The Periplasmic Galactose Binding
Protein of Escherichia coli

This protein is involved in transport

as well as in chemotaxis.

Cell membranes are involved in many
biological functions; among them are
active transport, excitation, and oxida-
tive phosphorylation. My own interest
in membrane functions started with the
problem of active transport and the
mechanism of energy coupling.

Around 1935, the late August Krogh
of Copenhagen lectured on salt regula-
tion by freshwater animals. The ability
of the frog to pick up a common phys-
iological electrolyte like sodium chlo-
ride was illustrated by the simple fact
that when a frog is placed in distilled
water it dies within a few hours, where-
as in tap water it could survive. In tap
water the frog is able to capture and
concentrate the traces of salt present
there. In distilled water there is nothing
to pick up. This phenomenon formed
the basis for the studies by Ussing (/)
on the active sodium transport in frog
skin, a process that requires cell res-
piration.

Active Transport and the

Phosphorylation of Sugars

The capture and active transport of
glucose, carried out by the epithelium
of the intestine, by the kidney cortex
tubules or by many tumor cells, pre-
sented other examples of considerable
interest. In 1933 Lundsgaard had al-
ready expressed interest in a theory,
proposed by Wilbrandt and Laszt, that
a  phosphorylation-dephosphorylation
cycle might operate in the active trans-
port of glucose occurring in the in-
testinal and kidney epithelia, processes
that are readily inhibited by phlorizin.
Both types of epithelia were known to
be rich in phosphatases and Lundsgaard
showed that these enzymes were also
inhibited by phlorizin (2).
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In the early 1930’s it was often taken
for granted that phosphatases, which
catalyze dephosphorylation, would like-
wise be the catalysts operating in phos-
phorylations, a step called ‘“phospha-
tese” reaction; thus phosphatases were
possible catalysts of cyclic reactions. I
was much attracted to the Lundsgaard
proposal, yet I realized that this type
of a cyclic mechanism would not be
adequate to account for active trans-
port. In my modified noncyclic model,
a vigorous phosphorylation was con-
sidered the key step, replacing the
inefficient “phosphatese” reaction. A
phosphorylation step by an equivalent
of one adenosine triphosphate (ATP)
was considered the driving force re-
quired for the dramatic recapture per-
formance which the epithelial cells of
the kidney tubules are able to muster.
The existence of a highly effective oxi-
dative phosphorylation mechanism for
glucose was indeed disclosed in kidney
cortex homogenates in which the phos-
phatase activity has been subdued by
the addition of sodium fluoride (3).
This type of phosphorylation was
shown to depend on the presence of
both oxygen and di- or tricarboxylic
acids (3, 4). When these organic acids
were present, much more oxygen was
consumed, and this vigorous consump-
tion of oxygen is typical for the Krebs
cycle. The dependence on the Krebs
cycle is characteristic for the process
now called “oxidative phosphorylation.”
Oxidative phosphorylation was later as-
signed a role in the translocation of
ions through the mitochondrial mem-
brane (5). The role of “high energy
phosphate” for active transport would
obviously have to be of a different
nature, depending on the type of sub-
stance that was actively transported. In
the case of sugars and polyalcohols, a

direct phosphorylation, forming the
corresponding phosphoric esters of the
polyalcohols, seemed a plausible step
for the function of active transport.

The first successful demonstration of
a phosphorylation mechanism function-
ing in the transport of hexoses was de-
scribed in bacteria (Gram-negative as
well as Gram-positive organisms) by
Roseman and his co-workers (6, 7). In
this system, the so-called “phospho-
transferase” system, the phosphoryl
donor is phosphoenolpyruvate (PEP)
and not ATP. The subsequent donor
is a phosphorylated histidine group in
a low molecular protein, HPr. The reac-
tion sequence as described by Rose-
man and co-workers (6, 7) operates as
follows:

enzyme I

PEP + HPr <———— pyruvate - P-HPr
1)

. (factor IIT)
P-HPr + glycosides «——

enzymes II

HPr + glycoside-6-phosphate  (2)

The first step is catalyzed by one en-
zyme. The second step involves several
specific enzymes (enzymes II) depend-
ing on the nature of the glycosides. The
most common glycosides used are «-
methylglucosides and [B-methylthiogal-
actoside. The monosaccharides glucose
and mannose and the polyalcohol man-
nitol are also substrates. The phosphoryl
acceptor is invariably the 6-hydroxyl of
the various substrates. Factor III is a
family of sugar specific proteins re-
quired for step 2 (7). Galactose can
serve both as a phosphate acceptor in
step 2 (8) and as an inducer of the
proteins involved in step 2 (7).

In contrast to the phosphotransferase
system, the lactose or thiogalactoside
system (also called “TMGI” permease)
of Escherichia coli does not seem to op-
erate through a device of phosphoryla-
tion of the sugars.

The importance of the PEP system
for active transport of sugars in micro-
organisms was established through the
genetic approach. Tanaka and Lin (9),
as well as the Roseman group (10),
demonstrated that the so-called “car”
mutants—that is, mutants unable to
grow on a number of carbohydrates
(glucose, mannose, mannitol, for in-
stance)—were defective in the enzyme
catalyzing reaction 1.

The author is professor of biological chemistry,
Harvard Medical Schocl, and is the Henry S.
Wellcome Research Biochemist, Massachusetts
Genera!l Hospital, Boston. This article is based
on Dr. Ka'ckar’s text presented as the first Jean
Weigle Memorial Lecture, sponsored by the divi-
sion of biology at the California Institute of
Technology in 1970.
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Active Transport of Sugars without
Direct Phosphorylation

Although nature has clearly used the
device of phosphorylation of sugars and
related compounds in the service of
active transport, this device does not
appear to be generally used for trans-
port or permease activity; even certain
sugars and polyalcohols are captured
by other means. Transport systems that
operate through a direct active uptake
of phosphoric esters, like glycerophos-
phate or glucose-6-phosphate, have also
been described (117, 12). Transport of
the latter ester is discussed later.

