combination substrate,
glucose-glycerol. A portion of each suspension was

tested for ability to transport glycerol. The remaining
cell suspension, in each case, was centrifuged, washed,
and shocked according to previously-described procedures.
Part of each shock pellet was resuspended to 45 per cent
transmittance in 0.5 M sucrose (protected fragile rods)
and assayed for 14C-glycerol transport. A second portion
of each shock pellet was resuspended to 45 per cent trans-
mittance in minimal medium B (unprotected fragile rods)
and treated as whole cells during a transport measurement,
i.e. filters were washed with minimal medium B.

a. and b, Glycerol-MC transport by whole cells (@);
protected fragile rods (A); and unprotected fragile
rods (A).
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protein precipitate obtained from PA-lS was white and flaky, dissolving
easily in phosphate buffer, whereas that isolated from PA-lL appeared
yellowish and translucent and was quite difficult to dissolve. Second-
ly, when the partially purified binding protein solutions (PPBPS) were
assayed for a rough estimate of lipopolysaccharide (LPS), it was noted
that the same volume of PA-lL PPBPS contained three times more LPS than
that from PA-ls (Judy A. Smith, personal communication). AH-8 dis-
played a high value, similar to that of PA-lL (approximately 136 ug/ml
whereas the LPS values for GA-73 and PA-1-623 were lower (80 and 48
pg/ml respectively).

Since each peak in Figures 9-11 occurs as a result of increased
binding activity at specific pH's and under varying conditions, the
term "peak” will be used loosely to denote points of increased glycerol
and/or glucose binding, which (for a single substrate) probably repre-
sent distinct binding sites that may or may not be located on separate
protein molecules.

Figures 9 and 10 reptresent the pH profiles for control cells and

must be considered first. The profile for PA-1, grown in glycerol

S
minimal medium A (Figure 9b) suggested the presence of two peaks each
representing glucose and glycerol binding: one set with a binding
optimum at pH 5 and the other at 7. However, upon analysis of Figures
9 and 10, four definite peaks were noted. A possible fifth one must
also be considered.

Peak # 1 bound glycerol optimally at pH 7 and was only found at
significant levels in the profiles of wild-type cells exposed to

glycerol. It appeared that whenever large colony variant cells were

used (Figure 9a) or were present to some extent (Figure 10a) peaks



Figure 9. pH Binding Profiles for Partially Purified Binding Proteins

of PA-lL and PA-lS.

Partially purified binding protein was obtained and
assayed following the procedure described in Materials
and Methods.

Glucose-glycerol-grown cells are cells grown in minimal
medium A containing both 0.5 per cent glucose and 0.5
per cent glycerol,.

Peaks are identified by numbers.

a. Profile for glucose-glycerol-grown PA-lL.

b. Profile for glycerol-grown PA-lS.

Solid circles (@) denote glycerol binding. Open
triangles (/\) denote glucose binding.
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Figure 10, pH Binding Profiles for Partially Purified Binding
Proteins of Uninduced Cells.

The experiment was performed as described for
Figure 10 except that carbon sources differed.
Glucose-grown PA-lS was consistently found to be
contaminated with PA-lL (determined from platings).
These are designated PA-IS+L'
a. Profile for glucose-grown PA-ls+L,
b. Profile for succinate~grown PA-lS.
Solid circles (@) denote glycerol binding. Open
triangles (/\) denote glucose binding.



DISTRIBUTION RATIO (R)

3.0

20

1.0

0.0

3.0

20

1.0

0.0 |

77

] ! | I [

a PA-1g, Glucose

. 2 4 -
A
3 / /; ~ A
A RN
| | ] | | |
% | | i | ] |

b PA~-1¢ Succinate




Figure 11. pH Binding Profiles for Partially Purified Binding:.
Proteins .of Mutants.

The experiment was performed as described for

Figure 10. All mutants were grown in the combination,
glucose-glycerol minimal medium A.

a. Profile for AH-8.

b. Profile for GA-73.

c. Profile for PA-1-623,

Solid circles (® ) denote glycerol binding. Open
triangles (/\) denote glucose binding.
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indicating pH optima were shifted; the apparent direction of shift was
downward, i.e., from pH 7 to pH 6 for peak # 1. Peak # la with an
optimum for glycerol binding at pH 5 in PA-1lg PPBPS and pH 4 in PA-lL
PPBPS was also missing when glycerol was not present.

Peak # 2, representing a glucose binder, had a pH optimum at pH 7
(shifted to pH 6 in PA-lL PPBPS). This peak appeared to be present
under all growth conditions, even in PPBPS from cells grown in the
presence of succinate, although in a small amount in this case (Figure
10b). The PPBPS from a mixed culture (Figure 10a) exhibited some peak
# 2 with an optimum at pH 7. It was possible that this sample actually
contained more PA-lS than PA-lL. A second glucose binder with a pH
optimum at 5, shifted to pH 4 in PA—lL, was labeled peak # 3. This
binder was also apparent under all growth conditions.

It appeared that peak # 4 was possibly a combination glycerol and
glucose binder induced by glucose., It did not seem to be present in
PPBPS from cells grown in the presence of glycerol or succinate.

Mutant pH binding profiles are shown in Figure 11. All strains were
grown in the combination glucose-glycerol substrate. AH-8 appeared to
display a pH shift similar to PA-lL. Making that assumption, this
mutant could only synthesize two binders, those represented by peaks
# 1 and # 2. Nevertheless, this would allow it to bind both glucose
and glycerol. GA-73, on the other hand, exhibited a binding profile

quite similar to that of PA-1 This mutant displayed peaks # 1, # la,

g
# 2, and # 3, allowing it several means of binding glycerol and glu-
cose. PA-1-623, enzymatically equivalent to AH-8 but transport nega-

tive, was shown to lack all binders for both glucose and glycerol.

There was a possible low level of peak # 3 and, perhaps, a trace of
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# 1 and # la, but, for all practical purposes, PA-1-623 was binder

negative.
Determination of Competition

Basicélly, competition experiments serve to discern whether two or
more substrates are bound and transported by the same carrier. Two
types of experiment fall into this category. The first involves
obtaining shock fluid from cells induced for a specific binder, and
then determining whether similar nonradioactive compounds or possible
analogues interfere with (reduce) binding of the labeled substrate.

The second is useful for checking the binding results. It involves
observance of the effect of the previously-mentioned nonradioactive
compounds on the transport of the radioactive substrate. 1In both

instances, determination of specificity is the result,

Binding Competition

Tables VII and VIII present results from binding competition
experiments run on PA-ls+L. Table VIII contains the same data as
Table VII but values are expressed in terms of per cent inhibition of
binding by the added compound. For clarification, two controls were
run in part of this series of experiments. Untreated shock fluid was
removed immediately and tested for binding activity. Then, at the
completion of the experiment (approximately 1.5 hr later) a second
untreated sample was removed and tested for binding activity. Two
ratios were obtained and designated Controll (immediately removed

sample) and Control2 (sample removed at end of experiment). It was

apparent that there was a loss of binding activity with time, a factor
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TABLE VII

EFFECT OF VARIOUS NONRADIOACTIVE COMPOUNDS ON
BINDING OF 14C-GLYCEROL AND 14C-GLUCOSE

BY SHOCK FLUIDS FROM PA-lS+L

Binding Ratio

Glycerél-Grown Glucose-Grown
Inhibitor or Concen~ Binding Binding Binding Binding
Competitor tration Glycerol Glucose Glycerol Glucose
R) (R) R) [R)

N-Ethylmaleimide 1 mM 0.98 1.00 1.01 0.99
Sodium Azide 30 mM 0.99 0.97 0.93 1,06
2,4-Dinitrophenol 10 mM 2,63 1,22 0.95 1.04
Sodium Cyanide 30 mM 1.00 1.04 0.99 1.01
Sodium Lactate 10 mM 2,21 1.37 1.01 1.36
Sodium Pyruvate 10 mM 1.72 1.09 - 1.77
Glucose 10 mM 1.41 0.98 1.01 1.01
Disodium Succinate 10 mM 1.63 0.98 1.13 0.77
Fructose . 10 mM 1.63 0.86 0.92 1.12
Potassium Gluconate 10 mM 1.82 1.05 1.40 1.42
Glycerol 10 mM 1.03 0.87 0.98 1.14
1,2-Propanediol 10 mM 1.91 1.15 1.48 1.35
1,3-Propanediol 10 mM 2.15 1.13 0.96 1.21
n-Propanol 10 mM 1.24 1.54 2.42 1.58
Mannitol 10 mM 1.94 0.82 1.48 1.30
1,2,4-Butanetriol 10 mM 2.36 1.02 1.28 1.01
Histidine (Hydro-

chloride) 10 oM 1.58 1.10 2.40 1.22
Ethanol (Absolute) 10 mM 2.14 1.20 2.20 1.42
Dulcitol 10 mM 1.39 1.62 0.98 1.30
Adonitol 10 mM 1.45 1.46 1.31 1.50
Dihydroxyacetone 10 mM 1.68 1.63 1.01 1.33
Erythritol 10 mM 2,34 1.08 1.70 1.65
Glyceric Acid

(Calcium Salt) 10 mM 2.46 1.39 2.20 0.86
Sodium Citrate 10 mM 2.23 1.71 1.67 1.38
Control, (Start of  y . 44i-  2.62 - 2.40 -

Experiment) tions
Control, (End of ) p4di- 1.67 1.61 1.83 1.57

Experiment) tions




TABLE VIII

EFFECT OF VARIOUS NONRADIOACTIVE COMPOUNDS ON
BINDING OF
BY SHOCK FLUIDS FROM PA-ls+
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Per Cent Inhibition of Binding

Glycerol-Grown Glucose-Grown

Inhibitor or Concen- Binding Binding Binding Binding

Competitor tration Glycerol Glucose Glycerol Glucose
N-Ethylmaleimide 1 mM 100 100 99 100
Sodium Azide 30 mM 100 100 100 90
2,4-Dinitrophenol 10 mM 0 59 100 93
Sodium Cyanide 30 mM 100 93 100 98
Sodium Lactate 10 mM 0 49 99 100
Sodium Pyruvate 10 mM 0 85 - 0
Glucose 10 mM 39 100 99 98
Disodium Succinate 10 mM 6 100 84 100
Fructose 10 mM 6 100 100 79
Potassium Gluconate 10 mM 0 92 52 26
Glycerol 10 mM 96 100 100 75
1,2-Propanediol 10 mM 0 75 42 39
1,3-Propanediol 10 mM 0 79 100 63
n-Propanol 10 mM 64 12 0 0
Mannitol 10 mM 0 100 42 47
1,2,4-Butanetriol 10 mM 0 97 66 98
Histidine (Hydro-

chloride) 10 mM 13 84 0 61
Ethanol (Absolute) 10 mM 0 67 0 26
Dulcitol 10 mM 42 0 100 48
Adonitol 10 mM 33 25 63 12
Dihydroxyacetone 10 mM 0 0 99 42
Erythritol 10 mM 0 87 16 0
Glyceric Acid

(Calcium Salt) 10 mM 0 36 0 100
Sodium Citrate 10 mM 0 0 19 33
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which had to be considered when analyzing the data. Since Control1 was
run on only two sets of binding assays, the per cent inhibition calcu-
lations were based on Controlz. Therefore, these percentages may
actually be low. They are, however, all relatively comparable.

Data shown in Table VIII indicated that binding of glycerol by
shock fluid from glycerol-grown cells was inhibited by only a few com-
pounds. Of the three common energy inhibitors and one protein inacti-
vator listed in the upper segment, all except 2,4~dinitrophenol
inhibited this binding activity 100 per cent. Addition of nonradioac-
tive glycerol showed the expected results. The only other significant
inhibitors of glycerol binding activity were glucose, n-propanol,
dulcitol, adonitol, and possibly histidine.

By looking at Table VII one finds that in the presence of several
of the compounds which exhibited zero inhibition of glycerol binding
according to Table VIII, R values were actually greater than that for
Controlz. However, these are in the range of values between Control

1

and Control suggesting that compounds such as sodium lactate, potas-

29
sium gluconate, 1,2- and 1,3-propanediols, mannitol, 1,2,4-butanesriol,
absolute ethanol, erythritol, glyceric acid, and sodium citrate pro-
tected the binder from loss of activity during the experiment.

Binding of glucose by shock fluid from glycerol-grown cells was
inhibited to some extent by all compounds except dulcitol, dihydroxy-
acetone, and sodium citrate. Even 2,4-dinitrophenol inhibited this
binding activity by more than 50 per cent. Again, as a control,
nonradioactive glucose gave the expected complete inhibition.

