Arginyl Residues: Anion Recognition Sites in Enzymes

Abstract. Chemical modification with 2,3-butanedione in borate buffer indicates
that nine of ten glycolytic enzymes studied contain arginyl residues at their active
sites. Fructose-1,6-diphosphatase also has arginines at its binding site for the allo-
Steric inhibitor, adenosine monophosphate. These and other data suggest that, as a
general rule, enzymes acting on anionic substrates or cofactors will probably contain
arginyl residues as components of their ligand binding sites. This could account in
part for the relatively infrequent occurrence of arginine in proteins.

Arginyl residues can serve as positive-
ly charged recognition sites for negative-
ly charged substrates and anionic cofac-
tors in enzyme active sites. Reports from
this laboratory (/) have shown that argi-
nyl residues participate in binding the
carboxyl group of substrates to carboxy-
peptidase A and aspartate aminotransfer-
ase; phosphate ester substrates to alka-
line phosphatase and muscle aldolase; re-
duced nicotinamide adenine dinucleotide
(NADH) to the alcohol dehydrogenases
from horse liver, human liver, and yeast;
adenosine triphosphate (ATP) to crea-
tine kinase, glutamine synthetase, and
carbamyl phosphate synthetase; and
RNA template to the RNA-dependent
DNA polymerases from type C RNA vi-
ruses.

Workers at other laboratories have
identified at least 15 more enzymes that
employ arginyl residues to interact with

Fig. 1. Modification of rabbit muscle fructose-
1,6-diphosphatase by butanedione and borate.
Enzyme activity was determined spectro-
photometrically at 25°C following the reduc-
tion of nicotinamide adenine dinucleotide
phosphate (NADP) in the presence of excess
phosphoglucose isomerase and glucose-6-
phosphate dehydrogenase. The assay mixture
(1.0 ml) contained 40 mM tris chloride, pH
7.5, 5 mM MgCl,, 0.1 mM fructose-1,6-di-
phosphate, and 0.1 mM NADP. The inhibition
of AMP was measured by including 10 uM
AMP in the otherwise identical assay mixture.
Fructose-1,6-diphosphatase was modified at
25°C with 10 mM butanedione in 50 mM bo-
rate, pH 8.3. Portions were withdrawn at spe-
cific times and assayed for enzyme activity,
both in the presence and in the absence of
AMP, and residual activity is expressed as the
ratio of the activity of the modified enzyme,
V, to that of the control as determined by as-
saying in the absence of AMP, V¢, multiplied
by 100. (A) Fructose-1,6-diphosphatase modi-
fication by butanedione was followed by as-
saying in the absence (@) or presence (M) of
AMP. Also shown is the activity of the con-
trol, subjected to identical conditions but in
the absence of butanedione, and assayed in
the absence (O) or presence () of AMP. (B)
Modification by butanedione was carried out
in the presence of 1 mM fructose-1,6-diphos-
phate, and followed by assaying in the ab-

negatively charged phosphate or car-
boxylate moieties of substrates or cofac-
tors (2). In several instances this has
been confirmed by x-ray crystallogra-
phy.

We have now examined the role of ar-
ginyl residues in the enzymes of the
glycolytic pathway. This central metabol-
ic process is especially interesting be-
cause each step involves phosphorylated
substrates or coenzymes, or both. More-
over, all of the constituent enzymes have
been or are currently the subject of both
primary and three-dimensional structu-
ral analysis. Four of the glycolytic en-
zymes—alcohol dehydrogenase, aldo-
lase, lactate dehydrogenase, and glycer-
aldehyde-3-phosphate dehydrogenase—
contain essential arginyl residues (3).
Our present results indicate that nine of
ten additional enzymes in this pathway
also contain essential arginyl residues as
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sence (@) or presence (M) of AMP. (C) Modification by butanedione was carried out in the
absence (M) or presence (A) of 10 uM AMP in the modification solution and followed by assaying
in the presence of AMP. The assay without AMP could not be performed on this modification
because, in the process of dilution into the assay mixture, sufficient AMP was introduced to

reduce significantly the measured activity.
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indicated by chemical modification with
butanedione in borate buffer, a system
known to be highly sensitive for the mod-
ification of arginine (4).

All enzymes and substrates were ob-
tained from either Sigma or Boehringer
Mannheim. Enzymes were assayed by
standard procedures as suggested by the
supplier. Chemical modifications were
carried out as described in Fig. 1 and
Table 1.