The E. coli transport system for lac-
tose and thiogalactosides (/3) has been
examined by Kennedy and his co-work-
ers (I4, 15) and has resulted in the
isolation of the highly lipophilic M pro-
tein, the gene product of the Y gene
of the lac operon. This gene programs
the permease for the transport of lac-
tose and thio-B-galactosides {thiomethyl-
galactoside (TMG) or thiodigalactoside
(TDG)]. Using a modification of the
Kepes-Monod model, Kennedy invoked
the idea of energy transmission through
the membrane protein, ATP eliciting
conformational changes of the M pro-
tein (I/4). A conformational change of
the carrier brought about directly by
oxidation reduction has been proposed
by Barnes and Kaback (16) on the ba-
sis of their studies of active transport
of amino acids and Q-galactosides by
bacterial membrane vesicles. Barnes
and Kaback found that uptake of lac-
tose and TMG into the membrane ves-
icles was greatly stimulated by addition
of Dp-lactate as an energy source (/6).

Thus, energy needed for active trans-

port might be channeled directly to the
carrier,

specific membrane protein
bringing about a change in its affinity
for the ligand.

Permease seems to be involved in ac-
tive transport as well as in membrane
carrier activity. Wong et al. (17) have
found a mutant of the TMGI transport
system which showed intact membrane
carrier activity (supposedly by way of
the permease protein), but which had
lost the ability to concentrate TMG in-
side the cell.

The “lac permease” has been studied
mainly with substrate analogs like thio
analogs of [-galactosides, especially
TMG and TDG. As substrates, these
analogs show a relatively low affinity
for the transport system, and the con-
centration gradients achieved are merely
of the order of 10 to 100. The af-
finities of the natural substrates like
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galactose or galactosides are no higher.
However, the existence of high affinity
nonphosphorylating transport systems,
which are able to accumulate free ga-
lactose against very high concentration
gradients, has been observed. A study
of one of these systems is the main
topic of this essay.

High Affinity Galactose
Capture Systems

A highly active galactose transport
system which operates at very low con-
centrations of substrate was first de-
scribed by Horecker et al. [(18); see
also Osborne et al. (19)] using E. coli
ML. Since the absence of galactokinase
(phenotype K—) was considered a pre-
requisite for quantitative studies of ga-
lactose permease, only gal K mutants
were used. The ability to capture ga-
lactose at external concentrations as low
as 10—6M is characteristic of this sys-
tem. In some cases the galactose con-
centration inside the cell was 2000 times
higher than that of the medium; more-
over, the accumulated free galactose
inside the cell was retained after the
cells were transferred to a medium that
did not contain any galactose. To ac-
count for this effective retention, exit
mechanisms were studied. It was found
that the addition of azide or dinitro-
phenol abolished the retention of galac-
tose, seemingly activating exit (19).

A simple alternative explanation for
the retention phenomenon was offered
by Rotman (20) who focused his atten-
tion on the high affinity capture mech-
anisms and assumed that these could
serve as highly effective recapture mech-
anisms. Recapture of “leaking” endog-
enous galactose would thus accomplish
high retention without any alteration
of the rate of exit. Exit is believed to
be served by another carrier, different
from that of entrance and high affin-
ity recapture. The Rotman recapture
mechanism can account for several ob-
servations including the phenomenon of
endogenous induction of the gal operon,
which we have observed in E. coli K-12
gal mutants (21, 22). This induction
will be discussed in a later section.

Terminology for Galactose
Transport and Permease Systems

Before the highly effective galactose
transport system is described, it is
necessary to comment on the terminol-
ogy of transport systems, especially the

galactose transport systems. This ter-
minology requires modifications that
should eliminate the present ambigui-
ties. In particular, two points need
clarification: (i) a sharper distinction
between the steps involved in active
transport (permease sensu stricto, en-
ergy generating systems, and additional
factors), and (ii) more emphasis on
classification of the transport system
according to the specificities and af-
finities for the substrates. The first point
is a very general one; the second point
is obviously a more specific one.

With regard to the first point, a dis-
tinction has to be made between the
use of the name permease (“P”) and
the name transport. Recently it has
been proposed that the specific proteins
involved in the first recognition of the
substrates to be transported should be
classified as permease proteins (23, 24).

The present genetic terminology for
galactose transport systems is far from
clear because of the lack of knowledge
of the steps operating in these systems.
Thus, a gene involved in the biosynthe-
sis of one of the proteins involved in
the galactose capture system is called
either “P,,,” or “mgl P” (24, 25). The
name “P” refers to permease and “mg”
or “mgl” to the alleged specificity of
the permease for B-methylgalactoside
permease. At present no one knows for
certain whether the “mgl P” gene is
really programing for a P, that is, for
a permease in the strictest sense. More-
over, the affinity of the P,,, system for
B-methylgalactoside (called megal) is
actually not nearly as high as its af-
finity for free galactose or for B-gly-
cerogalactoside. The name P,,, for this
transport system was introduced to dif-
ferentiate it from another galactose
transport system called “P,,” (25), be-
cause the latter handles only free ga-
lactose and not megal.

By present terminology, E. coli may
have :as many as six active transport
systems for galactose, some of them
designated by symbols which are not
rigorous biochemical terms.

1) The phosphotransferase system in
which galactose or megal are supposed
to be phosphorylated in the 6-hydroxyl
position [Roseman (10)].

2) The lac system, also called
TMG]I, described by the Monod School
(13). :

3) A related system in E. coli K-12,
described by Prestidge and Pardee (27)
and called TMGII permease (TMGII
is temperature sensitive at 37°C).

4) The transport system reported by
Rotman et al. (25), called P, because it
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handles only free galactose and not
megal; it may be a-specific (26).

5) Rotman’s P,, system (25), a
high affinity active galactose transport
system which is specific for galactose
and B-galactosides. Megal is not near-
ly as effective a substrate as galactose
and B-glycerogalactoside (28, 29). p-
Fucose is transported but with low ef-
ficiency (24, 25).

6) Galactose transport systems linked
to L-arabinose transport (30).