Shock fluid from glucose-grown PA-1 was also tested for its

S+L

ability to bind glycerol and glucose in the presence of the same
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nonradioactive compounds. The majority of substances checked did cause
inhibition and, in this instance, there appeared to be a great deal of
correlation between the two sets of data,

In order to obtain a closer analysis of glycerol binding, competi-
tion experiments were run on PPBPS adjusted to the optimum pH values

for specific peaks. Glycerol-grown PA-1, cells were shocked, bihding

S
proteins were precipitated with ammonium sulfate, and PPBP was isolated
by centrifugation. One-half of this PPBP was suspended in 0.05 M
phosphate buffer at pH 5 while the remaining portion was suspended in
0.05 M phosphate buffer at pH 7. Then, a small-scale binding competi-
tion experiment was run on each PPBPS, testing 10 of the previously- |
used compounds and dialyzing against 14C—glycerol. As before, the
untreated control samples were taken at the end of the experiment.

The results are presented in Table IX.

The binding of glycerol at pH5 (peak # la in Figures 9-11) was
completely inhibited by all compounds tested except gluconate, suggest-
ing nonspecificity of this binder. On the other hand, binding at pH 7
(assumed to be peak # 1) was totally inhibited only by glycerol, as

expected, and by sodium azide, and sodium cyanide. The remaining

compounds produced only partial inhibition, if any.

Competition in Transport of Glycerol-U-l4C

Most of the compounds listed in Tables VII and VIII were also
checked for their effect on 14C-glycerol transport by wild-type cells.
Possible competitors were added to the cell suspension one minute
before zero time after which normal transport procedures were followed.

In all cases where a stimulative effect was expected, the untreated



EFFECT OF VARIOUS NONRADIOACTIVE COMPOUNDS ON
C-GLYCEROL BINDING BY PPBPS, ADJUSTED TO
pH 5 AND pH 7, FROM GLYCEROL-GROWN PA-1

14

TABLE IX

S
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Glycerol Binding

Competitor or " Per ‘Cent Per Cent

Inhibitor R at pH 5 “Inhibition R at pH 7 1Inhibition
None 1.47 - 1.59 -
Sodium Pyruvate 0.98 100 1.91 0
Sodium Lactate 0.95 100 1.45 24
Disodium Succinate 1.02 96 1.20 66
Fructose 0.93 100 1.41 30
Glucose 0.89 100 1.29 51
Potassium Gluconate 1.90 0 1.52 12
Glycerol 0.98 100 1.03 95
Sodium Azide 0.95 100 1.02 97
Sodium Cyanide 0.93 100 1.01 98
2,4~Dinitrophenol 1.02 96 1.43 27

Concentrations of competitors or inhibitors were the
listed in Tables VII and VIII.

PPBPS is partially purified binding protein solution.

same as those
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control was run first in the series, and, when an inhibitory effect was
expected, the untreated control was run last in the series. This pro-
cedure yielded the most. conservative estimate of the effect of the
added compound. The possible competitors were initially tested on

lactate-grown, glycerol-induced PA-1 After lactate was found to

L
induce at least some glycerol binder, several of the compounds (lac-
tate, glucose, n-propanol, gluconate, succinate, glycerol, and

dihydroxyacetone) were rechecked with glycerol-grown PA-1 The re-

S°
sults were essentially the same and supported the previous observation
that only a few substances produced significant effects on glycerol
transport. - Representative curves for those that did have an effect are
shown in Figures 12a-12d.

The majority of compounds tested either produced no effect or
caused a stimulation of glycerol uptake. This latter phenomenon pro-
duced by sodium lactate, sodium pyruvate, glucose, disodium succinate,
potassium gluconate, 1l,2-propanediol, 1,3-propanediol, 1,2,4-
butanetriol, and ethanol will be referred to as the "lactate effect".

The only two compounds to produce significant inhibition were
DL-A=glycerophosphate and dihydroxyacetone (closed triangles). The
closed-triangle curve in Figure 12b indicated that the initial inhibi-
tion by DL-a=glycerophosphate was being overcome with time. Soon after
this set of experiments was run, Berman and Lin (1971) reported that
commercial DL-o>glycerophosphate is contaminated with glycerol. This
could explain the apparent inhibition of transport since the specific
activity of the glycerol would be decreased. However,/?-glycerophos-
phate produced no inhibitory effect in the same type of experiment

(results not shown).



Figure 12, ' Transport of Glycerol-U-14C by Induced PA-lL Preloaded
With Various Nonradioactive Compounds.

PA-17, cells were grown in 0.5 per cent sodium lactate
minimal medium A and induced in 0.5 per cent glycerol
minimal medium A, after which they were harvested,
washed, and prepared for assay of transport activity
. following the procedure described in Materials and
Methods. When effects of "cold" compounds were tested,
these were added to 0.01 M (preloading the cells) at

one minute before zero time. Names of the nonradioactive
substances added are shown beside the appropriate curve,

a - d. Two controls were run (@): untreated PA-ly (b)
and PA-1y preloaded with 0.0l M glycerol, an expected
competitor (d). Curves with added compounds appearing
to produce an inhibitory effect are represented by
closed triangles ( A) whereas those with added compounds
demonstrating a stimulatory effect are designated by
open circles (o) and open squares ().
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Upon addition of dihydroxyacetone (DHA) the total glycerol uptake
was reduced by about one-half. Only the 30-second value remained
approximately normal. One must assume that metabolism was occurring in
these wild~type cells. Thus, the appearance of the latter phase of the
14C'-glycerol uptake curves could result from release of a 14C-intermedi-
ate at the same rate or at a rate faster than uptake was occurring.

The most probable intermediate would be 14C02. If this were the case,
the inhibitory effect observed upon addition of DHA could actually be
caused by an increased production of 14COz, whereas the stimulative

effects observed after addition of lactate, pyruvate, gluconate, suc-
cinate, or glucose could be due to a reduction in 14002 released. It
is noteworthy that the addition of 50 ptg/ml of chloramphenicol to the

cell suspension before the transport assay in no way affected the

stimulative "lactate effect",

Effect of 14002 Production During Measurement of Transport

A search of the transport literature indicates that researchers
generally consider transport plateaus as indicative of a steady-state,
i.e., an equilibration between influx and outflow of the substrate.

Of course, the majority of studies involve nonmetabolizing mutants.
However, there is no mention of possible release of 14C-intermediates
and what the result might be.

Since release of 14002 seemed a real possibility in this study, a

modified COz-trapping technique was developed and used to measure the

amount of 1400 if any, that was released during the transport assay.

2,
The method is described in Materials and Methods. Again, in this type

of experiment, when a decrease in 14002 release was expected (as for
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lactate) the untreated control was run last. The untreated control was
run first in the case of dihydroxyacetone. Since the two untreated
control curves were identical only one is shown in Figure 13,

At thirty seconds into transport no appreciable amounts of 14002
were released except upon addition of dihydroxyacetone. It was quite
evident, however, that this particular compound greatly stimulated the
production of 14002 from 14C-glycerol throughout the assay period. The
addition of sodium lactate caused a slight increase in 14002 production
for the first 2 min, but then this level declined in relation to that
of the untreated control until at 10 min there was a 20 per cent
deficit,

Analysis of these data is complicated. However, it does seem that
the effect of DHA on transport could be explained by excessive 14002
production. The interpretation of the "lactate effect" is more diffi-
cult. The increase in glycerol transport was apparent at 30 seconds

but at that time the level of 1400 released was insignificant. Then,

2

for the next 90 seconds both 14002 production and 14C uptake were

increased. The only portion of the stimulated transport curve which

could be explained by loss of 14002 was the plateau. Thus, there may

or may not be a direct relationship between CQO, release and appearance

2
of the glycerol transport curve upon addition of such substances as

lactate, glucose, and pyruvate. Several other explanations are

possible,

Analysis of the "Lactate Effect"

Sodium lactate, glucose, etc., since they are readily metabolized

carbon sources for P. aeruginosa, could serve as second substrates




Figure 13. Effect of Sodium Lactate and Dihydroxyacetone on Release
of 14c0, by PA-1j Supplied With Glycerol-U-1l4cC.

Glycerol-grown PA-1l. cells were prepared for measurement
of 14C0, accumulation according to the procedure
described in Materials and Methods.

14002 accumulation was measured on untreated PA-1p,
(control @); PA-1j to which 0.01 M sodium lactate was
added at one minute before zero time ([1); and PA-1j,
to which 0.01 M dihydroxyacetone was added at omne
minute before zero time (A).
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providing additional energy for metabolism of glycerol. The amounts
and types of stimulation could possibly be explained by considering the
ease of entry of the substrate and amount of ATP produced. The glycer=-
ol kinase reaction requires ATP, and, if this capturing of glycerol as
glycerophosphate were the rate-limiting step, the over-all appearance
would be increased uptake of 14C-glycerol and increased 14COZ produc-
tion until the energy is depleted. Examination of this possibility was
made by observing glycerol transport of uninduced wild-type cells
(glucose-grown) after addition of lactate, pyruvate, and glucose

(Table X).

Previously-shown enzyme data (Table VI) had demonstrated that PA-lL
grown on glucose had insignificant levels of glycerol kinase and
L-o-glycerophosphate dehydrogenase. Nevertheless, the normally-low
level of 14C-glycerol uptake by freshly-prepared PA-lL was doubled by
the end of six minutes upon addition of either lactate, glucose, or
pyruvate. It should be noted that, in all cases, the same effects were
observed at 30 seconds but the values were quite low. The four or
six-minute measurements appeared more explicit.

After harvesting, washing, and preparing the fresh cells for
uptake, the remaining unused suspension was placed on the 37 C shaker
for 2 additional hours. During this time the cells were without

MgS0 -7H20 and a carbon and energy source. These starved wild-type

4
cells were harvested, washed, resuspended to 40 per cent transmittance,
and also examined for levels of glycerol transport after addition of

pyruvate or glucose. Agaih, a doubling of the untreated rate was seen

at the end of six minutes.



EFFECT ‘OF ADDITION OF SODIUM PYRUVATE AND GLUCOSE ON 14C-GLYCEROL

TABLE X

TRANSPORT BY UNINDUCED PA-1y AND GA-73 AND BY INDUCED MUTANTS

nmoleé xQC-Glycerol

Time
Strain Substrate/Inducer Treatment Taken Up Minutes
PA-171, Glucose Freshly Prepared No Additions 0.23 6
PA-17, Glucose Freshly Prepared Lactate Added 0.51 6
PA-1j, Glucose Starved 2 hr No Additions 0.24 6
PA-17, Glucose Starved 2 hr Pyruvate Added 0.50 6
PA-17, Glucose Starved 2 hr Glucose Added 0.53 6
PA-15, Succinate Starved 2 hr No Additions 0.31 6
PA-11, Succinate Starved 2 hr Pyruvate Added 0.31 6
PA-1j, Succinate Starved 2 hr Glucose Added 0.23 6
GA-73 Glucose Freshly Prepared No Additions 1.57 6
GA-73 Glucose FPreshly Prepared Pyruvate Added 2.15 6
GA-73 Glucose Freshly Prepared Glucose Added 2.31 6
AH-8 Glucose/Glycerol Freshly Prepared No Additions 1.01 4
AH-8 Glucose/Glycerol Freshly Prepared Pyruvate Added 1.71 4
AH-8 Glucose/Glycerol Freshly Prepared Glucose Added 1.60 4
PA-1-623 Glucose + Methionine Freshly Prepared No Additions 0.19 6
PA-1-623 Glucose + Methionine Freshly Prepared Methionine Added 0.18 6
PA-1-623 Glucose/Glycerol Freshly Prepared No Additions 0.21 6
PA-1-623 Glucose/Glycerol Freshly Prepared Pyruvate Added 0.18 6
PA-1-623 Glucose/Glycerol Freshly Prepared Glucose Added 0.19 6

Abbreviations are as follows:

and 35 ug/ml methionine; Glucose/Glycerol, glucose-grown glycerol-induced.

Glucose + Methionine, grown in the presence of both 0.5 per cent glucose

G6
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Earlier (Table VI), wild-type cells grown on succinate were also
shown to have insignificant levels of the glycerol degradative enzymes;
' however, the transport of glycerol by these cells was unaffected by
addition of glucose or pyruvate.
14C-glycerol transport by GA-73, earlier characterized as a
glycerol kinaseless mutant, also responded to addition of pyruvate and
glucose by exhibiting stimulation. 1In this instance, the rate was not
doubled but was noticeably increased.