Exposure to 20 mM butanedione in 50
mM borate, pH 8.3, rapidly inactivates
eight of the nine glycolytic enzymes list-
ed in Table 1, with half-inactivation
times ranging from 1 minute for phos-
phoglycerate mutase to 21 minutes for
phosphoglucose isomerase. In each of
these experiments, borate enhanced
the rate of inactivation from twofold, in
the case of hexokinase, to 43-fold for
phosphoglucose isomerase, relative to
the half-inactivation times obtained in
50 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonate (Hepes) buffer.

It is interesting to compare phos-
phoglucose isomerase and triosephos-
phate isomerase, enzymes that catalyze
analogous reactions. The former is inacti-
vated at a rate that is slower than, but
nevertheless comparable to, the other
glycolytic enzymes. The latter is hardly
inactivated at all by butanedione and bo-
rate. This is consistent with x-ray crystal-
lographic studies on triosephosphate
isomerase that reveal no arginyl residues
in the region of the enzyme thought to en-
compass its active site (5).

The known specificity of butanedione
(1, 3, 4) and the observed enhancement
by borate indicate that the inactivation is
due to modification of essential arginyl
residues. Amino acid analysis and other
direct means to verify the modification of
arginine have not yet been employed.
Residues other than or in addition to argi-
nine might well be modified in some of
the enzymes studied. Lysyl modifica-
tion, for example, is known to inactivate
both 3-phosphoglycerate kinase (6) and
triosephosphate isomerase (7), but the
activity of the latter enzyme is hardly af-
fected by butanedione. It seems likely
that the present observations are due to
arginine modification.

Fructose-1,6-diphosphatase is one of
two enzymes governing the control point
of glycolysis, that is, the interconversion
of fructose-6-phosphate and fructose-
1,6-diphosphate. This allosteric enzyme
has a catalytic site that binds fructose-
1,6-diphosphate and a regulatory site sen-
sitive to adenosine monophosphate
(AMP) (8). Of the various fructose-1,6-
diphosphatases, that from rabbit muscle
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is by far the most sensitive to AMP inhi-
bition. When assayed in the presence of
10 uM AMP, it exhibits only 3 percent of
the activity obtained in the absence of
AMP (Fig. 1A). Modification of fructose-
1,6-diphosphatase with 10 mM butane-
dione in 50 mM borate, pH 8.3, progres-
sively decreases activity as determined
by the standard assay without AMP,
with an inactivation half-time of 27 min-
utes. However, if the same modification
is followed by assaying in the presence
of 10 uM AMP, activity initially increas-
es 13-fold. After 30 minutes activity in
the presence or absence of AMP is the
same (Fig. 1A). Thus, two processes can
be differentiated. The first is modifica-
tion of essential arginyl residues at the
regulatory (AMP) site rendering the en-
zyme insensitive to AMP inhibition. The
second is modification of arginyl resi-
dues at the catalytic site, with a con-
comitant loss of enzyme activity.

Protection experiments support this
view. Modification in the presence of
1 mM fructose-1,6-diphosphate results
in complete retention of activity in the
standard assay without AMP. However,
if this modification is followed by as-
saying in the presence of 10 uM AMP,
activity increases rapidly for 75 minutes
at which time it is identical with that ob-
served in the absence of AMP (Fig. 1B).
Thus, modification in the presence of
fructose-1,6-diphosphate leads to com-
plete loss of AMP inhibition but com-
plete retention of catalytic activity. Final-
ly, modification in the presence of 10 uM
AMP does not affect AMP inhibition
(Fig. 1C), indicating that AMP can fully
protect against modification of arginyl
residues at the regulatory site. Thus, rab-
bit muscle fructose-1,6-diphosphatase
has essential arginyl residues at both its
regulatory and catalytic sites. According
to a recent report, the monovalent cation
activation of fructose-1,6-diphosphatase
from pig kidney also involves essential
arginyl residues (8). It is unlikely that ar-
ginyl residues would be directly involved
in cation binding, but obviously the phe-
nomenon of monovalent cation activa-
tion is complex.

It has long been recognized that all of
the intermediates in the glycolytic path-
way are phosphoric acid esters. The
phosphate group, in addition to being re-
quired for generating ATP from adeno-
sine diphosphate (ADP), plays an impor-
tant role in preventing metabolites from
diffusing across cell membranes. The ob-
servation that all but one of the glycolyt-
ic enzymes contain essential arginyl resi-
dues plus similar findings for other en-
zymes further defines the role of
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Table 1. Inactivation of glycolytic enzymes by butanedione. Modifications were carried out at
25°C with 20 mM butanedione in either 50 mM borate or 50 mM Hepes, pH 8.3. Portions were
withdrawn at specific times and assayed for enzymatic activity and compared to controls which
were subjected to the same conditions except that no butanedione was added. Times for 50 per-
cent inactivation, T, values, were determined from semilogarithmic graphs in which residual
activity was plotted against time; ND, not determined.