The picture sketched here may be
unnecessarily complicated. For instance,
the Roseman system (/0) may not han-
dle B-galactosides directly (16). Also,
there is some doubt whether TMGII
(27) may not be identical with Rot-
man’s “Pg,,” system since both systems
have specificity for melibiose, an a-
galactoside (26). The “P,,,” system, in
contrast, is strictly specific for B-galac-
tosides and its binding protein, and as
will appear later, shows strict specificity
for the B form of free galactose as well
as for B-galactosides. When these char-
acteristics are taken into account, it
seems worthwhile to impose some re-
newal of the terminology. Since megal
is a much poorer substrate than f-
glycerogalactoside or [-galactose we
shall replace the term P, by the term
Pse in describing the high affinity trans-
port system of galactose and (-galacto-
sides.

The Ps; transport system shows not
only an extraordinarily high affinity for
its substrates (especially glucose and
galactose), but it also plays an essential
role in a number of interesting cell
physiological phenomena.

Endogenous Induction of the Gal
Operon and the Gene for Pg

At this point it may be appropriate
to make a few remarks about the “gal
operon” and the physiological role of
the enzymes programed by it. The
three genes for galactose metabolism
form a cluster (37) that can be trans-
mitted- through a prophage Adg (32)
or by an episome F-gal (33, 34). The
"enzymes programed by the three
genes were identified with the three
enzymes of the uridine diphospho-
galactose (UDPGal) pathway; this
pathway is also the predominant one
in the galactose metabolism of man
(35, 36). The enzymes are galacto-
kinase (K), galactose-1-phosphate uri-
dyltransferase (Gal-1-P-uridyltransfer-
ase) (T), and UDPGal 4-epimerase
(E). The programing and coordinate

5 NOVEMBER 1971

regulation of the biosynthesis of these
enzymes (21, 22) has been compared
with that of the lac operon, and the
gene cluster was therefore called the
gal operon (33). Unlike the lac operon,
the gal operon is never completely re-
pressed; hence, relatively high levels
(36) of the enzymes appear in the
uninduced state. Induction brings about,
increases in enzyme levels about ten-
fold higher than those of the uninduced
state. Induction can be elicited by the
addition to the growth medium of
galactose (36) or D-fucose (37). Buttin
(38) also found a specific regulator
gene R,,; for the gal operon.

With regard to the programing and
control of the transport system, the
structural gene for Pg is located in the
vicinity of the histidine region (20).
It is not subject to regulation by the
R, gene (25). Yet, several mutations
in the gal operon affecting its regula-
tion also seem to exert an effect on the
regulation of the Pg system (25, 28);
moreover, D-fucose as well as galactose
can act as inducer for Pss synthesis
(25, 28). Coordinate endogenous in-
duction of Bg P gene and of the gal
operon was encountered in the follow-
ing way. '

It was first observed that E. coli K-
12 mutants of the phenotype K—T+E+
show a derepression of the gal operon;
that is, the remaining active énzymes T
and E are synthesized at a rate corre-
sponding to that of full induction (21,
39). A study of the nature of this type
of “constitutivity” pointed to an en-
dogenous induction which acted through
a peculiar metabolic “cul de sac” by
which UDPGal released free galactose
in the cell without the galactose being
reutilized (22, 28,. 40). The lack of
galactokinase activity is indeed one of
the main prerequisites for this induc-
tion; the other main prerequisite is a
rapid formation of UDPGal from
endogenous UDPG by the action of
epimerase (22).

A closer analysis disclosed further-
more, that the presence of a high affin-
ity galactose recapture system, such as
the Ps; system, secured the conditions
for a full-fledged endogenous induction
(28, 40, 41). In addition, there seems
to be a peculiar “mutuality” attached
to this regulation; the endogenous in-
ducer, which is accumulated, further
induces the Pss system (28). Since the
synthetic growth medium used was
freed of even traces of galactose, the
inducer stemmed from a cellular source;
the cellular precursor was shown to be
UDPGal (22, 28).

Studies of the Ps: system and espe-
cially of its regulation requires special
precautions owing to its high affinity
for free galactose as follows.

Basal growth medium: Synthetic
media with succinate or glycerol as car-
bon sources, and ammonia as nitrogen
source, are recommended. Commercial
nutrient broth contains sufficient traces
of galactose to elicit a simulated en-
dogenous induction in Ps. strains which
are also K—E— or K-UDPG— (UDPG
synthetase—defective) (22).

The state of the gal operon: The
presence of gal K and gal E mutations
must be taken into consideration (see
later).

Concentrations and permease sub-
strates: Galactose as well as (8-glycero-
galactoside (labeled with 14C) must be
used in concentrations below 10—6M,
This low concentration is imperative,
especially if galactose is used as sub-
strate, otherwise activity due to other
galactose permeases becomes too high.
The use of B-glycerogalactoside requires
Z—Y~ strains for proper analysis, since
this galactoside is also substrate for
B-galactosidase and is transported. by
the lac system.

If these precautions are disregarded
the evaluation of many experiments is
apt to be more difficult. Thus, previous
arguments for or against the involve-
ment of endogenously produced galac-
tose in the gal K type of induction (21,
42, 43) failed to take into account the
action of the high affinity capture sys-
tem which makes it mandatory to use
well-defined synthetic media when
studying this type of induction. In his
thesis, Wu has demonstrated that strains
of the phenotype “Ps:+,” K—, UDPG—,
show no induction of T and E provided
that they are grown on ammonia min-
eral succinate medium (40); replace-
ment of synthetic medium by commer-
cial nutrient broth as growth medium,
however, brings about full induction in
this strain [(22); see also table 9 in (40)].
Apparently many brands of nutrient
broth contain galactose or a related
inducer that can be greatly concen-
trated by the Pgg system and thus simu-
late endogenous induction (40). Since
the regulation of additional membrane
functions, including galactose chemo-
taxis (see later) may be governed by
the same mechanisms, it is vitally
important to distinguish between a gen-
uine endogenous induction and an in-
duction brought about by the ‘“scaveng-
ing” of impurities in the medium,
especially when studying the K—E— or
K-, UDPG— double mutants.
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Table 1. Relation between intracellular and extracellular galactose concentrations for various

K mutants of E. coli K-12 (28).

