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Enhancement of

acetylcholinesterase synthesis
by glycyl-L-glutamine: an
example of a small peptide that
regulates differential

transcription?
George B. Koelle

Glyeyl-t glutamine has been shown to maintain the acetylcholinesterase
content of the preganglionically denervated superior cervical ganglion of the
cat. It acts at a stage prior to the aggregation of the monomeric G; form of the
enzyme to higher polymers. George Koelle proposes that it may do so by

regulating the transcription of DNA to mRNA, in a manner analogous to that of

triiodothyronine. Other small peptides may function similarly.

Triiodothyronine (T,; Fig. 1) and
its peripheral precursor thyroxine
(T,) appear to exert most of their
widespread metabolic effects by
regulating the transcription of spe-
cific genes to mRNAs that encode
several enzymes and other
proteins’?. Our studies of the
action of  glycyl-L-glutamine
(GlyGIn; Fig. 1) in maintaining the
acetylcholinesterase (AChE; EC
3.1.1.7) and butyrylcholinesterase
(BuChE; EC 3.1.1.8) contents of
the preganglionically denervated
superior cervical ganglion of the
cat suggest that this dipeptide may
act in a more restricted manner by
a similar mechanism>°, It is pos-
sible that similar small peptides
may likewise be responsible for
regulating the synthesis of other
proteins.

AChE distribution

It was reported in 1945 by
Sawyer and Hollinshead! and
later confirmed? that preganglionic
denervation of the cat superior cer-
vical ganglion results within a few
days in a permanent loss of over
80% of its AChE and 40% of its
BuChE content. Light microscopic
histochemical studies showed that
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Fig. 1. Structures of triiodothyronine
and glycyl-L-glutamine.

in the normal superior cervical
ganglion and stellate ganglion,
AChEis presentin high concentra-
tion in the neuropil (the inter-
twined preganglionic fibers, their
terminals, and the dendrites of the
ganglion cells) and in the perikarya
of scattered cholinergic ganglion
cells, and in traces in the perikarya
of the greatly predominant adren-
ergic ganglion cells. Following
preganglionic denervation, the
enzyme disappears from the
neuropil but remains in the gang-
lion cell perikarya'? (Fig. 2). These
observations led to the conclusion,
eventually modified, that in the
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normal superior cervical and stel-
late ganglion the AChE of the
neuropil is confined to the pre-
ganglionic fibers and their
terminals®. Subsequent examina-
tion of the superior cervical gang-
lion (in which the ganglion cells
are nearly exclusively adrenergic)
by electron microscopic histochem-
istry revealed that in the normal
superior cervical ganglion AChE is
indeed distributed evenly through-
out the lengths of the cholinergic
preganglionic fibers and their ter-
minals; however, it is present also
at the membranes of both the den-
drites and perikarya of the gang-
lion cells**. The demonstration that
denervation is followed by the
total disappearance of AChE from
both pre- and ?ostsynaptic mem-
branous sites’ (Fig. 3) confirms
the earlier light microscopic
observations.

These findings raised the ques-
tion of why the integrity of the
presynaptic fibers is essential for
the maintenance of the enzyme at
postsynaptic membranes. One
possibility is that under normal
conditions AChE is released con-
tinuously by the former'®" and
migrates through the synaptic cleft
to become aligned on the post-
synaptic membranes. This explan-
ation seems unlikely for two
reasons: the even distribution of
AChE at postsynaptic membra-
nous sites remote from synapses;
and the absence of detectable
AChE in the synaptic clefts'®. An
alternative explanation is that the
preganglionic fibers release a
neurotrophic factor that is essen-
tial for the synthesis of AChE by
the rough endopiasmic reticulum
of ihe ganglion cells, for sub-
sequent export to their perikary-
onal and dendritic membranes.

A neurotrophic factor?

This latter possibility was tested
as follows. Cats were anesthetized
with ketamine and both cervical
sympathetic trunks were sec-
tioned. The following day they
were reanesthetized with sodium
pentobarbital, artificially respired,
and the external carotid and lin-
gual branches of the common ca-
rotid arteries were ligated bilaterally
to divert most of the bloodflow to
the stperior cervical ganglia via
the internal carotid and cccipital
arteries’®, An infusion needle was
inserted into the right common
carotid artery, through which an
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ted. (Taken from Ref. 12 with permission.)

Fig. 2. Light micrographs of cat stellals ganglion stained for AChE by the copper
thiocholine method. Scale bar = 0.1 mm. Left, normal; right, preganglionically denerva-

aqueous extract of a cat brain, spi-
nal cord and sciatic nerves was
infused continuously for 24 hours
under constant surveillance. Re-
peated doses of sodium pento-
barbital were given to maintain
deep anesthesia, and mephenter-
mine or atropine was given as
required. Exactly 48 hours post-
denervation the cats were sacrificed
by an overdose of anesthetic, and
both superior cervical ganglia
were excised, homogenized and
assayed for AChE, BuChE and pro-
tein contents. The superior cervical
ganglia of cats so treated main-
tained nearly the same content of
AChE as was present 24 hours
postdenervation (approximately
85% of normal) in comparison
with similarly treated saline-
infused controls in which the
AChE contents fell to approxi-
mately 50%. The BuChE content
was also partially preserved by the
infusion but less strikingly®>.

