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UMR INRAsUniVersitéAix Marseille III 1111, Faculte´ des Sciences et Techniques de Saint Je´rôme, Case 342,
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ABSTRACT: Pig pancreaticR-amylase (PPA), an enzyme belonging to theR-amylase family, is involved
in the degradation of starch. Like some other members of this family, PPA requires chloride to reach
maximum activity levels. To further explain the mechanism of chloride activation, a crystal of wild-type
PPA soaked with maltopentaose using a chloride-free buffer was analyzed by X-ray crystallography. A
conspicuous reorientation of the acid/base catalyst Glu233 residue was found to occur. The structural
results, along with kinetic data, show that the acid/base catalyst is maintained in the active site, in an
optimum position, pointing toward the scissile bond-atom, due to the presence of chloride ions. The
present study therefore explains the mechanism of PPA activation by chloride ions.

R-Amylase (R-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1)
catalyzes the hydrolysis of theR-(1,4)-glycosidic linkages
in starch components, glycogen, and various oligosaccha-
rides.R-Amylase is a member of family 13 of the sequenced-
based classification of glycoside hydrolases, which is often
termed the “R-amylase” superfamily (1) (CAZY website
http://afmb.cnrs-mrs.fr/CAZY/). In mammals,R-amylase is
present in both salivary and pancreatic secretions. Due to
their central role in the starch degradation process, these
enzymes are now being intensively investigated for funda-
mental, therapeutic, and diagnostic purposes. Although
significant advances have been made, which help us to
understand the reaction mechanism (2-7), some specific
aspects of this mechanism still remain to be elucidated,
especially as regards the role of chloride ion.

The three-dimensional structure of porcine (8, 9) and
human pancreaticR-amylases (10) (PPA and HPA, respec-
tively)1 are extremely similar, and so are their patterns of
interaction with carbohydrate and proteinaceous inhibitors
(2, 11, 12). PPA is anendo-type amylase, which catalyzes

the hydrolysis of internalR-(1,4)-glucosidic bonds in amylose
and amylopectin, resulting in the gradual degradation of the
substrate toward the non-reducing end (13). The architecture
of the pancreaticR-amylase (which is that of all the other
enzymes belonging to the glycoside hydrolase family 13)
consists of three domains: a catalytic core domain (A)
comprising a (â/R)8 barrel, an extended loop inserted between
the third â-strand and the thirdR-helix (called domain B,
residues 100-169), and a C-terminal eight-strandedâ-sheet
domain (domain C, residues 405-496). Elements originating
from domains A and B are involved in the architecture of
the three most functionally important sites: the active site,
the calcium binding site, and the chloride binding site. These
enzymes catalyze glycoside hydrolysis via a double-displace-
ment mechanism, basically as outlined by Koshland in 1953
(14). The two-step mechanism for retaining glycoside
hydrolases requires the presence of two carboxyl-containing
amino acids, one of which acting as an acid/base catalyst,
and the other as the nucleophile responsible for the formation
of the glycosyl-enzyme intermediate (6, 15). In pancreatic
R-amylase, Glu233 is the most appropriate candidate for the
general acid which protonates the glycosidic oxygen of the
scissile bond in the first step, and then deprotonates the
attacking OH group in the second step. Asp197 is responsible
for the nucleophile displacement of the aglycone forming
the covalent linkage within the glycosyl-enzyme intermedi-
ate; structural and kinetic data have substantiated this
assumption (2, 6). Both the glycosylation and deglycosylation
steps are thought to proceed through oxocarbenium ion-like
transition states.