The four-minute sampling time was chosen for AH-8 cells in order
to avoid the latter phase of its glycerol transport during which 140 is
lost. Here again, addition of either pyruvate or glucose produced a
stimulation in uptake.

PA-1-623 which was previously shown to have glycerol kinase
activity whether it was grown on glucose or induced for four hours on
glycerol, was tested under two sets of conditions. Since it is a
methionine auxotroph, one measurement of uptake was made on fresh cells
plus methionine. The second set of transport measurements was made on
induced PA-1-623 cells treated with pyruvate or glucose one minute
before zero time.  The uptake curves were unaffected in both instances.

In summary, then, metabolic effects do not appear to explain the
"lactate effect." Not only do nonmetabolizing PA-lL cells continue to
display stimulation throughout 6 minutes of transport, but so do
induced cells lacking glycerol kinase (GA-73) and L-¢-glycerophosphate
dehydrogenase (AH-8), respectively. Koch and Coffman (1970) have
stated that enzymes and not diffusion are rate-limiting in cryptic
cells unless a significant number of enzyme molecules is present. This

level could be exceeded in PA-1-623 since it is constitutive for
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glycerol kinase. Then, even if the kinase activity were increased the
diffusion would remain constant. However, it is doubtful that this
explains the behavior of succinate-grown PA-lL since the enzyme levels
involved here are lower than those of glucose-grown PAflL° Therefore,
the stimulatory effect of lactate, etc., may be more closely related to

the transport mechanism itself, perhaps to binding.

Entrance Counterflow

Winkler and Wilson (1966) have proposed that energy coupling
actually results in a marked reduction in affinity of the membrane
carrier for its substrate at the inner surface of the membrane. Thus,
energy, in some form, releases substrate from carrier inside the cell
and eliminates any significant efflux. Energy inhibitors, then, do not
affect influx but, rather, increase efflux to such an extent that
transport appears minimal. Extending this hypothesis, Wong and Wilson
(1970) postulated that cells preloaded with competitive inhibitors
would have the one-way movement of substrate from one side of the mem-
brane blocked while movement in the opposite direction would proceed.
The result would be movement of substrate against a gradient and would
appear as a stimulation of substrate transport. Support for this
hypothesis was provided by experiments similar to the previously-
mentioned competition experiments except that energy-poisoned, unin-
duced cells were used, preloading them with competitor and then, at
zero time, adding 14C-TMG and measuring transport. - Stimulation of
uptake similar to that observed upon addition of lactate, glucose, or
pyruvate to glucose-grown PA-lL or GA-73 and AH-8 was observed.

14C-TMG transport was also stimulated in energy-poisoned, induced
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E. coli preloaded with various competitors.

Since sodium lactate, glucose, disodium succinate, and potassium
gluconate had already proven to be effective competitors for glycerol
binding by glucose-grown cells (Tables VII and VIII), this Wong and
Wilson hypothesis seemed to provide a feasible explanation. Even the
stimulation evident in glycerol transport by lactate-grown, glycerol-
induced PA-lL, after addition of any of the previously-mentioned
substances, could be interpreted in this manner if lactate were induc-
ing a general glycerol binder (as glucose does), this being the
affected portion. However, as was noted earlier, glycerol-grown cells
also displayed the "lactate effect" yet neither lactate, pyruvate,
succinate, nor gluconate effectively inhibited glycerol binding in

these cells.

Exit Counterflow

Wong and Wilson described a reciprocal experiment which would
further support their hypothesis. Energy-poisoned, induced cells were
preloaded with radioactive substrate, after which a "cold" competitor
was added, These investigators observed an immediate net loss of 14C,
the amount being directly proportional to the efficiency of the
competitor,

PA-lL cells were treated similarly except that cells were not
energy-poisoned. Transport by lactate-grown, glycerol-induced wild-
type cells was measured without additions for 120 seconds (samples were
taken at 30-second intervals). At 135 seconds, 10 mmole quantities of

sodium lactate, glucose, D-fructose, potassium gluconate, DL-g¢-

glycerophosphate, or glycerol were added. Sampling was continued up
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to 10 minutes in some cases. Results are presented in Figures l4a-14d.
The majority of the curves displayed by Wong and Wilson looked
like that for DL-oglycerophosphate. They interpreted the sharp drop
and recovery to indicate that the substrate was competing but not being
metabolized. On the other hand, a curve like that for glycerol was
indicative of a metabolizable competitor. Since the rates of glycerol
transport after the addition of lactate or glucose continued for a
longer period of time than normal, stimulation of uptake still seemed
to be the effect. In comparison, addition of fructose or gluconate
during transport appeared to produce no effect at all, Therefore, the
"lactate effect'" does not seem to be due to competition either. How-
ever, there was still the possibility that a relationship between
energy-coupling and binding existed and that these stimulatory com-
pounds provided additional energy through their own metabolism. 1In
this case, an energy requirement for 14C-glycerol transport should be
detectable by three procedures, two involving use of common energy

inhibitors.

Determination of Energy-Coupling in

Glycerol-U-l4C Transport

Preincubation With Energy Inhibitors

In the first type of experiment, 24.9 ml of PA-lL cell suspension
at 45 per cent transmittance were placed into a 250-ml Erlenmeyer flask
with the specified amount of the desired energy inhibitor and allowed
to incubate 30 minutes at 37 C in a reciprocal shaking water bath. At
zero time 14C—glycerol was added and samples were taken as for any

other transport measurement. Results are plotted in Figures 15a-15d.



Figure 14, Effect of Adding Various Nonradioactive Compounds During
Assay of Glycerol-U-14C Transport.

14C-glycerol transport by lactate-grown, glycerol-induced
PA-11, was measured normally, sampling at 30-second
intervals for 120 seconds. At 135 seconds after zero
time, various '"cold" compounds were added to the suspen-
sion to 0.01 M, after which sampling was continued for
several minutes. The arrows indicate the points at
which nonradioactive substances were added.

a. Glycerol transport before and after addition of
0.01 M glucose (A).

b. Glycerol transport before and after addition of
0.01 M sodium lactate (Q) or DL-a-glycerophosphate
(@).

c. Glycerol transport before and after addition of
0.01 M D-fructose (@) or 0.01 M glycerol (A).

d. Glycerol transport before and after addition of
0.01 M potassium gluconate (0O).
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Figure 15, Transport of G1ycerol-U-14C by Induced PA-lL Pre-treated
With Known Energy Inhibitors.

Glycerol-grown PA-1j cells were prepared for transport
assay as previously described in Materials and Methods.
Known energy inhibitors were added to the 45 per cent
transmittance cell suspension, to the concentrations
specified below, at 30 minutes before zero time (pre-
treating the cells). At zero time l4C-glycerol was

added with samples being removed as usual for measurement
of transport.

a. Glycerol-U—l4C transport by PA-1ly pre-treated with
10-- M oligomycin ([]) or 0.03 M sodium azide (@).

b. Glycerol-U-l4C transport by untreated PA-1ly control
(@) and by PA-1; pre-treated with 0.03 M sodium

cyanide (O).

c. Glycerol-U-l4C transport by PA-1j, pre-treated with
absolute ethanol (control for uptakes measured in the

presence of oligomycin and antimycin A, @), or 0.01L M

2,4~dinitrophenol (0Q).

d. Glycerol-U-14C transport by PA-1y pre-treated with
102 M antimycin A (A) or 0.0l M sodium cyanide (A).
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Upon referring back to Tables VII and VIII, it was noted that both
sodium cyanide and sodium azide inhibited binding of glycerol by
glycerol-grown cells., It was not surprising, then, to see that these
compounds also inhibited glycerol transport. In addition, the curves
in Figures 15b and 15d suggested that addition of a greater quantity of
sodium cyanide reduced the initial curvature expressed.  2,4-Dinitro-
phenol, at 10 mM, had no effect on glycerol binding by glycerol-grown
cells but did inhibit glycerol transport. The slight initial curva-
ture, according to Winkler and Wilson (1966) is indicative of the
proportion of facilitated diffusion present. Several investigators
(Whittam,, et al., 1964; Kaback and Stadtman, 1968; and Barnes and
Kaback, 1970) have noted the detrimental effects of electron transport
inhibitors such as oligomycin or antimycin A on active transport by
membrane preparations or erythrocytes. The two inhibitors had to be
dissolved in absolute ethanol before use. Therefore, the control curve
for these inhibitors (closed circles, 15c¢) depicts glycerol transport
by PA-lL cells preincubated 30 minutes with 0.1 ml of absolute ethanol.

-Qligomycin appeared to cause only slight reduction of glycerol trans-
port whereas antimycin A produced no effect at all.  (During prepara-
tion of this thesis a report appeared [Ishaque, et al., 1971] in which
it was shown that high concentrations of oligomycin and antimycin A are

required to inhibit electron transport in P. saccharophila. This may

explain the lack of effect noted in the present study.)

Addition of Energy Inhibitors to Preloaded PA-lL Cells

Figure 16 illustrates the effects of preloading PA-lL cells with

14C-glycerol and ddding inhibitors at 135 seconds into transport.



Figure 16, Effect of Adding Energy-Inhibiting Compounds During Assay
of Glycerol-U-14C Transport.

14C-glycerol transport by lactate-grown, glycerol-
induced PA-1j, was measured normally, sampling at
30-second intervals for 120 seconds. At 135 seconds
after zero time, known energy-inhibiting compounds were
added to the suspension (concentrations specified below),
after which sampling was continued for several minutes.
The arrows indicate points at which inhibitors were
added.

a. Glycerol-U—14C transport before and after addition
of 0.0l M glycerol (control, Q) or 0.03 M sodium

cyanide (A).

b. Glycerol-U-14C transport before and after addition
of 0.03 M sodium azide (@) or 0.0l M 2,4-dinitro-

phenol (OO)-
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The addition of "cold" glycerol at 10 mM (Figure 16a) was included in
this set as a control curve. All inhibitors produced a net loss of
14C. Sodium cyanide caused a slight initial loss which was quickly
recovered (the curve was similar to that of a nonmetabolizable partial
competitor). 2,4-Dinitrophenol produced a steady loss of 14C which, by
six minutes, approached 17 per cent of the total 14C-glycerol taken up.
Sodium azide produced the most dramatic effect with a 30 per cent loss
occurring within 15 seconds after the addition, reaching a total loss
of 44 per cent at four minutes. This set of experiments was carried
out on both lactate-grown, glycerol-induced cells and glycerol-grown
cells. It is noteworthy that over-all effects and shapes of curves
were identical in both sets of cells. However, the amounts of losses
by glycerol-grown cells were lower, e.g., 20 per cent at the most upon
addition of azide.

The 44 per cent 14

C loss was certainly significant if, in fact, it
represented a net loss of 14C-glycerol. In order to identify the
released compound(s), a similar experiment was run, chromatographing
supernatants, Lactate-grown, glycerol-induced PA-lL cells were pre-
pared for transport assay as normal. Fifty milliliters of the cell
suspension (45 per cent transmittance) were placed into a 500-ml Erlen-
meyer flask. At zero time, 0.5 ml of glycerol—U-14C was added to the
flask. The first 5.0-ml sample was removed and filtered at 120 seconds
into, transport, being washed immediately with two l-ml portions of
minimal medium B. Sodium azide (30 mM) was added to the flask at 135
seconds. Additional 5.0-ml samples were removed and treated as above

at 180, 210, 240, and 270 seconds into transport. Individual filtrates,

including wash solutions, were collected in 20 mm tubes, the contents
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being frozen and lyophilized immediately. The dried solids remaining
in each tube were resuspended in 1.0 ml of glass-distilled water and
lyophilized again before their final suspension in 0.3 ml of glass-
distilled water.