Similar infusions of acetylchol-
ine, nerve growth factor (2.55 and
7S) or extracts of liver or skeletal
muscle were ineffective. cAMP
and extracts of gut showed border-
line activity. When the original
brain/cord/nerve  extract was
dialysed, the retentate was inac-
tive but dialysates at molecular
weight cut-off 1000 showed full
activity. This was lost following
incubation with carboxypeptidase
A type I; controls incubated with
bovine serum albumin and also
heated subsequently retained
activity’. These results indicated
that the neurotropic factor is a
small, heat-stable peptide.

Glycyl-L-glutamine

Following a report by Haynes
and Smith?® that glycyl-L-
glutamine (GlyGln), the terminal
cleavage dipeptide of f-endorphin
that occurs in brain®®, induces the
formation of higher polymers of
AChE in cultured embryonic rat
and chick skeletal muscle, we
tested this compound in the cat
preparation. Surprisingly, GlyGln
had no effect on the AChE content
of the directly infused denervated
right superior cervical ganglion
but maintained the enzyme in the
circulatory remote left superior
cervical ganglion, where the
infused material arrives via the
anastomoses of the right and left
internal carotid and occipital arter-
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ies. This suggested that a metab-
olite of GlyGIn, formed in the cir-
culation, is the active neurotrophic
factor. Infusions of glycine and
glutamine were ineffective; glycyl-
L-glutamic acid and glutamic acid
were effective at boch superior cer-
vical ganglia but less so than
GlyGln at the left superior cervical
ganglion only®®. Aspartic acid,
GABA and pyroglutamic acid were
also inactive®.

More recently we have tested an
alternative explanation for the res-
tricted site of action of GlyGin: that
it must combine relatively slowly
with a component of plasma to
allow its penetration to the cyto-
plasm of the ganglion cells. When
GlyGln was incubated at 5°C over-
night with fresh or heat-treated
(60min at 60°C) cat plasma then
diluted with 0.9% NaCl prior to
infusion, it exhibited full AChE-
maintaining activity in both right
and left superior cervical ganglia.
[No attempt was made to identify
the effective plasma component(s)
other than to demonstrate that it
was present in both dialysate and
retentate at a mnolecular weight cut-
off of 10 000.] A maximal effect was
obtained with infusion of a 3 X
10®*wm solution of GlyGln; at con-
centrations of 10~*m or higher the
effect was inhibitory’.

GlyGIn thus appears to be a
potent, directly acting neuro-
trophic factor for the maintenance
of AChE in the denervated cat
superior cervical ganglion. It is
not known whether it is identical
with the endogenous factor of the

Fig. 3. Electron micrographs of cat superior cervical ganglion stained for AChE by the
bis(thioacstoxy)aurate methad. Scale bar = 1 um. Left, normal; right, preganglionically
denervaled. A, axon; D, dendrite. (Taken from Refs 14 and 15 with permission.)
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The superior cervical ganglia of the
rat and steer have been shown to
contain six major molecular forms
of AChE: the globular monomer
(Gy), dimer {G,), and tetramer (Gg),
and the collagen-tailed asymmetric
Ay, Ag and A,, forms (Fig.). The
predominant forms are: Gy, located
in the cytoplasm; Gs; at mem-
branous sites; and Ay, which
probably confined to synaptic sites.
The G, form is synthesized initially
then converted sequentially to the
higher polymers®. However, only a
fraction of the G, is converted to G4
(Ref. 3) and probably only a fraction
of G, is converted to Ay the
remainder is degraded.
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Fig. The molecular aggregate forms of
acelylcholinesterase, as established in
Electrophorus and other species. Globu-
lar monomer (Gy), dimer (G,) and fetra-
mer (G,), and asymmetic, collapen-teiied
Ay, Ag and Ay,. (Taken from Ref. 1 with
permission.)

dialysed extract, or with the
hypothetical factor that is pre-
sumed to be released by the pre-
ganglionic fibers of the superior
cervical ganglion.

GlyGln acts atearly stage in AChE
synthesis

Recently in the laboratory of
Jean Massoulié at the Ecole Nor-
male Supérieure, Paris, we investi-
gated the stage at which GlyGin
acts, by determining its effects on
the various molecular aggregate
forms of AChE (see Box) as distin-
guished by sucrose density grad-
ient centrifugation. In the cat the
dominant peak was found to be the
membrane-located G.; consider-
ably lower peaks were found for
the cytoplasmic (or endoplasmic
reticular) G, and G; forms, and
there was only a trace of the synap-
tic A, peak. Four days postdener-
vation there was a marked fall in
the G4 peak and only slight falls in
the others® (Fig. 4).