Several R-amylases, including the porcine pancreatic
enzyme (16), the bacterial enzyme fromA.haloplanctis(17)
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and the insect enzyme fromTenebrio molitorlarvae (18),
have been found to require chloride to show full catalytic
activity. In theseR-amylases, the removal of chloride resulted
in a significant decrease in activity (16, 19). By contrast,
most microbialR-amylases are not affected by the presence
of chloride, which means thatR-amylases can be classified
as either chloride-dependent or chloride-independent en-
zymes (20). Structural studies have led to the detection of a
chloride binding site inR-amylases from pig and human
pancreas, from human saliva (8-10, 21), from Tenebrio
molitor larvae (22, 23) and from the bacteriaP. haloplanctis
(24). These studies have shown that in the chloride-dependent
R-amylases, there is a conserved chloride ion binding site
located on the same side of theâ-barrel as the catalytic site
and the calcium binding site, in the vicinity of both,
consisting of three residues Arg195, Arg337, Asn298 and a
water molecule (5, 8) (see diagram at 1.38 Å resolution,
Figure 1A). The binding of chloride ion to mammalian
R-amylases leads to an increase in the activities and a shift
in the optimum pH from acidic values to neutrality (16, 19).
In our previous structural analysis of the complex formed
between PPA and the acarbose inhibitor (2), we suggested
that the observed shift in the pH-optimum may be attributable
to the repulsion between the anion and the residue Glu233;
the chloride ion is in the close vicinity of theδ carbon of
E233. This interaction was expected to increase the pKa of
this residue and corroborated our idea that Glu233 acts as
the proton donor. Numao et al. (2002) (7) have suggested
that the chloride may be required to increase the pKa of the
acid/base catalyst Glu233, which would otherwise be lower
due to the presence of Arg337, a positively charged residue.
The authors of many previous studies (see also refs9 and
25) have assumed that the removal of chloride would affect
the residue Glu233 (catalytic acid/base), but this hypothesis
has not been proved directly. Here we present a structural
study showing that the direct effects of chloride ions on the
key catalytic glutamic acid carboxyl group are attributable
to the fact that the chloride orients the side-chain of Glu233
to optimize the catalytic process.

MATERIALS AND METHODS

Preparation of Crystalline Complex.Native PPA crystals
were grown at 4°C as in our previous studies (26), from
solutions ofR-amylase in 10 mM Tris-HCL buffer. To induce
an exchange between the structural chloride ion and the
buffer, the complex described in the present study was
formed by soaking the crystal for 1 h at 4°C in a chloride-
free solution containing 10 mM of G5 in phosphate buffer
20 mM at pH8, instead of using the usual buffer.

Data Collection and Processing.X-ray diffraction data
were collected from a single crystal flash cooled in 30%
ethylene glucose to 100K for data collection using a Mar-
Research Imaging plate system and a rotating anode as X-ray
source. The data were processed and scaled with the Denzo
and Scalepack programs (27). The data collection statistics
are summarized in Table 1.

Molecular Replacement and Refinement. The initial phases
were calculated by molecular replacement using the AMoRe
program (28) and the 2.2 Å structure of PPAII (26) as the
starting model for the rigid body. The subsequent refinement
procedure was performed using the CNS slow-cooling

procedure (29) with all the data recorded between 35 and
2.02 Å. As all the data recorded were used in the refinement
procedure, a low-resolution bulk solvent correction method
implemented in the CNS program (30) was applied. TheRfree

behavior was monitored. Manual correction of the model
using TURBO-FRODO (31), interspersed with slow cooling
cycles, yielded a finalR-factor of 0.159 (Rfree ) 0.184).

More specifically, the refinement procedure was carried
out starting with the refined structure of free PPA, and
deleting the water molecules, which overlapped with the
observed initial difference Fourier density. The template of
a glucose residue used for the refinement of the ligand
structure was based on crystallographic data on individual
monosugars. Solvent molecules with densities below 1σ in
the 2Fo - Fc exp(iRc) ML-weighted map and a temperature
factor above 55 Å2 were removed after the first refinement
step. The difference electron density map also showed the
presence of additional water molecules, although some of
the ordered molecules previously present in the free enzyme
structure had disappeared. The new water molecule sites were
added to the model whenever the electron density level was
at least 3.5σ in theFo - Fc exp(iRcal) maps. The molecules
introduced were inspected visually to check whether the
hydrogen-bonding geometry was correct, and they were given
an initial B factor of 20 Å2. No oligosaccharide atoms were
included in the model until the refinement of the protein had
reached convergence. During theB value refinement pro-
cedure, the oligosaccharide molecules were refined with no
restraints on theB value.