In order to determine whether sodium azide caused a large-scale
release of cell components, a check was made on the filtrates for the
presence of nucleotides and/or proteins. A 0.1 ml aliquot of the
resuspended filtrate was placed into a cuvette, diluted with 2.9 ml
of glass-distilled water and scanned (against a glass-distilled water
blank) through the UV spectra on a Cary l4 recording spectrophotometer.
The remaining 0.2 ml of each filtrate was placed in a band on separate
60-cm paper strips (Whatman # 4) which had been prewashed with a
distilled water, pyridine, glacial acetic acid solution (80:15:5.
v/v/v). Ten microliters of 1 per cent solutions of the nonradioactive
standards (glycerol, DL-¢&-glycerophosphate, dihydroxyacetone phosphate,
glyceraldehyde-3-phosphate, DL-glyceric acid and dihydroxyacetone) and
20 ul of glycerol-U-l4C were also spotted separately. All strips were
chromatographed in a solution of isopropyl alcohol, pyridine, glacial
acetic acid, and distilled water in the volume ratio 8:8:1:4 (Gordon,
et al., 1956) for 10 hours. The strips were dried and counted on a
Packard Model 7201 radiochromatogram scanner, after which the spots
were developed by a procedure described by Gordon, et al.. (1956). This
method consisted of first dipping each strip through a periodic acid-
acetone solution, then drying for 3 to 4 minutes, and finally, dipping
through a benzidine-acetone solution. White, yellow, or brown spots
appeared on the dark blue background of the paper. The distances

traveled by glycerol-U-l4C and the "cold" glycerol were the same.
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All of the filtrates displayed absorption between 250 nm and
260 nm. However, the peak decreased”with time and in no way correlated

with the *

C release described in Table XI. In Table XI, peak # 2 was
assumed to represent glycerol. It was present, as expected, before the
azide was added and increased to its maximum at 210 seconds into trans-
port. Peak # 1, thought to represent either D-glyceraldehyde or di-
hydroxyacetone phosphate, appeared only after the azide addition but
increased somewhat in each successive sample. Peak # 3 did not appear
until 240 seconds into transport: it possibly represented dihydroxy-
acetone. Interestingly, none of the filtrates contained a radioactive

spot with an R, corresponding to that of DL-¢gglycerophosphate.

G
Boiling-Water Extraction of PA-lL and GA-73

Cells Exposed to Glycerol-U-l4C

According to Christensen (1962), the most reliable method of
proving the presence of active transport is to demonstrate accumulation
of the unchanged substrate, against a gradient, inside the cell. This
requires the use of either a nonmetabolizable substrate or a nonmetab-
olizing mutant. In this study GA-73 was chosen, as the latter, for
analysis of 14C-glycerol accumulation, with PAwlL serving as a control.

PA-lL and GA-73 cells were grown in glucose-glycerol minimal
medium A, harvested and washed as for a transport assay, and resus-
pended in minimal medium B to 5 per cent transmittance. Each strain
was treated separately, with 2.5 ml of cell suspension placed into each
of five 25-ml Erlenmeyer flasks. Glycerol-U-l4C (0.2 ml) was added to
each flask at zero time. At 30, 60, 90, and 120 seconds a 2.0-ml

sample was removed from flasks # 1 through # 5, respectively, filtered,
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TABLE XI
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Peak Number

. 2
Time

(Seconds) RG RH RG RH RG RH
120 - - 1.00 10 - -
180 0.80 5 1.00 35 - -
210 0.86 20 1.00 38 - -
240 0.84 21 0.98 28 1.09 29
270 0.80 24 0.94 27 1.08 19

Abbreviations are as follows:

Rn, distance of peak relative to
the distance traveled by 14C-glycerol; Ry, (arbitrary unit) relative

height of peak as measured on strip-counting paper on a scale of 1 to

100.

Relative distances traveled are as follows:

glycerol, 1.00;

D,L-o-glycerol phosphate, 0.69; dihydroxyacetone, 1.05; dihydroxyace-
tone phosphate, 0.85; DL-glyceraldehyde, 0.85; DL-glyceric acid, 0.49.
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and washed immediately with two 1.0-ml portions of minimal medium B.
The filters were immediately removed and placed into a 125-ml Erlen-
meyer flask. After the addition of 4 ml of boiling glass-distilled
water, the flask was placed into a boiling water bath for 5 minutes.
Intermittent swirling was used to remove as many cells as possible from
the filter. The suspension prepared from cells washed from the filter
was centrifuged in the cold at 10,000 X g for 10 minutes, after which
the supernatant was poured off and saved and the pellet was resuspended
in 1.0 ml of glass-distilled water. A 0.1 ml aliquot of each of the
two fractions was placed into 10 ml of scintillation fluid A and
counted (labeled Water Extract and Pellet in Table XII). Forty micro-
liters of the remaining water extracts were spotted in the center of
two DEAE cellulose paper discs (23 mm) and dried. One filter (disc)
was washed with distilled water according to the procedure of Newsholme
et al. (1967) Whiie the second served as an untreated control. The
first 2.0 ml of the distilled water wash were collected, and 1.0 ml was
transferred into 9.0 ml of Aquasol scintillation fluid, and counted
(labeled Wash in Table XII). The washed filter and the control filter
(Table XII) were placed into scintillation vials with 10.0 ml of
Aquasol and counted. Ten microliters of glycerol-U-l4C were also
spotted on two DEAE cellulose discs and treated as described above as
a control to determine that the washing procedure was efficient in
removing glycerol from the filter (Table XII).

The water extracts contained the majority of the radioactivity,
indicating that a large portion had not yet entered the nonsoluble cell
components. However, most of the 14C in the extracts remained with the

filters in both cases, although there was an apparent difference
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TABLE XII

DISTRIBUTION OF 140 FROM GLYCEROL-U-14C IN

BOILING-WATER EXTRACTS OF PA-lL AND GA-73

Mutant GA-Z3 Wild-Type (PA-11)
Total Per Cent Total Per Cent

Sample Description dpm of dpm of

Control Control
30-sec. Water Extract 161010 405930
30-sec. Pellet 12890 25790
30-sec. Control Filter 2359 - 5492 -
30-sec. Washed Filter 2348 99.5 3315 60.4
30-sec. Wash 109 1952
60-sec. Water Extract 180960 361110
60-sec. Pellet 11920 45700
60-sec. Control Filter 2906 - 4236 -
60-sec. Washed Filter 2242 77.2 3263 77.0
60-sec. Wash +518 1352
90-sec. Water Extract 178590 373320
90-sec. Pellet 22260 50240
90-sec. Control Filter 2553 - 5193 -
90-sec. Washed Filter 1640 64.2 4133 79.6
90-sec. Wash 506 982
120-sec. Water Extract 226710 330660
120-sec. Pellet 27780 72690
120-sec. Control Filter 3207 - 3927 -
120-sec. Washed Filter 1512 47.2 3774 96.1
120-sec. Wash 994 650
Glycerol Control Filter 1046 -
Glycerol Washed Filter 100

Glycerol Wash Solution 1040 99.5
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between PA-lL and GA-73. The 30-second washed filter retained all of
the 140 product(s) from the GA-73 water extract whereas only 60 per
cent of that from the PA-lL extract was retained, With time, the
amount retained from the GA-73 extract decreased while that retained
from the PA-lL extract increased to 96 per cent by 2 minutes.

The remaining boiling-water extracts were lyophilized, resuspended
in 0.2 ml of glass-distilled water, and band-chromatographed following
the same procedures as described previously. A number of nonradioac-
tive spots were detected but only two radioactive ones were apparent:
both were located near the origin and did not correspond directly to
any of the standards although peak # 2 is within the range of
glyceraldehyde-3-phosphate. Variations in these materials with time
are shown in Table XIII. Again, a significant difference was found
between GA-73 and PA-lL. Peak # 1 decreased with time in GA-73
extracts, while peak # 2 increased. The opposite effect was seen in
PA-lL extracts. - It may be noted that a 1argé nonradioactive spot at a
position corresponding to that of DL-oFglycerophosphate was present in
all extracts.

The results of the last two experiments strongly suggested a major
metabolic difference between PA-lL and GA-73, with GA-73 somehow uti=
lizing glycerol but not growing on it. This possibility required
further investigation and the pattern of 14002 accumulation from
glycerol-U-lQC was analyzed. Uninduced (glucose-grown) and induced

14

cells of PA-lL and GA-73 were assayed for ~'CO, release during the

2
transport period. One set of induced cells for each strain was also

tested after treatment with DHA at one minute before zero time. Only

the six-minute value is recorded in Table XIV. Interestingly,



TABLE XIII

CHROMATOGRAPHY OF RADIOACTIVE MATERIALS

FROM EXTRACTS OF GA-73 and PA-lS+L
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GA-73

Peak Number

PA-lg. 1

Peak Number

Time
(Seconds) RG RH RG RH RG RH RG RH
30 0.02 23 0.21 12 0.03 58 0.19 28
60 0.02 25 0.23 16 0.02 55 0.19 32
90 0.01 3 0.23 38 0.03 94 0.19 21
120 0.01 6 0.21 62 0.02 120 0.21 .9

Abbreviations are as follows:

R,, distance of peak relative to

the distance traveled by l4C-glycerol; Ry (arbitrary units) height of
peak as measured on strip-counting paper on a scale of 1 to 100.

Relative distances traveled are as follows:

glycerol, 1.00;

DL -gf-glycerophosphate, 0.69; dihydroxyacetone, 1.05; dihydroxyacetone
phosphate, 0.85; glyceraldehyde-3-phosphate, 0.28; glyceric acid, 0.49.



14

TABLE XIV
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CO., ACCUMULATION. BY UNINDUCED AND INDUCED
PA-'li:" AND GA=73 AND INDUCED AH-8

2

Growth Substrate/

14CO dpm/mg Dry

Wt of Cells at

Strain Inducer Treatment 6 Minutes
PA-lL Glucose None 6425
PA-lL Glycerol None 24472
PA—lL Glycerol Addition of DHA 98625
GA-73 Glucose None 17900
GA-73 Glucose/Glycerol None 7920
GA~73 Glucose-Glycerol None 30660
GA-73 Glucose-Glycerol Addition of DHA 10410
AH-8 Glucose-Glycerol None 1115
AH-8 Glucose-Glycerol Addition of DHA 2000

Abbreviations are as follows:

Glycerol,

a medium with both glucose and glycerol.

DHA, dihydroxyacetone; Glucose/
glucose-grown glycerol-induced; Glucose-Glycerol, grown in
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glycerol-grown PA-lL and glucose-glycerol grown GA-73 produced approxi-

mately the same amounts of 14C02. Induction of glucose-grown GA-73 in

glycerol, or addition of DHA to the glucose-glycerol grown cells
greatly reduced this output. 1In contrast, uninduced PA-lL cells pro-

duced approximately one-third as much 14CO2 as did uninduced GA-73 and

addition of DHA to induced wild-type cells significantly increased the

yield of-14C0 instead of decreasing it. The behavior of AH-8 was

2

similar to that of PA—lL but on a reduced level.



CBAPTER IV
DISCUSSION

The first problem encountered in this investigation was the
repeated irreversible dissociation of the large colony-forming PA-1 to
the small colony variant. This phenomenon has been extensively de-
scribed in early studies on P. geruginosa with possible explanations
being few (Hadley, 1927; Kramer, 1935; Gaby, 1946; Zierdt and Schmidt,
1964). Gaby stated that the transformation of large mucoid colonies to
small dry colonies could be initiated by animal passage, growth in high
concentrations of glycerol, or repeated transfers. He postulated that
the smaller type colonies carried a phage which caused the altered
morphological appearance. However, he was never able to transfer the
small colony characteristics via a needle or loop. Other researchers
proposed other theories but none were ever proven. Nevertheless, as a
result of all the experimentation on the problem, the previously-
referenced workers did establish an important point. Namely, that
there were no distinguishable "biochemical' differences between the
colonial types although variations in flagellar antigens and bacterio-
phage sensitivity were noted.

In the experiments described herein, care was always taken to
assure the purity of the desired colonial type. Plate checks were made
on the initial inoculations and on the resultant batch culture. With

few exceptions (these being noted) experimental results were discarded

117



118

unless the batch was at least 95 per cent pure.

Initial results were in agreement with those of earlier research-
ers. The metabolic differences between PA-lL and PA-lS were negligible.
Transport and binding activities of the variants were essentially
equivalent (Figure 3a and Table I) as were glycerol kinase and L-o-
glycerophosphate dehydrogenase activities (not shown). In both vari-
ants, the latter specific enzyme activities averaged between 10 and 13
nmoles/min/mg of protein. However, differences between the two types
did become apparent in later experiments dealing with determination of
the pH profiles for binding.