Galactose concentration

i Gal operon

Strain Phenotype ,egulaﬁon = Intracellular Extracellular
(10*M) (10-°M)

W3092c KPP+, Internally induced 2.47 0.45
W3092i K-P-,, Inducible 0.82 3.5
CN 30.2 K-UDPGPP- Inducible 0.26 0.1
316E-, 1-4 K-E- Inducible 0.1 0.1
‘W3092¢ rev K+Pg, Inducible 0.26 0.1
54 K-Ptg, Internally induced 1.95 0.27
C3-3 F’Gal K-/K- Internally induced 3.50

* The status of the gal operon regulation was determined as described (22).

From Fig. 1A and Table 1, it may
be seen that the endogenous induction
is dependent on epimerase activity
(Et), converting UDPG to UDPGal.
Apparently, a fraction of intracellular
UDPGal is converted to free galactose.
If this free galactose cannot be phos-
phorylated because of the K— state and
is unable effectively to escape from the
cell, because of the presence of a highly
effective and fuliy induced recapture
mechanism (for example, Pss++), then
the galactose liberated from UDPGal
accumulates inside the cell.

The cellular threshold concentration
of galactose for induction of the galac-
tose operon in gal K strains is 1 to 2X

Fig. 1. (A) Scheme of endogenous induc-
tion of the gal operon through endoge-
nous release of galactose which remains
nonphosphorylated and is retrieved com-
pletely by a recapture mechanism. Special
symbols and abbreviations as follows:
Amm. succ.,, ammonium succinate; PG,
a-glucose-1-phosphate; Gal and Gal for
endogenous levels of galactose which are,
respectively, below and above the thresh-
old for induction of the gal operon. The
symbols -, (<), and 4+ designate en-
zyme (or permease) levels corresponding
to no induction, beginning induction, and
full induction, respectively. Pathways are
indicated by <> (reversible) or — (irre-
versible). The hatched symbol signifies
blocked pathway corresponding to the de-
fect in galactokinase, “K-.” (B) Scheme
of a feeding experiment by which one
strain generates the inducer galactose, but
because of its lack of a capture or re-
capture system it loses its inducer (gal
levels below the threshold for induction
of the gal operon). In a mixed growth
culture with a K"E- mutant which is un-
able to make UDPGal and endogenous
galactose but has a capture mechanism,
induction of the E- strain ensues during
the mixed growth. Galactose “fed” from
the “donor” strain to the E- strain cannot
- be used as a nutrient by the KE- strain
but because of the K- state the galactose
captured accumulates to level “Gal” mean-
ing that the threshold for induction is
reached. Hence biosynthesis of the en-
zyme T of the gal operon as well as Pgg
are being induced, that is, T+, Pg",
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10—4M (Table 1). A galactose concen-
tration of 0.8 X 10—%M, found inside
cells that are “recapture defectives”
(that is, lacking the Pss system), is
below the threshold for induction (28).
However, the relatively high levels of
total free galactose in the gP, gal K
mutants, as compared with a gal fer-
menter (such as the W3092 revertant)
are noteworthy. The lowest cellular
galactose concentrations were found in
gal E mutants that are unable to con-
vert UDPG to UDPGal, indicating that
the cellular galactose stems from
UDPGal. Strains that are able to phos-
phorylate or metabolize galactose also
show galactose concentrations that are

GENOTYPE: Gal K mufant

Amm.
Succ.

Catabolism

.

GENOTYPES: Gal K, BgP mutant

far below the threshold level for induc-
tion of the gal operon. From Table 1
it also appears that a mutant with the
phenotype Pg—K—E+, unable to re-
capture the endogenously produced free
galactose (hydrolyzed from its own
UDPGal), should be able to act as a
“feeder of inducer” for strains with in-
ducible P;¢ and gal operon (test strains),
if grown together. A responsive test
strain should have the following pheno-
type: K—E— and a Ps; system which
at the start of the mixed culture is un-
induced. The test strain does not gen-
erate galactose endogenously because
of its inability to form UDPGal from
UDPG. On the other hand, traces of
endogenous galactose leaking out from
the “recaptureless” feeder strain can be
effectively captured and concentrated
by the uninduced responsive test strain
during the mixed growth experiment
(Fig. 1B). After one generation time
of mixed growth, the Pg+ strain showed
indeed a typical induction of its Psg
(28). Such an induction did not de-
velop if feeder and test strains were
merely mixed for a few minutes [see
(28) and Fig. 1B]. Neither did a mixed
growth experiment of two test strains
(that is, phenotype Ps:+, K—E—) elicit
any induction of the active P since
no endogenous galactose was generated
in either of these strains. As would be
expected, addition of exogenous galac-
tose to the growth medium of either
of the test strains elicited, after one
generation time, an induction of Pge.
Conversely, if the feeder strain was
grown in a medium containing galac-
tose, no induction of Pz was elicited
for the reason that this strain has no
Ps: (28).

In the feeding experiment, the strain
in which the Pg: system is induced by
capturing “inducer” from the feeder

Amm. Succ.

Catabolism

Gal K, Gal E mutant
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strain apparently responds to intracel-
lular concentrations of galactose of the
order of 10—*M or somewhat lower. It
may be recalled that the cellular thresh-
old for the gal operon is between 1 to
2 X 10—*M galactose. The threshold for
the regulation of some of the high-
affinity transport mechanisms (and as
described later for the galactose bind-
ing protein) is probably even lower.

It is evident, then, that galactose

even in very low concentrations acts as

an efficient inducer of Pse as well as of
the gal operon (22, 28).

Selective Aspects of

Endogenous Induction

Endogenous induction as observed
in gal K mutants is readily lost by mu-
tations giving rise to Pge defects. It
might not be surprising if there were a
selection against this type of endoge-
nous induction. After all, a 10- to 15-
fold increase in the rate of synthesis
of two of the enzymes programed by
the gal operon (T and E) as well as of
the Ps¢ systems seems sheer waste since
the galactokinase step is missing in these
strains.