Interestingly, in addition to the presence of an electron
density patch at the active site corresponding to a maltotriose
entity bound to subsites-3 through-1, the initial difference
Fourier map calculated without chloride ions clearly and

Table 1: Refinement and Structure Quality Statistics

Data quality
resolution of data (outer shell) (Å) 25-2.02 (2.07-2.02)
no. of measurements 224738 (12647)
no. of unique reflections 61363 (4199)
Rmerge(outer shell)a 0.067 (0.173)
completeness (outer shell) (%) 98.6 (98.6)
multiplicity (outer shell) 3.7 (3.0)
data> 1σ (%) 98.32 (95.99)

Refinement
space group P212121

cell parameters:a; b; c (Å) 70.090; 113.298; 117.221
no. protein atoms; discretely

disordered residues
3960; 5

no waters; ligand atoms;
ethylene glycol atoms

749; 91; 24

no. of ion atoms 2 (1Ca2+; 0.35Cl-)
resolution used in refinement (Å) 35.0-2.02 (2.05-2.02)
Rcryst

b (outer shell) 15.91 (17.59)
Rfree (outer shell) 18.38 (21.35)
meanB (Å2) for protein atoms;

main-chain; side-chain
16.44; 12.84; 19.06

mean ligand atomsB (Å2) (active site) 26.75
(subsite) 25.87(-1); 24.33(-2);

30.14(-3)
mean ligand atomsB (Å2) (surface site) 33.15
B value (Wilson plot) (Å2) 20.98
rms deviation of bonds (Å) 0.007
rms deviation of angles (deg) 1.38
rms deviation of impropers (deg) 1.255
a Rmerge ) ∑h∑i|Ih,i - 〈Ih〉|/∑h∑i|Ih,i|. b Rcryst is defined as

∑|Fo - Fc|/∑|Fo|.
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unambiguously showed the presence of strong structural
changes in the catalytic center. The electron density landscape
in this area was different from that observed in previous
studies (see Figure 1B), particularly as far as the catalytic
residue Glu233 and the chloride ions were concerned: a

strong positive continuous V-shapedFo - Fc electron density
extending beyond the CB atom of Glu233 toward the position
of the normally bound chloride ion was observed. The clear-
cut shape of this initial electron density patch unambiguously
accounted for the atoms of the Glu233 side-chain beyond

FIGURE 1: (A) Schematic representation at 1.38 Å of the network of interactions within the chloride binding site, the neighboring catalytic
center and the bound acarbose-derived inhibitor, (adapted from ref5). For the sake of clarity, only subsites-1, +1, +2 of the bound ligand
are shown. Dashed lines give distances shorter than 3.5 Å. (B) Close-up view showing the 2Fo - Fc electron density pattern (1.5σ contoured)
observed within the chloride binding site in the structure of PPA/acarviosine complex in the presence of chloride at 1.38 Å resolution (5).
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the CB and indicated that the catalytic residue was present
in a new orientation. Although this extra positive V-shaped
Fo - Fc density was topped by a positive ball of electron
density in the position where Cl- normally stands, it was
clearly less strong than the electron density patch usually
observed in this position in the case of the structural chloride
ion (A chloride ion electron density map is shown in Figure
1B). As expected, when a chloride ion with full occupancy
was included in the refinement procedure, the resultingFo