T,; (minutes) for inactivation in

Enzyme E.C.
number 50 mM borate 50 mM Hepes
Hexokinase 2.7.1.1 3.4 6.0
Phosphoglucose isomerase 5.3.1.9 21.0 900.0
Fructose-6-phosphate kinase 2.7.1.11 3.6 ND
Triosephosphate isomerase 5.3.1.1 780.0 ND
3-Phosphoglycerate kinase 2.7.2.3 6.8 42.3
Phosphoglycerate mutase 2.7.53 1.0 2.1
Enolase 4.2.1.11 3.0 ND
Pyruvate kinase 2.7.1.40 12.7 29.0
Phosphoglucomutase 2.7.5.1 3.7 14.1

phosphate in biological metabolites. The
relative scarcity of arginyl residues in
proteins, including enzymes, where they
occur far less frequently than expected
from the number of available arginine co-
dons, has been thought to reflect either
genetic pressure restricting arginine to
certain important biological functions
(9), or the late appearance of arginine in
proteins during evolution (10).

One major biological function of argi-
nine might be to interact with phospho-
rylated metabolites. Studies have shown
that the guanidinium group is ideally suit-
ed for such interaction with phosphate-
containing substances by virtue of its
planar structure and its ability to form
multiple hydrogen bonds with the phos-
phate moiety (I11). Lysyl residues might
also have been selected to serve this
function and, indeed, are known to be im-
portant in a number of enzymes acting
on phosphorylated substrates. However,
because of resonance stabilization, the
guanidinium group is a poor proton do-
nor (pK, > 12) and, hence, would prob-
ably not function as a general acid cata-
lyst for the hydrolysis of the phosphoryl-
ated intermediates. This would further
ensure maximum utilization of substrate
phosphate for the synthesis of ATP and
thereby contribute to the overall efficien-
cy of glycolysis. Thus, the phosphoryla-
tion of glycolytic metabolites confers an
extra degree of specificity in the proper
interaction between the metabolites and
enzyme arginyl residues. The selection
of arginyl residues for this function mini-
mizes nonspecific hydrolysis and opti-
mizes the metabolic process.

In the energetics of living systems,
ATP occupies a critical position. It is not
known at what stage of evolution this
unique conductor of chemical energy
first emerged. If it was prior to the acqui-
sition of a macromolecular coding sys-
tem, then evolutionary pressure could

have restricted the role of arginine in pro-
teins to anion, particularly phosphate,
binding. Optimal binding specificity
could then be achieved by limiting the
number of arginyl residues in proteins. If
the ATP system emerged subsequent to
the coding system, the code might have
required amendment to include arginine,
perhaps by adopting the transfer RNA of
some other amino acid, for example, or-
nithine (/0), that is less suitable for bind-
ing phosphate. Late appearance of argi-
nine codons could then account for the
relative scarcity of this residue in pro-
teins. Although present investigations do
not favor either alternative, they clearly
emphasize an important generality, that
arginyl residues consititute positively
charged binding sites for enzymes acting
on anionic substrates.

Finally, it is of interest that in in-
stances where stoichiometry has been es-
tablished (1-4) arginine modification gen-
erally appears to be quite selective. A
comparison of the rate of modification of
the essential arginyl residue of creatine
kinase, for example, with that of arginine
itself revealed that the arginyl residue in
the enzyme reacted 10 to 15 times faster
than the free amino acid (7). This hyper-
reactivity, coupled with a decreased re-
activity of all the other arginyl residues
in the enzyme,.probably reflects a struc-
tural environment that enhances the
binding capabilities of the active site argi-
nyl residue thereby further potentiating
catalysis.
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Chemosensory Tracking of Scent Trails by the

Planktonic Shrimp Acetes sibogae australis

Abstract. In the laboratory, planktonic shrimps (Acetes sibogae) precisely follow
scent trails of food or paper soaked in meat extract, 1-alanine, 1-leucine, and 1-me-
thionine. In the ocean, Acetes may be able to follow scent trails as far as 20 meters to
catch falling food. This demonstrates precise trail-following by pelagic animals.

The importance of chemosensitivity in
the marine environment has been empha-
sized, and highly sensitive chemorecep-
tive abilities have been described for ben-
thic and pelagic animals (/); but almost
no data are available for plankton. In the
laboratory, copepods ‘‘search’ for food
or females (2); chemoreceptors have
been described for several planktonic
crustaceans (3, 4). The planktonic serges-
tid shrimp Acetes sibogae australis Cole-
fax becomes increasingly active when
stimulated by food scents, but when tri-
als are run in appropriately designed
aquariums this generalized searching be-
havior transforms into the most precise
chemosensory trail-following response
yet observed for any free-swimming
aquatic animal including fishes (I, 5).
This suggests that chemical perception in
free-swimming organisms may be ex-
tremely effective ecologically and de-
serves additional attention.