The Pse+ K~ strains may not release
as much intracellular galactose as the
corresponding Ps. defective strains that
are able to sustain surprisingly high in-
ternal and external galactose levels (see
last column of Table 1). It would not
be unreasonable to expect that free
galactose inside the cell might exert a
feedback inhibition either of UDPGal
formation of UDPGal splitting (spill-
ing of more galactose) or of the re-
capture system, before the threshold
level for induction was reached. Even
if a negative feedback is elicited in the
Pset+ K— strain, it is not sufficently
effective to prevent the idle endogenous
induction.

Additional Regulatory
Control of g P Genes

Although the Pz system seems to
follow a coordinate regulation with the
enzymes of the gal operon as seen in
endogenous induction or in the exoge-
nous induction by galactose or b-fucose,
this feature does not account for the
entire regulatory control of this trans-
port system.

It has, for instance, been observed
that certain Hfr derivatives, PL-2 and
PL-2-7, K+E— and K—E— phenotypes,
respectively, show derepressed Ps: ac-
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tivity, although these strains are com-
pletely devoid of epimerase activity
(44). This type of derepression, remi-
niscent of an “operator constitutive,”
may be characteristic of certain HfrH
derivatives [for characterization of Hfr
and HfrH, see (35)].

Moreover, levels of Pse (whether
noninduced, induced, or constitutive)
tend to decrease if all the enzymes of
the gal operon are induced or consti-
tutive (45). The basis for this type of
opposing regulation is under further
study. It should be added that the same
investigators have identified a specific
regulator gene for the “Ps” system
(45). This gene is called mgl R, or
Bg R, and is located far away from the
gal operon; yet it is distinctly different
from the gal R (45). Hence, although
the gal operon as well as the gene for
Pse are both induced by galactose, the
two gene loci respond to different reg-
ulator genes.

Induction and Repression of

Transport via the Membrane

Our observations have led us to sub-
scribe to Rotman’s recapture theory. I
am thus prompted to raise the question
of whether the endogenous induction of
the gal operon and the Pse transport
system occurs truly from within or
whether it occurs from without, elicited
by the recapture of the galactose
through the membrane.

In fact, Heppel and Dietz [see (12)]
found that induction of the glucose-6-
phosphate transport system is specifi-
cally elicited from the exogenous glu-
cose-6-phosphate. Any glucose-6-phos-
phate accumulated inside the cell, as
seen in certain mutants, is unable to
elicit induction. This situation would
be reminiscent of the observations on
arginine as corepressor of its own path-
way. Endogenously accumulated argi-
nine is inactive as a corepressor; only
arginine transported through the mem-
brane acts as a corepressor (46). Ap-
parently, the mixing of the two types
of arginine is a relatively slow process
(47). Perhaps the endogenous induc-
tion of the gal operon reflects the pat-
tern of control from without, through
a recapture. Then, the existence of a
genuine endogenous induction could be
disputed. However, observations on the
endogenous induction of the operon for
histidine catabolism by urocanic acid
(43) argues in favor of an endogenous
induction. Moreover, as we shall see in
the next section, the regulation of the

biosynthesis of the periplasmic galac-
tose binding protein presents a striking
example of a genuine endogenous in-
duction.

Periplasmic Galactose Binding Protein

Substrate recognition by specific
binding of ligands to be transported
must be the first event in active trans-
port as well as in facilitated flow and
counterflow as catalyzed by permeases.
Techniques for release of membrane
proteins, so-called periplasmic proteins
with specific binding activities, were
successfully initiated about 5 years ago
(48). Anraku and Heppel (49) de-
veloped a technique by which E. coli
cells suspended in sucrose (0.5M) and
subjected to 10—4M ethylenediamine-
tetraacetate (EDTA) for 10 minutes
and subsequently shocked with cold
water release some of the periplasmic
binding proteins, among them a protein
that binds galactose.

Perhaps the use of the word “peri-
plasmic” first needs a few comments.
Whether these proteins in the intact
cells are located on the membrane or
between the membrane and the cell wall
is an open question (/2). The phenom-
enon was perhaps first brought into
focus by the observations of Malamy
and Horecker (50), who found that
alkaline phosphatase is one of the en-
zymes released readily from E. coli
when cells are converted to sphero-
plasts by lysozyme and EDTA. In this
essay we shall use the term “periplas-
mic” solely as an operational term.

Anraku (51, 52) has given a bio-
chemical description of a galactose
binding protein whose molecular weight
(M.W.) is approximately 36,000. This -
protein is insensitive to sulfhydryl re-
agents (51). According to Anraku
each unit of M.W. 36,000 binds one
molecule of galactose. In order to ob-
tain saturation it was necessary to use
galactose concentrations of about
10—5M. The dissociation constant for
galactose was reported to be approxi-
mately 10—6M. Since no other galac-
tose derivatives such as (3-glycerogalac-
toside or [B-methylgalactoside were
tested for binding and no highly defec-
tive transport mutants were available
at that time, it remained indeterminate
whether Anraku’s periplasmic galactose
binding protein belonged to the TMG
systems, the Py, system, or the Pg
system.

In our laboratory Winfried Boos initi-
ated a genetically oriented study of the
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Table 2. Summary of results of joint studies on transport, binding protein, and chemotaxis

(29, 59).
Galactose binding protein h Gai .