- Fc map showed a negative density peak in this position.
Interestingly, the positive electron density patch occurring
between the chloride ion and the CB of Glu233 was still
strongly present. The side-chain of Glu233 could be easily
accommodated in this electron density patch; it was strongly
rotated from the classical position of the acid/base catalyst
oriented in an appropriate way for catalysis. The subsequent
refinement procedure indicated that the residue was present
in the structure with two alternative conformations: Alt1
(with an occupancy of 0.35), corresponding to the classical
structure in which the chloride ion is present and the side-
chain of Glu233 is turned toward the scissile bond-atom,
and Alt2, the new rotated orientation (with an occupancy of
0.65) (Figure 2A). The chloride ion was introduced with a
partial occupancy, and the electron density pattern observed
resulted from coexisting states in the crystal. This model led
to the bestR-factor. The final refinement statistics obtained
are given in Table 1. Coordinates have been deposited with
the Brookhaven Protein Data Bank (accession code 1WO2)
(32).

Kinetic Assays.Homogeneous PPA was purified from
porcine pancreas as previously described (33), except that
quaternary methylamine was used as the anion exchanger
instead of diethylaminoethyl cellulose. The last purification
steps were conducted in 10 mM Tris-HCl pH 8 containing
10 mM NaCl, 1 mM CaCl2, 1 mM NaN3 and 20 µM
phenylmethylsulfonyl fluoride (inhibitor serine proteases).
The enzyme was stored in this buffer and its concentration
determined on the basis of its extinction coefficient at 280
nm,A1%(w:v) ) 25 (33). Kinetic assays on maltopentaose were
carried out at 30°C in 20 mM sodium phosphate pH 6.9
containing 6 mM NaCl or not. These assays were repeated
using chloride-free PPA, which was prepared by dialyzing
the enzyme for 48 h against deionized water, with water
replacement at 24 h. The reaction was initiated by adding
PPA at 1.5 nM (at a roughly 105-fold dilution of the stock
solution in phosphate buffer) to the buffer containing the
substrate G5 at 500µM (saturating concentration) (34).
Samples were then collected at appropriate intervals (15, 30,
45, and 60 s), mixed with NaOH 0.1 M (three volumes) to
stop the reaction and then kept on ice. The G5 concentration
in these samples, as well as the concentrations of the products
released (maltose and maltotriose), were determined using
high-performance anion exchange chromatography coupled
with pulsed amperometric detection (Dionex Corp., Sanny-
vale, CA), as described elsewhere (34). The initial rate of
G5 hydrolysis was calculated from the linear regression of
its disappearance in the 0-60 s interval (linear part of the
curve) and the catalytic constant (initial velocity/concentra-
tion of enzyme, s-1) was then obtained. All the kinetic
determinations were at least duplicated and the values given
(corresponding to standard deviations of less than 10%) are
means.

RESULTS AND DISCUSSION

EVidence That Chloride Ion Has Direct Effects on the
Acid/Base Catalyst: Structure of a PPA Crystal Soaked with
Maltopentaose in a Cl--Free Buffer. In Figure 1A, the
structural elements and details of the interactions involved
in the formation of the chloride ion binding site in the fully
active PPA are shown at a resolution of 1.38 Å (8). It is
worth noting that two positively charged side-chains (Arg195
and Arg337) interact directly here with the chloride ion.

The structure of “chloride-free” PPA was determined based
on native PPA (including the structural chloride ion), but in
this case, reacting the enzyme with a maltopentaose substrate
in a chloride-free buffer. The crystal structure of the complex
was determined using molecular replacement methods and
the AMoRe program (see Materials and Methods) (28). The
electron density map (see Figure 2A) shows the occurrence
of a strong electron density patch corresponding to an
unprecedented conformation of the acid/base catalyst. The
present structural analysis clearly shows that a significant
rearrangement of the side-chain of the acid/base catalyst
Glu233 occurred. The key residue has changed its orientation,
required for the catalysitic process, turning away from the
cleavage point and projecting into the chloride binding site
(see Figure 2B). As a result, the carboxyl group is observed
in H-bonding with the positively charged arginine side-chains
of the chloride binding site (Arg195 and Arg337). This shows
that the acid/base catalyst is held in the active site by the
chloride ion, in the optimum position, pointing toward the
scissile glycosidic bond. When the chloride ion is incorpo-
rated, Glu233 is therefore obviously shielded by the nega-
tively charged ion from the direct effects of Arg195 and
Arg337.