These experiments, utilizing an osmotic shock procedure, presented
evidence of a structural variation between PA-1l. and PA-1_. PPBP from

L S
large colony type cells precipitated at or before 50 per cent (NH4)ZSO4
saturation, appeared yellowish and smoothly-packed, and was difficult
to dissolve in distilled water. Furthermore, excess precipitate was
formed upon addition of absolute ethanol to PPBPS. On the other hand,

PPBP from small colony type cells (PA-1 GA-73, and PA-1-623) precipi-

S?
tated between 65 and 70 per cent (NH4)2504 saturation, appeared white
and fluffy, and was easily dissolved in water. The latter precipitates
did contain a slight amount of the previously-described yellowish
sediment, but it was insignificant in relation to that from large
colony type cells. Since Leive (1965d) had reported that as much as

50 per cent of a cell's lipopolysaccharide could be released by treat-
ment with EDTA alone, this compound had to be considered as a possible
contaminant in shock fluid. 1Its presence was detected by a modifica-

tion of the LPS assay procedure used by Leive (1965d), and, as suspect-

ed, the PPBPS from large colony type cells contained close to three
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times more LPS than that from PA-ls, etc. Therefore, either the large
colony variants contain a greater amount of LPS or the LPS of these
variant types is more easily removed by the osmotic shock procedure.
This LPS difference did not seem to cause differences in trans-
port, enzyme, or shock fluid binding activities of PA-lL and PA-lS
(Figure 3a and Table I); however, pH binding profile determinations
were found to be different. Peak shifts were apparent from over-all
profile comparisons of PA-lL and AH-8 with PA-lS and GA-73. Since the
pH binding profile data resulted from a procedure normally used on
enzymes, therevwere no previous binding interpretations available to
help explain the results. However, some investigators have reported
data of specific interest. Tris-EDTA treatment of P. aeruginosa has
been shown to release a protein-lipopolysaccharide complex from cell

walls (Cox and Eagon, 1968; Rogers, et al., 1969) and transport of

aspartate or glutamate by osmotically shocked Staph. aureus cells was

reported to be stimulated by addition of an isolated lipid component
from the shock fluid (Gale and Folkes, 1967; Gale and Llewellin, 1970).
Also, Nikaido (1962) proposed that the;?-galactoside permease of E.
coli was actually complexed with phospholipid, this whole complex
functioning as the membrane carrier. He has suggested that chemical
changes in the phospholipid moiety could initiate conformational
changes in the protein moiety and, in this way, accomplish membrane
passage by the substrate., In view of these proposed interrelation-
ships, it seems feasible to hypothesize that the presence of various
amounts of a lipid component (lipopolysaccharide) could alter binding
characteristics of the protein moiety, especially where pH is involved

and there is a very narrow pH range at which maximum binding takes
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place. Therefore, after an in-depth analysis of all collected data,
the pH binding profile of the small colony variant was considered to
represent the norm and that exhibited by PA-lL was considered shifted
downward,

A common criticism of 140 uptake experiments is that a false curve
could be produced in various ways. For instance, a non-specific type
of binding could occur on the outer cell surface or, possibly, on the
membrane filter itself. Of course, such possibilities are difficult to
disprove, but in order to help reduce them, two controls were run in
the present investigation. Uptake of 14C-glycerol by boiled PA~1L
cells was measured (Figure 3a). Although some viable cells remained
after boiling (~ 0.001 per cent of the initial number), this suspension
displayed an insignificant amount of uptake. A level slightly lower
than this was observed when membrane filters were counted to determine
retention of 14C in an experiment which excluded cells (results not
shown). Thus, for all practical purposes, the uptake curves illustrat-
ed were assumed to represent 14C-glycerol entering the cell.

Tsay (1971) had origipally demonstrated that osmotic shocking of
PA-1 produced some loss of ability to transport 14C—glycerol. However,
by altering the shocking technique slightly and correcting for the
viability of the assayed suspension by plating, it was possible to show
in the present study almost total loss of transport ability by fragile
rods (Figure 3b). Procedures used in the present study also resulted
in somewhat higher binding ratios, seemingly indicative of greater
shocking efficiency.

Although Tsay (1971) suggested that glycerol transport by P.

aeruginosa was inducible, transport studies were carried out on only
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one set of cells grown on a substrate other than glycerol. 14C-

glycerol uptake by glucose-grown cells was definitely reduced but not
to the level expected from free diffusion (~/ 30 dpm/ml of cell suspen-
sion). Therefore, in the present study, a detailed investigation of
induction of glycerol transport and binding in wild-type cells was
undertaken.

Initially, the induction pattern for glycerol transport was com-
pared with those for glycerol kinase and L-¢(-glycerophosphate dehydro-
genase activities (Figure 4 and Table II). The data suggest that one
component of the transport system is induced earlier than the rest,
since the 30-second value stabilized approximately two hours before the
values for the transport plateau and enzyme activities., This supports
the hypothesis agreed upon by Winkler and Wilson (1966), Manno and
Schachter (1970), Wong and Wilson (1970), and others, which proposes
that two transport mechanisms are in operation during active influx of
some substrates, The first is independent of cellular metabolism
requiring only a binding protein and spontaneous release of substrate.
This could be the primary sequence after two hours of induction. The
second mechanism requires metabolism for energy production and, in
this instance, may account for the plateau accumulation which becomes
stable at four hours. Interestingly enough, the activities of the
glycerol degradative enzymes which reach their peak at four hours, are
progressively lost during the period between four and eight hours.
Since, by four hours, most of the substrates have been removed and
growth has virtually stopped, it is possible that enzyme degradation,
similar to that described by Cowen (1968), has begun. Considering that

transport activity from four to eight hours remains constant, it
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appears that the specific glycerol degradative enzymes are not directly
related to maintenance of the level of glycerol accumulation. Further-
more, it appears that full induction of transport requires four hours.
Upon closer analysis, these data illustrate an additional point of
interest. Glycerol uptake by glucose-grown cells (Figure 5d) is great-
er than that by glucose-grown cells induced up to one hour in a combi-
nation glycerol-glucose substrate, This effect is reflected only in
the transport curve, The enzyme activities continue to increase from
zero-time values of 0.63 and 0.18 nmoles/min/mg for the kinase and
dehydrogenase, respectively (Table VI), to 4.95 and 5.56 nmoles/min/mg
at one hour into induction (Table II). Repression by glucose does not
seem to provide a reasonable explanation since, under this condition,
the level of uptake should have remained the same as that in Figure 5d,
not decreased (Paigen and Williams, 1970). Instead, catabolite inhibi-
tion seems a more feasible possiblity. According to Paigen and
Williams (1970), this type of inhibition is either exerted at the level
of entry of substrates into the cell (by competition) or on the first
enzyme that catalyzes metabolism of the substrate. Glucose was found
to be an ineffective inhibitor of glycerol kinase from an in vitro
assay (results not shown). Therefore, the inhibition is concluded to
be competitive in nature. Since little growth was occurring during
the period between zero time and one hour, and there was only slight
removal of substrates, it may be assumed that protein synthesis was
proceeding at an uninduced rate. Thus, synthesis of additional binding
protein was insignificant. Under these circumstances, it is possible
that the extremely high levels of glucose and glycerol in the medium

could cause saturation of the available glycerol binding sites. If
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these substrates were not completely removed during the wash, they
could cause retardation of 14C-glycerol entry. As soon as the sub-
strate concentration was reduced to a low enough level (by two hours
into induction) the inhibition was overcome.

Figure 5a-5d suggests not only that full capacity to transport
glycerol requires induction by glycerol, but that the levels of glycer-
ol binding and glycerol uptake by uninduced PA-lL (cells not exposed to
glycerol) vary considerably. It is noted that of the four growth sub-
strates used in this experiment, the only one which left the cells

unable to bind (binding ratio, R,, has a value less than 1.00) and

g?
significantly transport glycerol was succinate. The level of glycerol
uptake by these succinate-grown cells was lower than that by any other
set of cells assayed (Figures 5 and 6). 1In addition, Figure 10b indi-~
cates that no glycerol binding peaks are present in PPBPS obtained from
succinate-grown PA-lS.

Some of the succinate-related results such as inability of shock
fluids from succinate-grown cells to bind glycerol, could be explained
by these cells being insensitive to osmotic shock. However, this is
unlikely in the present situation since the succinate-grown cells also
exhibited almost no ability to take up glycerol. A second possibility
is that succinate represses a normally constitutive synthesis of com-
ponents involved with glycerol accumulation. If this were true, all
the other substrates tested (Figures 5 and 6) must also produce some
degree of repression because none of these substrates yielded cells
capable of transporting glycerol at a rate approaching that for
glycerol-grown PA-1. Since it is improbable that so many diverse

compounds would cause repression of this system, it is concluded that
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glycerol binding and subsequent transport are inducible and that
succinate is one of the few growth substrates for P. aeruginosa which
does not induce either activity.

Table VI indicates that the activities of the glycerol degradative
enzymes in glucose-, lactate-, and succinate-grown cells were approxi-
mately equivalent, yet glycerol accumulation and glycerol binding
activities displayed by these cells differed appreciably (Figure 5a-5d).
As the binding ratios increased, so did the initial rates of glycerol
uptake, Furthermore, Figures 9a, 9b, and 10a illustrate that there are
at least two and possibly three different pH values at which glycerol
can be bound, suggesting the presence of several glycerol binding
proteins in shock fluids from wild-type cells, these being inducible
under different conditions. These binders are thought to be directly
related to glycerol transport since an increase in amounts of these
components (as determined by the binding ratio) results in an increased
initial rate of transport (Figure 5a-5d). Thus, from an analysis of
initial transport rates (Figures 5a-5d and 6), it appears that succi-
nate induces no glycerol binders (Figures 5a and 10b), ethylene glycol
induces only small amounts, if any (Figure 6), and gluconate, 1,3-
propanediol, fructose, histidine, 1,2-propanediol, n-propanol, pyru-
vate, glyceric acid, lactate, and glucose induce increasingly larger
amounts of the glycerol binding components.

After a detailed analysis of shock fluids from wild-type cells
containing glycerol binding activity, no correlation between the
presence of glycerol kinase or L-ef-glycerophosphate dehydrogenase
activities and binding activity was found. The following points are

important in this connection:
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(1) Glycerol kinase activity was generally absent in shock fluids
containing glycerol binding activity.

(2) The one shock fluid which did display the kinase'activity
retained it after freezing and thawing, whereas during this same
treatment the binding activity was lost (Table III). In addition, it
may be noted that cell-free extracts were consistently stored (being
frozen and thawed several times) as long as one year without observing
any loss of either enzyme activity; but wild-type shock fluids could
never be frozen for any period of time without showing a substantial
loss of binding activity.

(3) The various activities (binding, kinase, and dehydrogenase)
displayed different sensitivities to inhibitors (Table IV). Glycerol
binding was inhibited by sodium azide, sodium arsenate, sodium cyanide,
hydrazine, and NEM. Of these, neither sodium azide, sodium arsenate,
nor hydrazine, at elevated concentrations, caused inhibition of either
enzyme activity. Sodium cyanide inhibited only the kinase and NEM
completely inhibited only the dehydrogenase. These two enzyme inhibi-
tions are not particularly disturbing since it is quite possible that
cyanide could interfere with the coupled in vitro kinase assay itself
and that the L-o-glycerophosphate dehydrogenase is like other such
dehydrogenases which are known to contain sulfhydryl groups (Telegdi
and Keleti, 1964) and be sensitive to N-alkylmaleimides (Anderson, et
al., 1970). Tsay (1971) concluded that the effect of NEM on glycerol
binding indicated the presence of sulfhydryl groups in this carrier(
protein. The inhibition caused by hydrazine is thought to be due to
alteration of the pH in the shock fluid, since this compound produces

a significant pH change and such changes, even if they are slight, can
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greatly reduce the binding capacity (Figures 9, 10 and 11). However,
it is doubtful that this interpretation explains the inhibitions by
sodium azide, sodium cyanide, or sodium arsenate.

These inhibition patterns as well as that produced by hydrazine
could merely be caused by the high reactivity of these compounds. It
was for this reason that Anraku (1968b) checked for possible inhibition
of galactose and leucine binding by sodium azide. He found these
activities to be reduced an insigificant 20 per cent. Pardee (1966),
on the other hand, reported the 804=wbinding activity to be inhibited
50 per cent by potassium cyanide. However, no explanation was given
for either effect.