Strains trarll):gor ¢ ¢ ?Xgl:rxls Reference

P Gal binding Cross reaction test) #
W3092¢c + + + + (28, 29, 59)
W3092i - + + + (28, 29, 59)
W4345% - — - — (24, 29, 59)
AWS520% - - — (59)
AWS521% + + + (59)

* Tested by Adler and co-workers according to their recent -assay méthod 7).
i Strain obtained from Dr. Julius Ad'er.

from Dr. Boris Rotman.

galactose binding protein. He first
showed that this protein is genetically
related to the Pge transport system. The
binding specificities and affinities of the
galactose binding protein are similar to
those of the Ps. system, in that they
both show the highest affinities for glu-
cose, galactose, and [-glycerogalacto-
side (29). A subsequent investigation
of a Bg P mutant from Rotman’s col-
lection showed that this mutant did not
produce any detectable amounts of the
galactose binding protein (29). More-
over, the gene locus for the defect in
permease activity is closely linked to
if not identical with a gene locus nec-
essary for the expression of the binding
protein (53); Bg P mutants isolated after
mutagenesis of a wild type strain also
showed defects in the expression of the
galactose binding protein (53). But
matters are more complex in that
strains highly defective in galactose
transport may, nevertheless, show a
high production of galactose binding
protein (29). An analogous situation
had already been encountered by Par-
dee and co-workers, who surveyed mu-
tants defective in sulfate transport (54).
A survey of E. coli strains for galac-
tose binding protein showed that all
the transport positive strains investi-
gated invariably produced galactose
binding protein (53), whereas the
transport negative strains could be di-
vided into two types, one which still
produces the binding protein and an-
other that has lost the capability to
synthesize it (29, 53).

Attempts to find membrane recogni-
tion sites on the galactose binding pro-
tein which can restore genuine galactose
transport in EDTA-shocked cells have
so far not given reproducible results
and, at best, have shown only a modest
restoration (52, 55).

Both the demonstration of structural
Ps: mutants, such as temperature-sen-
sitive mutants and affinity mutants, and
the development of reproducible meth-
ods for the restoration of transport in
shocked cells (or in the bacterial mem-
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brane vesicles (I6)—with the use of
binder proteins from wild type—would
be desirable tools in any attempt to
establish a correlation between galac-
tose binding protein and the transport
systems.

Galactose Binding Protein
and Galactose Chemotaxis

About 3 years ago I tried to cor-
relate the presence or absence of the
galactose binding protein with another
membrane function, specific galactose
chemotaxis, as described by Adler and
co-workers (56, 57). The character-
istics of chemotaxis are only partly
understood; yet it is considered one of
the most primitive neurobiological re-
actions known. In this article, only the
few aspects pertinent to the discussion

GENOTYPE: Gal K, g P mutant

Fig. 2. Scheme of induction from within
(endogenous induction) of two “ektobio-
logical” systems located on the outside of
the membrane, the galactose binding pro-
tein (GBP**) and galactose chemotaxis
(Tax¢'*) Pge~ means in this case that the
capture (and recapture) system is defective
because a mutation renders the affinity of
GBP for galactose abnormally low. The
galactose binding protein levels were,
therefore, determined by its cross re-
activity; GBP** signifies that the levels
were high after growth in the presence as
well as in the absence of the exogenous in-
ducer, p-fucose. The gal operon remained
uninduced (T*E*) in this strain, which is
unable to recapture its endogenous galac-
tose.

of the galactose binding protein are
mentioned.

Chemotaxis is the movement of or-
ganisms toward or away from a chem-
ical. It was first described by Engel-
mann, Pfeiffer, and other biologists
more than 70 years ago. They sus-
pected that the type of chemotaxis ob-
served in bacteria is an avoidance re-
action, or a swimming away from
particularly low concentrations of an
attractant when the organisms are

‘placed in a gradient between high and

low concentrations of the test chemical.
It is in general assumed that unlike the
“topotaxis” found in higher organisms,
chemotaxis in bacteria, avoiding low
(threshold) concentrations of a chem-
ical, is a “phobotaxis” [see Adler’s re-
view of 1966 (58)].

Adler and co-workers showed that
chemotaxis of E. coli to specific hydro-
philic amino acids (56) or to specific
sugars (56, 57) is not only independent
of the function of the corresponding
metabolic pathways but also of per-
meases.

The independence of gal chemotaxis
with respect to the presence or absence
of active transport resembles signifi-
cantly the independence of production
of galactose binding protein to that of
the presence or absence of B-galacto-
side transport (29). It seemed plaus-
ible, therefore, that galactose binding
protein may represent the first step in
the recognition of galactose, serving
the two membrane functions, galactose
chemotaxis and the Pse transport sys-
tem.

This idea was tested by Adler with
two types of [-galactoside transport—
defective mutants: one which showed
plenty of galactose binding protein (our
strain 'W3092i) and another strain
(Rotman’s W4345) which showed no
trace of it (29). These two types of
transport defective strains were also gal
K mutants. A third gal K mutant,
which was transport positive (our
W3092c), was tested together with the
defective strains (59). The results are
summarized in Table 2. The only dis-
cernible correlation is between galac-
tose binding protein and gal chemo-
taxis,

Moreover, the substrate affinities in
gal chemotaxis show the characteristics
of those of the Ps; transport system as
well as those of galactose binding pro-
tein (59) and differ from those of gal
binding systems belonging to other
transport systems (60, 61). Table 3
summarizes quantitative data on affin-
ities by the sensitive inhibition test by
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Hazelbauer and Adler (62). The affin-
ities of galactose binding protein to-
ward various sugars are strikingly
parallel with those of chemotaxis.

The regulation of gal chemotaxis
(56) as compared with that of produc-
tion of the binding protein (46) may
indicate a coordinate regulation. As far
as production of the binder is con-
cerned, full induction or close to full
induction seems to occur even in strains
with a highly defective Pse system (29,
63). Yet, one of these strains (W3092i)

-is not able to retain sufficient galactose

to induce the gal operon (28). Ap-
parently induction of galactose binding
protein is elicited at levels lower than
those required for inducing the gal
operon. More important, the absence
of recapture in the Pg strains indicates
that induction of the binding protein
does not require recapture of endog-
enous galactose; hence, this induction
represents, as was mentioned in the
previous section, a genuine endogenous
induction (induction from within). In-
terestingly enough, gal chemotaxis can
also be induced by this type of endog-
enous induction (64). Figure 2 is
meant to illustrate an induction from
within of two systems either belonging
to the membrane or located even far-
ther out.