This finding helps to explain a number of previous data
on the relations between the key residue Arg195, the chloride
ion and the acid/base catalyst Glu233. The resolution of the
Arg195 mutant HPA structure (7) showed that the substitu-
tion of Arg195 by an alanine (or even by a glutamine) causes
little perturbation of the main chain conformation; it leads,
however, to the loss of ability of HPA to bind to chloride
ion (which results in a 450-fold decrease in the activity in
comparison with the wild type HPA), but only a slight shift
of Glu233 was observed within the active site. Likewise,
the Arg337 mutant HPA structures (7) indicated that only a
few structural changes have occurred in the mutant (some
very slight changes were observed in the side-chains of
Arg195, Glu233, Asp300) despite the removal of a large
charged internal side-chain, as well as an internally bound
chloride ion. In the present structure, on the contrary, the
removal of the chloride ion induces a drastic structural
change in the Glu233 side-chain, which moved far away from
the catalytic center toward the location of the normally bound
chloride. In our experiments, the chloride ions were removed
via the exchange (from the crystal to the chloride-free buffer)
induced by the chloride-concentration gradient; the positive
charges of the arginines kept their native position. Therefore,
the Glu233 side-chain changed its catalytic position to
interact with the arginine positive charges, while in the
previous study (7), the removal of the positively charged
residues resulted in the loss of the chloride ion but failed to
induce the acid/base catalyst reorientation, a water molecule
was found at the location of the normally bound ion. The
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removal of the side-chain of the critical chloride ligands,
which results in the loss of the chloride ion, therefore has
completely different effects from the removal of the chloride
from the native enzyme. Here we have strong experimental

evidence that the presence of the chloride ion is necessary
to oppose the action of the arginine side-chains and maintain
Glu233 in its optimum position with an optimum charge at
the physiological pH (neutral pH). In mammalianR-amy-

FIGURE 2: (A) Stereoview of the final (2Fo - Fc) exp(iRc) electron-density map (1σ contoured) observed within the chloride binding site
and the neighboring part of the catalytic center, when the crystal is immersed in a solution of maltopentaose devoid of chloride ions.
Alternative conformations Alt1 (in red) and Alt2 (in pink) (see Materials and Methods section) are numbered (I) and (II), respectively. (B)
Detailed Stereoview of the arrangement of protein side-chains involved in the chloride binding site in a crystal of PPA soaked with
maltopentaose in a Cl--free buffer. The rotated position (colored pink) of the acid/base catalytic residue Glu233 and its H-bonding interactions
with Arg195 and Arg337 can be seen. The putative intervening water (555) is shown. Sugar units bound at subsites-2 and-3 have been
omitted for the sake of clarity.
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lases, the presence of chloride ions is a decisive factor for
Glu233 to adopt the appropriate orientation for maximum
enzyme activity to occur.

The present results may also allow provide a new
explanation for the structural data published on the chloride-
free mutant Lys300Gln-AHA (25). In all the chloride-
dependentR-amylase crystal structures solved so far, the
anion binds to a common site. In theR-amylase fromP.
haloplanktis(AHA), the corresponding chloride ligands are
Lys300 (Arg337 in PPA notation), Arg172 (195), Asn262
(298), and H2O1003 (252). In the structural study by Aghajari
et al., it was established that the mutation of the critical
chloride ligand Lys300 into a glutamine resulted in an active
but chloride-independent enzyme. The absence of chloride
in the Lys300Gln-AHA structure was clearly seen from the
crystallographic results. This finding led the authors to
conclude that the chloride ion was not essential to the
catalytic mechanism. However, our results suggest that the
presence of the non polar Gln side-chain at the mutated anion
binding site failed to induce the rotation of the catalytic
acid/base residue away from its functional position, which
would explain why no change was observed in the activity
of the chloride-free mutant.