Considering the inhibition patterns produced by sodium azide,
sodium cyanide, and 2,4-dinitrophenol in the present investigation, it
is tempting to postulate that the shock procedure has removed a mem~
brane particle (part of which functions in glycerol transport) contain-
ing components such as those described by Barnes and Kaback (1971) and
Kaback and Barnes (1971) and outlined in reactions 31-42 (Chapter I).
These researchers suggested that compounds which directly block the
transfer of electrons would interfere with the oxidation-reduction
cycle along the electron transport chain. -Since this cycle is required
to induce the conformational change of the binder, allowing subsequent
binding and transport, it is possible that no binding would occur in
the presence of cyanide or azide. 2,4-Dinitrophenol uncouples oxida-
tive phosphorylation instead of acting directly on the electron trans-
fer mechanism; therefore, this compound would not be expected to

inhibit binding.
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(4) Addition of ATP or MgCl, or both (Table V), did not prevent

2
inhibition of glycerol binding activity by sodium azide. Addition of
ATP alone to the binding assay reduced glycerol binding activity.
However, this is not uncommon since a similar effect was reported by
Pardee (1966) who observed a 20 per cent reduction in the SO4= binding
activity after addition of ATP. Again, the effect could be due to
change in pH upon ATP addition as this compound was not neutralized.
(5) Three mutants were characterized as having various lesions
affecting either binding and transport or glycerol kinase, but not
both. GA-73 displayed binding and transport activities similar to
those of PA-lS (Table VI, Figures 7a, 7c, llb), but showed no glycerol
kinase activity (Table VI). The slight initial activity, which general-
ly fell to zero after three to four minutes of incubation, could have
been produced by another kinase since the extracts were not dialyzed
and residual amounts of other substrates could have been present in it.
AH-8 exhibited only two peaks for binding in its pH binding profile
(Figure 1lla) both at the same pH, one for glycerol and one for glucose,
retained only partial transport ability (Figure 7a-d), but had glycerol
kinase activity. Its shock fluid contained significant glycerol and
glucose binding activities only when AH-8 was grown in the combination
substrate glucose-glycerol or when grown in the presence of either
lactate or succinate and induced in the presence of glycerol (Table
VI). However, these variable binding capacities may be due to loss of
the binding protein(s) as a result of lysis of these cells during the
growth cycle (this lytic phenomenon of AH-8 will be discussed in a

later section). In addition, a loss of the partial transport ability

after shocking (Figure 8a) suggests that some glycerol binder is
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present. Interestingly enough, the amount of 14C-glycerol "uptake"
after lysis of fragile rods of AH-8 was greatly increased (Figure 8a).
This is thought to result from disruption of the osmotic barrier allow-
ing entrance of substrate and subsequent accumulation of radicactive
material via metabolism., This same interpretation is thought to
explain the seemingly elevated rate of transport by uninduced AH-8
cells and induced AH-8 cells harvested after the lytic phase. Fragile

rods of PA-lS or PA-1 react in the same manner after lysis (data not

L
shown) as do those of AH-8 and PA-1-623, even though shocking of the
latter mutant has no effect on transport (Figure 8b). This latter
observation is in agreement with the rest of the data related to
PA-1-623, namely, that this mutant displays no significant peaks in

its pH binding profile (Figure llc), no transport ability under any
conditions (Figure 7a-7d), no binding capacity for glycerol in its
shock fluids (although it may bind a small amount of glucose when it is
grown in the combination substrate glucose-glycerol or in the presence
of lactate or succinate and induced in glycerol minimal medium A), yet
it has a relatively high constitutive glycerol kinase activity (Table
VI).

It was concluded that the tendency of fragile rods to lyse ham-
pered attempts to restore transport ability to osmotically shocked
PA—lS by adding back partially purified binding protein. In an attempt
to remove as much binder as possible, the cells were probably lysed
since harsh shocking techniques were used (0.05 M Tris-0.5 M sucrose-
1.0 mg/ml EDTA) and uptake by the control fragile rods was as great or
greater than that of unshocked wild-type cells. Three attempts were

made, all before this lytic phenomenon was realized.
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Data obtained from the various types of competition experiments
(see Tables VII ~ IX, Figures 12 and 14) were in general agreement
considering that complications exist in both the binding and transport
assays. In all instances, the control assay results were satisfactory,
with "cold" glycerol completely inhibiting binding and transport of

14C-glycerol and nonradioactive glucose completely inhibiting binding

of 14C-glucose. Although 100 per cent inhibition of binding and trans-
port by a competitor is ideal, many factors can interfere to lower this
value. Not only do affinities of single binding proteins wvary as to
substrate, but it is possible to have more than one protein, each with
a distinct Km for a particular substrate, binding one common substrate.
Anraku (1968a) and Rosen (1971) have considered binding inhibition
percentages as low-as 46 and 19 per cent, respectively, to be indica-
tive of competition. Therefore, each column of values in Tables VII-IX
must be analyzed as to all possible interrelationships.

In general, the data in Tables VII and VIII support the proposal
made from observation of Figures 9-11 which predicts the existence of
multiple glycerol and glucose binders in shock fluid from wild-type
P. seruginosa. There appear to be several distinct binding competition
patterns displayed by shock fluids from PA-—lS+L grown in various media.

(1) Glycerol binding by glycerol-grown cells shows very little
sensitivity to added compounds. Of those which do interfere, n-
propanol seems to be the most likely candidate for a true competitor
since it did not exhibit effective inhibition in any other assay to
which it was added. Furthermore, n-propanol slightly lowered the
14

C-glycerol transport curve after one minute into uptake (results not

shown). Dulcitol, adonitol, and glucose are the only other possible
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competitors, but all of these interfered to a greater extent with
glycerol binding by glucose-grown cells indicating that they are not
as specific as n-propanol. The effect produced by histidine hydro-
chloride may actually be related to pH, since it was not neutralized
before addition.

(2) There is no significant correlation between glycerol binding
by glycerol- and glucose-grown wild-type cells. Therefore, it is
doubtful that these two substrates induce the same glycerol binders.

(3) Glucose binding by both glycerol- and glucose-grown cells
shows very similar inhibition patterns indicating that at least several
of the same proteins are involved.

‘(4) Where the activities 1istéd under (3) do not correlate, there
is agreement between values for glycerol and glucose binding by
glucose-grown cells. However, there is also a great deal of overlap
among the latter three sets of values. Again, this suggests involve-
ment of common binders.

(5) Glucose not only completely inhibited the binding of glycerol
by glucose-grown cells, but, more specifically, it eliminated the peak
for glycerol binding in PPBPS adjusted to pH 5 but not the peak at
pH 7 (Table IX). It is this fact, in combination with other data shown
in Table IX, that adds support to the hypothesis that peak # 1 at pH 7
(Figure 9b) is glycerol-specific, whereas peak # la at pH 5 is nonspe-
cific and, as such, is probably distinct from # 1 even though both
appear to be induced only in the presence of glycerol. Additional
evidence in this respect is provided by the observation that AH-8

contains peak # 1 but not # la.
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Electrophoretic analysis of PPBPS from glycerol-grown PA-lS shows
two distinct bands and from three to five faint bands (Clifton F.
Savoy, personal communication). There is a good possibility, then,
that five binding proteins are involved with the recognition of either
glycerol or glucose or both in P. aeruginosa.

Competitors of glycerol transport would be expected to reduce both
the binding capacity for glycerol and the rate and total amount of
accumulation of this substrate., Since dihydroxyacetone (DHA) was shown
to have no detrimental effect on either glycerol or glucose binding by
glycerol-grown cells (Tables VII and VIII) but significantly reduced

4C-glycerol accumulation by these cells (results same as those in
Figure 12), it is thought that some phenomenon other than competition
is involved upon addition of DHA. For instance, efflux of a 140-
intermediate from the cells would also lower the apparent rate and
amount of 14C-glycerol uptake. Efflux of 14C-glycerol itself seems to
be an improbable explanation in the present situation because the wild-
type cells are metabolizing glycerol. On the other hand, it is known
that 002 is produced during the metabolism of glycerol (Figure 1), this
product being radiocactive upon catabolism of 14C-glycerol. Therefore,
a comparison was made of 14002 released from untreated control cells
(PA-lL), from cells pretreated with DHA, and from cells pretreated with
sodium lactate (Figure 13). It was noted that the effect of nonradio-
active DHA on 14C-glycerol transport by PA-lL could be explained by
increased release of 14C02.
The effect of DL-(-glycerophosphate on glycerol binding was not

studied since this compound was thought to be contaminated with glyc-

erol. The high concentration added would certainly contain enough
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glycerol to alter the binding capacity as measured by 140 assay. Also
taken into consideration was the fact that strain PA-1, like P. aerugi-
nosa in general, was unable to utilize glycerophosphate for growth.
Therefore, even though the addition of DL-0fglycerophosphate during
measurement of glycerol transport produced a curve similar to those
representative of nonmetabolizable competitors (Figure 1l4b), its true
effect cannot be determined until it is purified. Certainly, addition
of‘B-glycerophosphate in no way altered 14C-glycerol transport.

Previously-mentioned results have indicated that glucose-grown
PA-lS+L can bind and transport some glycerol (Figures 5, 9; Table VI)
and, reciprocally, that glycerol-grown wild-type cells can bind glu-
cose. Therefore, it is not surprising that glucose partially inhibits
glycerol binding by shock fluids from glycerol-grown cells. However,
the expected complementary results are not seen in Figure 12b. Addi-
tion of glucose would be expected to cause at least some reduction in
transport of 14C-glycerol. Instead, it stimulated this activity. A
closer comparison of Table VII and Figure 12 indicates that, with the
exception of glucose, those added compounds which appeared to protect
the glycerol binding activity of glycerol-grown cells also stimulated
transport of 14C~glycerol, Transport results after the addition of
either of the propanediols or 1,2,4-butanetriol are not shown but
demonstrated a similar stimulative effect. (Transport assays to which
mannitol, erythritol, glyceric acid, or citrate would have been added
were not carried out.)

Attempts to interpret the '"lactate effect" according to conven-
tional theories failed. Figure 13 indicates that a reduction in 14CO

2

output cannot account for the over-all stimulation of glycerol
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transport by sodium lactate. Protein synthesis also cannot explain the
increased uptake since addition of chloramphenicol (Figure 12) to the
cell suspension before measurement of transport had no effect on the
stimulation by lactate. Furthermore, Tables VIand X illustrate that
the stimulation of transport by addition of either lactate, pyruvate,
or glucose to cell suspensions of uninduced wild-type or induced
mutants in no way correlated with the enzyme activity levels of these
suspensions. Stimulation by each of the compounds was observed in
glucose-grown PA—lL and GA-73 and glucose-grown, glycerol-induced AH-8,
but was absent in cells lacking a glycerol or glucose binding protein
(succinate=-grown PA--lL and PA-1-623). For these reasons, it is thought
that the '"lactate effect" may be more directly related to some mecha-
nism involved with binding and/or transport of glycerol than to cata-
bolic enzyme activities as suggested in initial reports by Kaback and
Stadtman (1968) on stimulation of glycine uptake.

Wong and Wilson (1970) interpreted a slight stimulation by compe-
titors of 14C-TMG uptake in uninduced energy-poisoned E. coli as
indicating the presence of a small number of membrane carriers. This
amount of stimulation increased in proportion to increased numbers of
carriers. The theory involved is that compounds sharing the same
transport system have the exit pathway blocked during preloading with
a competitor. Without an exit process to counterbalance uptake, the
cells appear to transport greater quantities of radiocactive substrate.
Data from Table X show agreement with their results. However, recipro-
cal exit counterflow (countertransport) experiments, described initial-
ly by Rickenberg, et al., (1956) and since used extensively to prove

substrate competition (Rosenberg and Wilbrandt, 1957; Halpern, 1967;
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Piperno and Oxender, 1968; Wong and Wilson, 1970) indicate that these
stimulative compounds are not competitors of 14C—glycerol transport
(Figures l4a-14d), just as they are not competitors of glycerol binding
(Tables VII-IX). Figures l4a-14d illustrate that their addition to the
transport assay mixture produced no 14C loss. 1In fact, stimulation
remained prominent in most cases.