In another series of experiments,
ganglia were excised one to five
days postdenervation, sectioned at
400um and cultured for 24 or 48
hours. In some experiments, AChE
was inactivated irreversibly by
treatment with (2-mercaptoethyl)-
dimethylamine acid oxalate (217
AO) prior to culture. Sections were

then homogenized in AChE-extrac-
tion medium, and fractionated fol-
lowing sucrose density gradient
centrifugation. There was a
marked progressive fall in the total
and newly synthesized AChE con-
tents of cultured sections excised
from one to five days postdenerva-
tion. In essentiall y all cases the
chief effect of 10° M GlyGIn was
enhancement of the G, peak, with
progressively lesser enhancement
of the G, and G, peaks; the Ap
peak was too small to permit
assessment. At higher concentra-
tions, as in the in-vivo expenments,
the effect was inhibitory®.

The major finding of these stud-
ies has now been confirmed by
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infusion experiments in vive
Thus GlyGIn appears to act at an
earlier stage of AChE synthesis
(transcription, translation, conver-
sion of inactive precursor) rather
than by regulating the aggregation
of the monomer to higher poly-
mers, as was hypothesized
earlier®',

As noted above, the maximal
effect of GlyGln in vive was
obtained with infusions of 3 X
10°%m solutions that had been
treated with plasma. Since the
infused solution was diluted at
least 30-fold in the bloodstream
before reaching the superior cervi-
cal ganglion, it may be assumed
that the effective concentration at
the ganglion cells is less than

107 M. While this is considerably
lower than the optimal concentra-
tion found in vitro, it is probably a
better index of efficacy than that
obtained under the less physio-
logical conditions in culture. With
this degree of potency, it seems
likely that GlyGln acts by combin-
ing with a specific receptor.

Most of the recognized neuronal
receptors are located at the external
surface of the effector cells, where
they are coupled either with an ion
gate or with internally located
second messengers such as cAMP,
However, as noted in the intro-
duction, the receptors for the
thyroid hormones, like the steroid
receptors, are intracellular; they
are probably present on the genes,
where they are believed to regulate
the transcription of DNA to mRNA
for export to the cytoplasm and the
eventual determination of protein
synthesis®.

GlyGln, like the thyroid hor-
mones, appears to combine with
certain constituents of plasma to
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Fig. 4. Sedimentation profiles of ACHE (unbroken line} and BuChE (broken line) of the
cat superior cervical ganglion. Arrows indicate the positions of the markers, alkaline
phosphatase (6.1S) and -galactosidase {165). (Taken from Ref. 8 with permission.)
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Fig. 5. Working hypothesis for regulation of AChE synthesis by GlyGin in an adrenergic
neuron of the cat suparior cervical ganglion, (1) GlyGin, combined with plasma factor (Pl),
or a neurotrophic factor (NF) released by the preganglionic terminal, transverses the
cellular membranes and, either still combined or free, the nuclear membrane (2). In the
nucleus, it enhances the transcription of the gene for AChE (3). The mRANA enters the
cytoplasm and is translated by ribosomes on the rough endoplasmic reticulum (4) to
produce the monomeric G, form of AChE (5, cross-haiched). A portion of the G, form is
transported to the cellular and dendritic membranes where it is assembled into the G4
tetramer (8, solid line), and a portion of this collects at synaptic sites where it is further
aggregated to the collagen-tailed A,, form (7, dotted). In cholinergic preganglionic fibers
of the cat, AChE as the G4 form is present throughout the length of the axon and its
terminal, whereas it is present only in traces in adrenergic axons.

permit its penetration of the effec-
tor cell membrane. Although it
causes inhibition of spontaneous
firing when applied microionto-
phoretically to cells of the rat brain-
stem??, its major documented effect
is enhancement of the synthesis of
ACKE at a stage prior to the assem-
bly of the G; monomer into higher
polymers. It can be speculated that
it does so in a more restricted
manner analagous to that of tri-
iodothyronine, a compound of
roughly similar size and structure
(Fig. 1). The present working hy-
pothesis for the site of action of
GlyGIn is summarized in Fig. 5.
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During the past few decades a
host of peptides has been impli-
cated as neurotransmitters or
neuromodulators?!. It is possible
that compounds of this class may
serve also as neurotrophic factors
for the synthesis of specific pro-
teins, as proposed here for GiyGln.
To speculate a step further, local
deficiencies of such neurotrophic
factors may be causally involved in
the pathology associated with
traumatic-and degenerative condi-
tions of the central nervous sys-
tem.
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