Direct attempts to restore gal chemo-
taxis in shocked cells by addition of
crude preparations of galactose binding
protein have given promising results
(62). Moreover, a newly found gal
chemotaxis mutant has been isolated
that shows chemotaxis only if the gal-
actose concentrations are raised at least
30-fold over those used in the respon-
sive strains. From this low affinity
“structural” mutant, Hazelbauer and
Adler (62) have collected a preparation
that binds galactose only at high con-
centrations and can restore chemotaxis

to shocked cells only if the galactose:

concentrations are correspondingly high.

The mechanism of the restoration, as
well as the nature of the so-called low
affinity chemotaxis mutant, can best be
explored by purification and high reso-
lution methods. The following questions
arise.

1) What are the physical-chemical
properties of the normal galactose bind-
ing protein? Does the binding of galac-
tose to the binding protein elicit any
conformational changes which may be
of importance in transport or taxis sys-
tems?

2) What are the properties of the
galactose binding protein from the low
affinity mutant?
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Specific Conformational Changes of
Galactose Binding Protein

The biochemical basis for membrane
functions like galactose chemotaxis or
galactose transport can perhaps best be
explored by an intensive macromolec-
ular and physicochemical study of the
normal high affinity galactose binding
proteins. Quantitative  binding tests
[Boos (65, 66)] indicate that the bind-
ing protein may have two types of
“affinity conformations.” One type seen
only at very low galactose concentrations
showed an apparent dissociation con-
stant as low as 10—7M. Another form,
the prevailing one in the presence of
gglactose, had a dissociation constant
for galactose of about 10—5M. A Scat-
chard plot reveals that this form binds
two molecules of galactose per one
monomer (66). The possibility of the ex-
istence of negative cooperativity brought
about by the binding of galactose ought
to be explored by various techniques.
This may be possible since galactose
exerts a number of other effects on its
binding protein.

Analytical polyacrylamide electro-
phoresis on purified galactose binding
protein disclosed also the existence of
two forms of the protein with a differ-
ence in migration rate. Under detergent
condition (sodium dodecyl sulfate poly-
acrylamide electrophoresis), only one
band is seen corresponding to a M.W.
of 35,000 (65, 66). However, under
nondetergent conditions, it has been
possible by prior treatment of the poly-
acrylamide gel with low concentrations
of the specific substrates to increase the
electrophoretic mobility of the binding
protein. This increase of electrophoretic
mobility is brought about by treating
the gel with high affinity substrates such
as glucose, galactose, or fB-glyceroga-
lactoside. «-Methylglucoside and TMG

are ineffective (66). A change in the
charge of the binding protein brought
about by the binding of a specific yet
uncharged ligand indicates a change in
the conformation of the protein. This
type of conformational change may

" also be manifest by an increase in the

fluorescence of some of the tryptophans
of the binding protein when galactose
or B-glycerogalactoside is added. The
galactose-induced increase of the tryp-
tophan fluorescence is also accom-
panied by a blue shift in the emission
spectrum (66). The emission change
elicited by addition of glucose is small-
er and does not show a blue shift (66)
(Table 4).

It appears from the same study that
glucose as well as galactose is able to
“induce” these changes in concentra-
tions as low as 10—7M to 10— %M and
B-glycerogalactoside is able to elicit the
changes at concentrations almost as low
(10—5M). At -concentrations higher
than 10—*M a less specific and smaller
rise in tryptophan emission is seen by
addition of megal, TMG, and other
thiogalactosides. The rapid fluorescence
technique permits the investigator to
perform binding studies in an indepen-
dent and rapid way. It was, for instance,
found that the binding protein emission
response is instantaneous if equilibrated
solutions of galactose are used in which
the B component is predominant. How-
ever, if a-galactose is added the emis-
sion response shows a marked lag
period (66); the slow spontaneous mu-
tarotation is undoubtedly responsible
for the lag period. This observation
underlines once more that the galactose
binding protein, as part of Pee, is de-
cidedly specific for 8 anomers.

It is of considerable interest to com-
pare the properties of galactose binding
protein with a purified protein from one
of Adler’s chemotaxis mutants which

Table 3. Specificity of the galactose chemoreceptor and the galactose binding protein as
determined by inhibition studies. The data is adapted from (62). Inhibition -is measured
by determining how many bacteria enter a capillary tube containing an attractant when
inhibitor, that is, a second attractant, is present in both the bacterial suspension and the
capillary. The effectiveness of the inhibitor is determined by varying the concentration of
inhibitor at a constant concentration of attractant, and the result is represented as the
concentration which inhibits the accumulation of bacteria by 50 percent (62).

Concentration (xM) required for 50 percent inhibition

Item Taxis toward Binding of tI::;i(/)
5 uM galactose 5 uM galactose binding
p-Glucose 0.005 1.0 200
p-Galactose 10.036 7.0 190
1-p-Glycerol-g-p-galactoside 0.15 25 170
p-Fucose 6.2 1,100 180
B-Megal 30 3,500 120
L-Arabinose 95 17,000 180
p-Xylose 120 18,000 150
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Table 4. Some biochemical characteristics of E. coli strains which are gal chemotatic positives

or defectives (structural chemotaxis mutants).

Galactose binding protein

E. coli K-12 Il:)%fcg;:lrs T 1 Gal induced changes
strains f " Ga Cross N
(nmole/min) binding reaction 51112(;230 Tryptophan
L fluorescence
migration
W3092cy- 1.2 ‘ + + + + Increase + Increase
AWS50 0.01 [t NDi -+ ND ND
EH3039 < 0.01 — ND -+ ND [+] Increase§

* Taxg is abbreviation for chemotaxis for galactose.
§ Detectable increase in fluorescence at 10-3M galactose.

detectable at 10-'M. 1 Nondetectable.

seems to be an affinity mutant requiring
about 50-fold higher concentrations of

~ galactose to elicit chemotaxis. The pur-
ified protein from the affinity mutant
is precipitated by antibody directed
against purified galactose binding pro-
tein (plus cross reactivity), and it can
therefore be characterized as a product
of a structural mutation in the gene for
the binding protein (63, 67). The mu-
tant protein migrates slightly faster than
normal galactose binding protein in the
analytical polyacrylamide electrophore-
sis. However, it fails to show any de-
tectable change in migration rate in the
presence of galactose (that is, if the gel
contains galactose, up to 10—3M) (63,
67). The changed character of the
cross-reacting protein is summarized
in Table 4.