Since the earliest investigations involving transport (Cohen and
Monod, 1957), the required energy source for this process has been
assumed to be ATP. Unrelated carbon sources which stimulated uptake
were thought to supply added energy through their own metabolism. Such
a theory could explain the "lactate effect" if glycerol transport can
be shown to be energy-dependent, a fact which is difficult to prove.
Christensen (1962) has stated that the only positive method for proof
of active transport is to demonstrate accumulation, against a gradient,
of the unchanged substrate inside the cell. In the present investiga-
tion of glycerol transport, it is noted that induced wild-type cells
accumulate approximately 400 times the extracellular glycerol concen-
tration of 0.636 pM (assuming 80 per cent of the cell weight to be
available water). However, this does not assure the involvement of
active transport because the cells could be accumulating 14C-intermedi-
ates through metabolism of the 14C-glycerol. Data from Table XIII
suggest the possibility that such intermediates are accumulated.
However, neither radioactive peak_is identifiable as either glycerol,
glycerophosphate, dihydroxyacetone, glyceraldehyde, glyceric acid or
dehydroxyacetone phosphate. This fact suggests the conclusion that
cells used in the boiling-water extraction experiments (Tables XII and

XIII) continued metabolizing after filtration. It is difficult to
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postulate the extent of this metabolism since no metabolic inhibitor
was added to the wash solution due to the extraneous effects such
compounds might have on the cells. However, accumulation of 140-
products could theoretically have been occurring while the cells on
the filter were being washed, while the filters were being transferred
to flasks, and even for a while after addition of boiling water to
extract the cells. Therefore, the primary purpose for inclusion of
Tables XII and XIII is to point  out major differenees between PA—lL and
GA-73 and not to demonstrate accﬁmulation of glycerol within the cell.
Most researchers use inhibition of transeort by inhibitors of
oxidative phosphorylation as one effective determinant of active trans-
port. These compounds (generally cyanide, azide, and 2,4-dinitrophenol)
are thought to inhibit the cell'é energy supply mechanism. Since
energy is supposed to convert the carrier to a low affinity form at
the inner face of the membrane and cause release of substrate, against
the concentration gradient inside the cell, its loss is consequential
(Winkler and Wilson, 1966; Piperno and Oxender, 1968). 1In the absence
of energy the affinity of carrier fof substrate remains high and an
increased rate of exit results in an apparent reduced influx (lower
rate of transport). Therefore, the uptake curve resulting from pre-
incubation with inhibitors should show rapid equilibration of external
and internal concentrations of substrate (facilitated diffusion)
because carriers should not be affected. In the present study, earlier
experiments demonstrated that both sodium azide and sodium cyanide do
affect the glycerol carrier of wild-type P. aeruginosa (Tables VII and
VIII). Thus, their inhibition of glycerol transport was not unexpected

and cannot be considered necessarily a result of energy loss (Figures
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15a, 15b, 15d). 1In fact, inhibition of binding by sodium cyanide is
substantiated by curves in Figures 15b and 15d. Preincubation of cells
in 10 mM sodium cyanide reduces the number of carriers, but does not
inhibit all of them as the curve is not linear. On the other hand, a
30 mM concentration of this compound inactivates all binders producing
a passive diffusion-type uptake curve. Sodium azide, at 30 mM, ap-
peared to be even more inhibitory than sodium cyénide.

The fact that neither oligomycin nor antimycin A inhibit 140-
glycerol binding (Table IV) or transport (Figures l6a, 16d) is not
particularly disturbing. These antibiotics are used most often with
cell-free mammalian extracts and have been found to have little effect
on bacterial respiratory systems (Smith, 1961). In addition,

Barnes and Kaback (1971) now feel that earlier reported antimycin A
inhibition of ﬁ-galactoside transport by membrane vesicles of E. coli
(Raback and Milner, 1970) could have been due to induction of passive
leakage due to detergent effects of this compound (Marquis, 1965)
rather than to inhibition of respiration.

Inhibition of 14C-glycerol transport by 2,4-dinitrophenol appears
to be the most reliable indicator of active transport involvement in
the present investigation. This compound does not inhibit the initial
enzymes of glycerol catabolism (Tablé IV), does not inhibit glycerol
binding by glycerol-grown wild-type cells (Tables IV, VII, and VIII),
yet does inhibit 14C—glycerol transport. The level of 14C-glycerol
transport remaining after preinéubation with 2,4-dinitrophenol is
similar to that described by others (Winkler and Wilson, 1966; Kaback
and Stadtman, 1968; Kay and Gronlund, 1969; Manno and Schachter, 1970)

and is interpreted as indicative of the amount of facilitated diffusion
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in these cells.

Theoretically, energy inhibitors added during the transport assay
should produce exit counterflow of an actively-accumulated 14C-
substrate. Furthermore, analysis of the effluent (supernatant contain-
ing the released material) should yield unaltered substrate in order to
prove involQement of active transport. Addition of either sodium
cyanide, sodium azide, or 2,4-dinitrophenol during measurement of 14C-
glycerol accumulation produced such a 14C loss and, at least as a
result of sodium azide addition, the initial effluent (representing a
30 per cent 14C loss) contained mostly 14C-glycerol. A small amount of

4C-glyceraldehyde or 14C-dihydroxyacetone'ph.osphate was present in this
supernatant, but this could have resulted from metabolic activity
between 150 and 180 seconds. Certainly, the peak representing this
compound was significantly greater in the 210-second sample. Azide did
not seem to affect metabolic activity, for a peak correlating to 14C-
dihydroxyacetone also appeared in the effluent by 240 seconds. 0ddly
enough, no 14C—glycerophosphate was detected. Since the transport of
glycerol reaches its maximum level (approximately 400 times the extra-
cellular glycerol concentration) by 120 seconds, and the 14C loss
resulting from azide addition at 135 seconds is significant with the
major component being 14C-glycerol, it seems probable that an energy-
dependent mechanism is involved. Perhaps this is the reason that
glycerol-grown wild-type cells show a less marked response to inhibit-
ors than do those which are lactate-grown and glycerol-induced. The
former may contain lower energy reserves which cause them to take up

14

less glycerol. The C loss is less significant but is relatively

comparable.
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It is not likely that any active glycerol transport by P. aerugi-
nosa could be associated with the PEP phosphotransferase system. First
of all, according to Phibbs and Eagon (1970), there is no PEP phospho-
transferase system in P. aeruginosa. 1In fact, there are no reports of

this mechanism in any members of the genera of Order Pseudomonadales.

In the second place, common energy inhibitors such as sodium azide have
been shown to stimulate rather than inhibit a PEP system (Roseman,
1969). Finally, although the pleiotropic enzyme I~ mutants (ctr
mutants) of E. coli are unable to utilize glycerol along with numerous
other carbohydrates, the reason does not appear to be directly related
to the enzyme I deficiency. The inability of the I mutant to grow on
glycerol was shown to be genetically suppressed by: (1) constitﬁtivity
of the glycerol enzymes (Berman, et al., 1970); (2) a mutation which
abolished the kinetic feedback control of glycerol kinase (Zwalg and
Lin, 1966); or (3) a promotor-like mutation that produced increased
glycerol kinase activity (Lin, 1970).

The most recent reports of stimulation of active transport by
compounds such as lactate and succinate correlate this effect to inter-
action of the compounds with dehydrogenases coupled to the electron
transport chain; this interaction increases the electron flow and, in
turn, supplies additional energy for transport (Barnes and Kaback,
1970). Specifically, D-lactic dehydrogenase in E. coli, otglycerophos-

phate dehydrogenase in Staph. aureus, and both L-cglycerophosphate

dehydrogenase and L-lactic dehydrogenase in Bacillus subtilis (Konings,

et al., 1971) have been implicated in linkage to transport in membrane
preparations of the respective organisms. Recently, Eagon (1971) has

suggested the coupling of glucose transport to membrane-bound glucose
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dehydrogenase in P. aeruginosa because of stimulation of its uptake by
2-deoxyglucose. Since P. aeruginosa is a strict aerobe and is thought
to contain an extensive network of cytochromes (Smith, 1968), it is
feasible that several dehydrogenases could be coupled to this transfer
system., Certainly, each of the stimulative compounds mentioned in
Figure 13 is closely associated to a dehydrogenase. Thus, it is once
again tempting to postulate that the energy supply for glycerol trans-
port in P. aeruginosa results from coupling of dehydrogenases to the
electron transfer chain and that the shock fluids assayed in the
present investigation contain membrane particles large enough to house
the cytochromes that make up this electron transfer chain. 1In this
case, lactate, pyruvate, etc., rather than protecting against loss of
binding activity, might actually be interacting with coupled dehydro-
genases and increasing the electron flow which consequently increases
the binding capacity for glycerol by producing a configurational change
in the carrier. The discrepancy between stimulation of binding and
transport by glucose and succinate may be significant in determining
which dehydrogenases are coupled. 1If glucose dehydrogenase and succi-
nate dehydrogenase (not shown in Figure 1) were directly associated
with electron transfer), their respective substrates would be expected
to stimulate binding. Since they do not, it is possible that their
effect on transport results from their metabolism to intermediates
which do interact with coupled dehydrogenases (perhaps to gluconate
dehydrogenase in the case of glucose and to pyruvate dehydrogenase in
the case of succinate). 1In this respect, it is noteworthy that stimu-
lation by succinate occurs late (during the plateau) and glucose is not

as effective a stimulator as lactate or pyruvate. Perhaps the longer
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the shock fluid remains without the presence of compounds which can act
as an energy source, the lower the capacity for glycerol binding be-
comes, until it reaches a minimal constant level. Hence, Controll and
Control2 (Tables VII and VIII) could indicate the maximal and minimal
capacities in the absence of additives. Inactivation of transport by
energy inhibitors could be variable as there are numerous loci which
could be affected. Barnes and Kaback (1971) and Kaback and Barnes
(1971) have discussed several such possibilities including: (1) inhib-
itors which block electron transfer bétween the site of energy coupling

and cytochrome a, causing efflux; (2) inhibitors which act before the

2
site of energy coupling, slowing the rate of reduction of the energy
coupling site but not its rate of oxidation by cytochrome bl’ manifest-
ing diminished initial rates of uptake; (3) compounds, such as oxamate
for D-lactic dehydrogenase, which specifically inhibit one of the
membrane-bound dehydrogenases; and (4) compounds which act directly on
the carrier (oxidizing the sulfhydryl group) to inactivate it.

In the present study, the limited inhibitor data correlated with
that specified by Barnes and Kaback‘(l97l) and Kaback and Barnes
(1971). Sodium azide and sodium cyanide produced results indicating
that their sites for inactivation fall between the binding protein
coupling sites and cytochrome a,, whereas the results for NEM indicate
that the carrier must contain sulfhydryl groups as suggested by Tsay
(1971). 2,4-Dinitrophenol gave results similar to those obtained with
membrane vesicles of E. coli (inhibition of tramsport). However,
Barnes and Kaback (1971) did not elaborate on this effect of 2,4-

dinitrophenol since it did not affect D-lactate oxidation.



141

To date there is increasing evidence that active transport systems
in E. coli obtain energy from direct coupling of various dehydrogenases
to the electron transfer chain which, in turn, transports the electrons
to the incorporated carrier proteins. Data from the present investiga-
tion of glycerol transport in P. aeruginosa could be interpreted as
supportive of a similar mode of coupling here but are inconclusive.
Further study in this area is warranted since this may be a general
mechanism for active transport.

The enzyme data for the mutants used in this study are pertinent
in helping define control mechanisms and pathways for glycerol catabo-
lism in P. aeruginosa. Both AH-8 and PA-1-623 are L-tC-glycerophosphate
dehydrogenase negative and constitutive for glycerol kinase. Other
studies with PA-1-623 (Cowen, 1968; Mose, 1970) have indicated it to
be a deletion mutant since it never reverts and has multiple defects.
AB-8 reverts only at a very low rate but has some binding and transport
activities so it 1s possible that its lesion covers a much smaller
area. Some portion of the operator region or the regulator gene must
be affected in order to produce constitutivity. Since Lin's group
(Cozzarelli, et al., 1968; Berman-Kurtz, et al., 1971) has shown the
aerobic L-&-glycerophosphate dehydrogenase locus to be adjacent to that
for the regﬁlator gene in E. coli, it seems likely that the same link-
age may occur in P. aeruginosa because AH-8 and PA-1-623 apparently
have a lesion affecting at least these two sites. Assuming that one
operon controls glycerol entry and catabolism and that the repressor is
nonfunctional, the remaining glycerol activities should be constitu-
tive. This appears to be the case for AH-8. Although transport is

only partial, the level remains essentially constant whether the cells
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are induced or not (Figure 7). Since PA-1-623 displays the expected
constitutive glycerol kinase activity but exhibits no binding or trans-
port activities,\the proposal of two distinct loci for kinase and
transport is further substantiated.