Acetes sibogae australis were collect-
ed at night with light traps suspended
about 2 m deep in the harbor off Towns-
ville, Queensland, Australia, as well as
in shallow water off the beach. In each
unaerated aquarium (15 by 22 by 60 cm),
8 to 12 shrimps were kept and fed Ar-
temia; water was changed every 2 days.
Experiments were conducted in these
aquariums. Each aquarium was illuminat-
ed from both sides by fluorescent light;
the backs and bottoms of the tanks were
painted black to make the transparent
shrimps more visible. The fluorescent
green dye used in the experiments be-
came brightly visible under these condi-
tions. The front pane was marked at 5-
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cm intervals to estimate swimming speed
and distance. Experimental food stimuli
consisted of diced banana prawns (Pen-
aeus merguiensis) or freshly killed and
crushed Acetes soaked in fluorescein dye
and dropped into the quiet water of the
tall aquariums. These sank slowly to the
bottom, leaving erratic but unbroken
thin trails of highly visible dye in the wa-
ter. Small (2 mm?) pieces of dyed blotting
paper soaked with meat extract or amino
acids also served as test stimuli. The
shrimps’ sensitivity to chemical trails de-
creased with successive tests, and the
water in the tanks became murky from
the dye, so that the water always was
changed after four to five tests. In each
series of tests, uncontaminated blotting
paper soaked in dye was presented as a
control at the start and end of the experi-
ment.

In the absence of food stimuli, the
shrimps swam in horizontal linear paths
back and forth across the width of the
aquarium (22 cm) at an average speed
of 1.9 cm/sec. When dyed food was
dropped into the aquarium, Acetes never
deviated from the linear paths to avoid or
seek out the trail. But, when a ‘‘patrol-
ling”” shrimp did by chance contact a
trail head-on, its swimming behavior im-
mediately changed to one of two dis-
tinctly different modes. The shrimp ei-
ther would initiate a rapid horizontal cir-
cular ‘‘search pattern’’ in the vicinity of
the trail or it would sharply reorient the
body axis to the vertical trail and rapidly
track the exact, but often erratic, path
left by the falling food, swimming at
approximately three times the normal

speed (Fig. 1). (Average speed of 19 ani-
mals following food trails was 5.6 cm/
sec.) Food particles and blotting paper
sank to the bottom of the 60-cm-high
aquarium in about 30 seconds, and, since
Acetes swam down the twisting trail at
about three times this speed, they often
caught the particles in mid-water. The
Acetes then ate the food but would dis-
card impregnated blotting paper. If an
Acetes lost the trail when the trail re-
curved at a sharply acute angle, it then
swam a circular search pattern, usually
relocated the trail, and again tracked the
falling food. Some animals lost and relo-
cated a trail five successive times as they
traced it down through the water col-
umn.

Vision did not appear to play a role in
trail-following. Both undyed meat and
undyed blotting paper soaked in Milli-
pore-filtered prawn juice elicited trail-
following of the same precision and ra-
pidity as did the visible scent trails. Fur-
thermore, no shrimp among the thou-
sands we watched appeared to deviate
from its normal path to enter a visible
dye trail with or without scent. Animals
that had repeatedly responded to contact
with visible scent trails never responded
to contact with the visible but chemically
clean control trails, which terminated as
well as preceded each experiment.

An initial experiment recorded the be-
havioral response of A. sibogae australis
to dyed pieces of shrimp. Of 63 animals
that contacted the food trails, 54 respond-
ed; 39 of these followed the trail for at
least 10 cm. These figures imply that the
trail-following response was somewhat
equivocal, but these data belie the regu-
larity with which hundreds of Acetes,
collected during a 3-month period, dis-
played the response. Experimental fac-
tors, such as chemical contamination
from previous tests in the same water or
reduced receptiveness of individual ser-
gestids probably accounted for lower lev-
els of response in the initial experiment.
In a second experiment, the shrimps re-
sponded positively in 100 percent of their
contacts with the trails, and in all experi-
ments (with meat or meat extract) every
trail contacted always elicited at least
one tracking response.

Acetes sibogae australis rarely swam
upward when following a vertical trail.
Of the 54 animals responding in the ini-
tial experiment, one swam up a trail
about 5 cm, then reversed and swam
downward. In over 1000 subsequent
tests, Acetes swam up a trail only six
times. To determine whether A. sibogae
australis generally swims down or fol-
lows a chemical gradient, we lowered
dyed meat tied to a string near one side
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