Gal Chemotaxis, Galactose Binding

Protein, and the Membrane

I am inclined toward the view that
galactose binding protein as well as the
chemotaxis system are part of the mem-
brane. Admittedly, the binding protein
might be located between the mem-
brane and the cell wall, and chemotaxis
might be an exclusive “ektobiological”
phenomenon. Let us assume, however,
that the membrane is also involved. De-
fects of the high affinity galactose sys-
tem can obviously be ascribed to de-
fects of many types.

1) Total lack of galactose binding
protein due to a nonsense mutation in
the gene programing the binding pro-
tein. This also obliterates gal chemo-
taxis. The strain W4345 (Table 2) ex-
emplifies this case.

2) Structural change of galactose
binding protein exemplified by the so-
called affinity mutant.

3) Normal high affinity galactose
binding protein with fully active gal
chemotaxis but lack of active galactose
transport due to a defect or an un-
coupling of the energy generating sys-
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1 Nondetectable chemotaxis at 10-%M galactose,

tems of the membrane {(phosphoryla-
tion, electron transport system, chem-
iosmotic mechanisms).

4) Uncoupling due to an alteration
of the sites of the membrane involved
in transport by which galactose binding
protein remains active as a galactose
capture system, but is only able to
couple with the chemotaxis system.

Restoration experiments of chemo-
taxis of shocked cells seem already
promising (62) and may pave the way
for interesting cross experiments with
various strains of shocked cells in as-
says for the binding proteins which
may have lost one or the other type of
recognition site. However, restoration
techniques of transport systems need to
be developed.

It should be recalled that other peri-

plasmic binding proteins (sulfate bind-

er, leucine binder, L-arabinose binder)
are known in E. coli (12), yet these
proteins seem not to be involved in any
type of chemotaxis, although these
binders are presumably functioning as
part of the corresponding transport sys-
tems. None of them cross react with the
galactose binding protein. It may be one
of the freaks of evolution that the ga-
lactose binding protein of the Pes sys-
tem became a common denominator
for two membrane functions, gal trans-
port as well as gal chemotaxis. Perhaps
the intestine of the infant being regular-

"1y supplied with lactose as the only car-

bohydrate source would be the opti-
mum milieu for the enrichment of
mutants that have developed chemo-
taxis to galactose and glucose.

A number of intriguing problems
arise from the joint biochemical and
cell physiological studies of galactose
transport and chemotaxis. Among the
most important biochemical observa-
tions one might list the fact that ga-
lactose binding protein is a monomer
with two binding sites and that binding
elicits a conformational change. This
conformational change affects the
charge of the binding protein, the mi-

croenvironment of some of the tryp-
tophan residues, and seemingly de-
creases the binding affinity. If the gal-
actose-induced conformational change
presents an example of what Koshland
has termed negative cooperativity (68)
it would be of special interest, since
galactose binding protein is supposed to
be the first link in active galactose
transport, and most models invoke con-
formational changes; negative coopera-
tivity would certainly be an additional
feature of importance to deal with when
discussing transport.

With regard to chemotaxis, the re-
sponses to doses and gradients of attrac-
tants have been compared with other
sensory responses (56, 69). Since the
purified galactose binding protein ap-
pears to be a monomer with two sites,
it is conceivable that it transmits signals
to the chemotaxis system only if one
site is occupied and the other free.
Hence the fraction of a population of
monomers which is in the so-called
“semi-filled” state might determine the
intensity of the tactic response.

Summary

A specific high affinity galactose
transport system called Pz can be in-
duced by trace amounts of galactose in
the medium by virtue of its own ability
to capture and accumulate galactose.
The transport system is coregulated
with the production of a high affinity
periplasmic galactose binding protein,
which constitutes but one part of the
transport system. Some transport neg-
ative mutants still remain producers of
this binding protein.

A close correlation exists between
production of the active binding pro-
tein and the presence of galactose
chemotaxis. The hypothesis, that this
binding protein is a common element
of the specific galactose transport sys-
tem, Pse, and of galactose chemotaxis
is supported by observations on struc-
tural mutants, being defective in galac-
tose binding protein as well as showing
a lack of galactose chemotaxis. The
binding protein is a monomer with two
binding sites for galactose. Binding of
one or two of the galactose molecules
elicits specific conformational changes
of the galactose binding protein (low-
ered affinity for galactose, increase of
charges of the protein, increased fluo-
rescence of tryptophan residues). The
importance of these features for trans-
port and for chemotaxis is discussed
70).
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Physics Department Ratings:
Another Evaluation

Institutional ratings of physics departments by faculty
can be predicted by using data in the public domain.

Charles F. Elton and Samuel A. Rodgers

Evaluation procedures in graduate ed-
ucation are mentioned briefly by auth-

orities on higher education (). Cartter’s

study (2) occupies a prominent place
among the sparse comments usually de-
voted to this topic. Although the Cart-
ter report has received its share of
methodological criticism from various
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were not published. As might be ex-
pected, public comment was divided (4).

This study demonstrates that the in-
stitutional ratings of physics depart-
ments appearing in the Cartter study
can be predicted by the use of simple
data that are readily available to the
general public.

Method

Graham (5) has provided aspiring
graduate students with some objective
data concerning graduate programs.
From this volume, the following vari-
ables were arbitrarily selected for each
graduate program in physics that was
rated in the Cartter study: (i) the num-
ber of areas of specialization within a
department, (ii) the number of faculty,
(iii) the number of Ph.D.’s awarded be-
tween 1960 and 1964, (iv) the number
of full-time students, (v) the number of
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