0f the two dehydrogenase negative strains, AH-8 is complicated by
the fact that it requires glycerol in order to avoid lysis during
logarithmetic growth. Lysis of this mutant almost always occurs during
the stationary phase but this is thought to be due to earlier exhaus-
tion of the glycerol supply. This lytic effect may either be directly
related to the absence of a biosynthetic glycerophosphate dehydrogenase,
assuming this enzyme to be present in P. aeruginosa as it is in E. coli
(Kito and Pizer, 1968, 1969), or to the absence of some other enzyme
which would function at the branchpoint to the biosynthetic pathway for
phospholipid production from substrates other than glycerol. Because
phospholipids are thought to be.a major component of cell membranes
(Day and Levy, 1969), it is hypothesized that AH-8 can only synthesize
a defective structure unless glycerol is provided in the medium (con-
stitutive glycerol transport and kinase activities allow synthesis of
glycerophosphate and probably phospholipids from glycerol under any
condition). In this respect, PA-1-623 must differ enzymatically.
Since it cannot transport glyceroi, this mutant cannot synthesize
phospholipid from glycerol. Since it also lacks the catabolic L-o~+
glycerophosphate dehydrogenase, the activity of this enzyme in the
direction of glycerophosphate synthesis is not available for synthesis
of phospholipid. Therefore, the combination of loss of ability to
transport glycerol and ability to convert DHAP to L-o(~glycerophosphate

should be lethal unless a third pathway for synthesis of phospholipid
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is possible or unless there are two enzymes functioning (one catabolic,
L-o-glycerophosphate dehydrogenase, and one biosynthetic) in the region
of reaction 6 (or possibly 4) in Figure 1.

The behavior of GA-73 is unexplainable from present available
information although it raises some interesting questions about glycer-
ol catabolism in P. aeruginosa. The fact that this mutant transports
glycerol in the absence of glycerol kinase indicates that the latter
enzyme is uninvolved with the glycerol transport mechanism. However,
additional enzyme data coupled with 14CO2 accumulation results (Table
XIV) and chromatography information (Tables XII; XIII) suggest a major
metabolic difference between GA-73 and PA-1 or AH-8, implying the
presence of an unreported pathway for glycerol catabolism in P.
aeruginosa.

Assuming the presence of a single glycerol catabolic pathway
(Figure 1, reactions 1, 4, 6, 9), mutant GA-73 should be unable to
metabolize glycerol since it has no glycerol kinase activity. Yet cell
suspensions of this mutant produce 14CO2 from 14C-glycerol and uniden-
tifiable 14C-intermediates are found in boiling-water extracts of GA-73
exposed to radiocactive glycerol (Tables XII and XIII). Interestingly,
the same two 14C-intermediates are found in GA-73 and PA-lL extracts.
However, there is an opposite efféct of time on distribution of the two
peaks. Since peak # 1 remains at the origin and appears to be charged
(the compound it represents seems to bind to DEAE cellulose paper) it
is thought to represent phospholipid.v Peak # 2 could be glyceraldehyde-
3-phosphate. Pretreatment of cell suspensions of GA-73 with DHA prior
to measurement of 14CO accumulation also causes an effect exactly

2
opposite (reduced production of 14C02) to that displayed by PA-lL under
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the same conditions (increased production of 14002). Fur thermore,

14C02 production is immediate (Figure 13) especially after pretreatment

of PA-lL cells with DHA. Unfortunately, possible metabolic decarboxy-

lation reactions assumed or known to occur in carbohydrate metabolism

in P. aeruginosa (shown in reactions 43-45) are distant in relation to

glycerol.
Gluconate-6-P > Ribulose-5-P (43)
co
Jﬁ»z
Pyruvate > Acetyl-CoA (44)
CO2

Phosphatidylserine -———QE———> Phosphatidylethanolamine (45)

Since GA-73 is unable to grdw on glycerol it is improbable that

14CO2 produced from 140-

reactions 43 or 44 could account for the
glycerol. These would indicate the presence of extensive metabolic
conversions, beginning with glycerol, and would almost certainly assure
growth on this substrate. (GA-73 can grow on glucose, lactate, or
succinate, each of which must incorporate these reactions.) Recently,
Bell, et al. (1971) reported the presence of reéction 45 in E. coli and
S. typhimurium. Formation of serine from glycerol is possible accord-
ing to the metabolic map published by C. F. Boehringer (1965), with the
series of reactions (Figure 17) initiated by a NADP+—requiring glycerol
dehydrogenase. Cell-free extracts of PA-lL and GA-73 were spectropho-
tometrically and radioactively (by radiochromatography) assayed for
such an enzyme according to the method of Goldman (1963). Glycerol

dehydrogenase activity was found even though conditions were not opti-

mized (AO.D./min = 0.022 as compared to AO.D./min = 0.060 for



Figure 17. Synthesis of Phosphatidylethanolamine From. Glycerol

Abbreviations are as follows:
Gly, Glycerol
GlyP, Glycerophosphate
DHAP, Dihydroxyacetone phosphate
GAP, Glyceraldehyde-3-phosphate
EMP, Emden-Meyerhoff-Parnas pathway
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glycerol kinase and AQ.D./min = 0.165 for L-o-glycerophosphate
dehydrogenase in PA-1L). Radioactive products formed after 45 min
incubation.of the assay mixture at room temperature chromatographed in
two broad peaks. The RG of the first peak (0.83) corresponds to that
for glyceraldehyde or dihydroxyacetone phosphate (RG = 0.85), whereas
the second peak (RG = 0.54) could represent glyceric acid (RG‘= 0.49).
The extracts were not dialyzed so a series of reactions could have
occurred. It is noteworthy that Dawson et al. (1969) state that D-
glyceraldehyde readily isomerizes to DHA in alkali.. This phenomenon
may have occurred upon addition of sodium azide to cells accumulating
4C-glycerol'. If so, it would account for the appearance of 14C-DHA in
the supernatant at 105 seconds after azide addition and substantiate
the presence . of reaction 1 (Figure 17). Since the same level of
glycerol dehydrogenase activity was detected in PA-1L and AH-8 it is
doubtful that this enzyme is directly involved with glycerol transport
although it may be coupled to electron transport.

Without further investigation of glycerol catabolism in P.
aeruginosa it is impossible to fully interpret the data obtained in
this study. Nevertheless, there are indications that a pathway yet
unreported in P. aeruginosa is present. In total, it could be repre-
sented by reactions 1 through 8 in Figure 17. Only reactions 6, 7, 8, 9,
10, 11, 12, and 1 are known to exist in bacteria. Reactions 9, 10, 11,
and now 1, have been assayed in P. ‘@®ruginosa.

Assuming phosphatidylethanolamine biosynthesis to occur in P.
aeruginosa according to the pathway represented by Figure 17, it is
thought that GA-73 contains enzymes 1, 2, 3, 4, 5, 6, 7, 8, 11, 12 so

that it can produce phosphatidylethanolamine and CO2 from glycerol but
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cannot grow on this substrate. On the other hand, PA-lL contains all
the enzymes. The involvement of DHA as reflected by the 14CO2 accumu-
lation experiments is not fully understood. However, it must act in a
control capacity, more than likely directing its effect on the segment
made up of reactions 9, 10, 11, and/or possible 5. This could route
all glycerol metabolism in PA-1 through phosphatidylethanolamine
biosynthesis and CO2 production upon addition of DHA. The lesion in
GA-73 seems to have affected control-in general because}L-dEglycerophos-
phate dehydrogenase activity is present when this mutant is grown in
glucose but not when it is grown in the presence of lactate or succi-
nate. Therefore, the DHA effect, if it is involved with control, may
be masked in GA-73.

Inasmuch as glycerol dehydrogenase activity has been detected in
P. aeruginosa, it is evident that investigation of the pathways of
glycerol catabolism in this organism should be continued. Certainly,

more glycerol catabolic enzymes exist than have previously been report-

ed in this organism.



CHAPTER V
SUMMARY AND CONCLUSIONS

The binding and transport of glycerol by P. aeruginosa has been
investigated and has been found to be facilitated by inducible proteins
(binding proteins) which are distinct from the enzymes involved with
glycerol catabolism. (glycerol kinase and L-fi(~glycerophosphate dehydro-
genase). This was concluded from the following observations.

(1) Only growth in the presence of glycerol produced wild-type
cells with full glycerol transport ability.  Growth of PA-1 in the
presence of glucose, lactate, or any of several other substrates in-
duced partial transport ability, while growth of PA-1 in the presence
of succinate produced cells lacking glycerol binders and unable to
transport this substrate.

(2) Osmotic shocking of induced wild-type cells reduced the
ability of the cells to transport glycerol by 97 per cent. The shock
fluid from these cells was shown to bind glycerol and glucose, whereas
the shock pellet retained glycerol kinase and L-e(-glycerophosphate
dehydrogenase activities.

(3) Two of the three mutants isqlated during the course of this
study exhibited significant variations in binding and enzyme profiles.
One (GA-73), was shown to have four of the five binders detected in the
present study and to have full transport ability, but no glycerol

kinase activity. - The second (PA-1-623), lacked all glycerol binders

149
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and was unable to transport glycerol, but displayed a high glycerol
kinase activity.

(4) Various inhibitory compounds produqed different effects on
the enzyme activities and the glycerol binding activity. For example,
sodium azide completely inhibited the glycerol binding and transport
activities but had no effect on either enzyme activity. -Sodium arse-
nate also inhibited glycerol binding but had no effect on either enzyme
activity. NEM inhibited both binding and transport but only slightly
lowered glycerol kinase activity at a 10-fold higher concentration.
Sodium cyanide inhibited binding and transport of glycerol, yet it was
a requirement in the L-0C-glycerophosphate dehydrogenase assay. It
inhibited kinase only at a 10-fold higher concentration. Finally,
hydrazine was required as a component of the glycerol kinase assay and
stimulated the dehydrogenase reaction when added to the assay mixture,
yet it completely eliminated the glycerol binding activity.

(5) Neither ATP nor MgCl, nor a combination of the two exhibited

2
a protective effect on the glycerol binder in the presence of sodium
azide.

Studies on partially purified carrier proteins coupled with
results from binding competition experiments revealed an interrelation-
ship between glycerol and glucose binding. Five binding proteins were
tentatively identified as inducible by glycerol or glucose. Further-
more, glycerol was shown to completely inhibit glucose binding in shock
fluid from glycerol-grown cells, and, reciprocally, glucose partially
inhibited glycerol binding by this shock fluid. The interaction of the

two substrates was also evident in shock fluid from glucose-grown

cells. The major protein involved specifically with glycerol binding
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had a pH optimum for binding at pH 7 and was inducible only by glycerol,
A second carrier inducible only by glycerol and binding optimally at pH
5, was nonspecific. It appeared to bind such unrelated compounds as
glucose,llactate, and pyruvate. Two carrier proteins which appeared at
low levels even in a partially purified binding protein preparation

from succinate-grown PA-1_., bound glucose at optimum pH's of 7 and 5

S?
but were determined to be distinct from the previous ones since .

these glucose binders were cohstitutive. Their specificity was not
determined. Finally, a protein which bound either glucose or glycerol
optimally at pH 9 was demonstrated to be inducible by glucose.

Results of binding and transport competition experiments were not
in agreement. Only n~-propanol could be shown to affect both activi-
ties. However, the affinity of the glycerol-specific carrier for n-
propanol was low since this compound at a high concentration relative
to that of 14C-glycerol, only partially inhibited glycerol binding and
transport. A number of the competitors of glycerol binding by glucose-
grown cells produced a stimulatory effect on glycerol transport rather
than a slightly inhibitory one as expected. This fact, coupled with
results of counterflow experiments, suggested two properties of glycer-
ol transport.

(1) The transport of glycerol by wild-type P. aeruginosa is
specific, perhaps involving only the glycerol-specific binder.

(2) Transport of glycerol by P. aeruginosa is an active process
which is stimulated by metabolizable compounds.

With respect to the latter possibility, it was noted that common
inhibitors of electron transfer (sodium azide and sodium cyanide)

inhibited both binding and transport of glycerol, whereas an uncoupler
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of oxidative phosphorylation (2,4~dinitrophenol) inhibited only the
latter activity. Furthermore, addition of these compounds to wild-type
cells preloaded with labeled glycerol caused an efflux of 140 (consist-
ing mainly of glycerol). The initially released material accounted for
approximately 30 per cent of the glycerol taken up by the cells and
represented an intracellular concentration of glycerol 120 times great-
er than the external concentration of this substrate. The internal 140
concentration at 150 seconds into transport was calculated to be 400
times greater than the external concentration but some of this may be
present as metabolic products of glycerol. - It was thus concluded that
the transport of glycerol by P. aéruginosa is an active process possi-
bly receiving energy via direct coupling of binders to the electron
transfer chain as suggested by other investigators.

Comparison of glycerol metabolism by a glycerol kinase negative
mutant (GA-73) and wild-type cells indicated the presence of a second
unreported pathway for glycerol catabolism in P. aeruginosa. Addition-
al studies in this area confirmed the presence of a glycerol dehydro-

genase which appears to convert glycerol to D-glyceraldehyde.
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