It is 30 years now since the pioneering work by Levitzki
and Steer (16) suggested the importance of the physiological
effector ligand: the chloride ion. The latter authors observed
that, with very different substrates such as starch and
p-nitrophenylmaltoside (which is a less effective substrate
than starch), the degree of activation were identical. They
therefore assumed that the chloride effector might exert its
activity on common catalytic steps (rather than being
involved in the multirepetitive attacks which are system
specific to PPA), resulting in the formation of the glycosyl
enzyme and its hydrolysis. They also concluded that Cl-

induced a subtle conformational change at some crucial, as
yet unknown site inducing large catalytic accelerations. The
idea that Cl- may have an orienting effect on the catalytic
groups at the active site was also put forward at that time.

Interestingly, the results of the present study, showing that
the chloride ion acts on the orientation of the acid-base
catalyst, are in good agreement with these suggestions and
elucidate all these points many years after they were first
put made.

It is also worth noting that the present structure shows
that the general fold of the chloride binding region is not
affected by the lack of chloride ions, in agreement with
previous studies (see ref7). The chloride ligands, as well as
the nucleophile Asp197, remain unchanged when the struc-
tural ion is not incorporated. The active site water molecule,
which was identified earlier as a molecule possibly partici-
pating in the acid/base catalytic step (Wat 555 in pdb entry
code 1PPI, ref2), is still present and continues to be involved
in H-bonding interactions with the chloride ligand Asn298,
while the interactions with the rotated side-chains of Glu233
(and Asp300) are lost.

It is worth mentioning here that the native PPA crystal
initially includes a structural chloride ion. As previously
observed in the case of PPA (16), AHA (17), and HPA (7),
theseR-amylases in the state of chloride depletion display a
low level of basal activity, and the activity of the enzyme
depends on the chloride concentration in an approximately
hyperbolic fashion. Under our experimental conditions (when

the crystal is immersed in a solution devoid of chloride ions),
the structural ion is largely removed. It is widely recognized
that the crystal may constitute a mixture of coexisting
states: in most of its molecules, the Cl- ion has been
removed and the carboxyl group of Glu233 replaces the anion
(see Material and Methods section). Three additional surface
chloride ions located in the vicinity of the active site were
identified in the high-resolution study on PPA (5). Due to
the lack of chloride ions in the medium, these surface
chloride ions were replaced by water molecules in the present
structure, as was to be expected. These points were confirmed
by the refinement procedure. To address the role of the
chloride in the phosphate buffer used in our crystallographic
experiments, a complementary kinetic experiment was
conducted both with and without chloride incorporated in
the reaction medium. When the kinetic assay with native
PPA was performed in the presence of 6 mM sodium
chloride, the substrate was readily hydrolyzed with a kcat
of 883 s-1. Interestingly, when the assay was done in a
chloride-free buffer, the kcat value decreased to 86 s-1,
showing that chloride-freeR-amylase had a low level of
activity. Similar results were obtained when extensive
dialysis was performed to remove the chloride from the
starting enzyme and the assay was performed in the presence
of chloride: maximum activity levels (926 s-1) were recorded
in this case, but again, when the buffer contained no chloride
ions, only about 10% of this activity (83 s-1) was observed.
The dramatic decrease in native PPA activity, which dropped
from 883 s-1 in the chloride- containing buffer to 86 s-1 in
the chloride-free buffer in our experiments, suggests that the
chloride moved in the opposite direction, i.e., from the
enzyme to the medium. This finding shows that the chloride
ion is variably available, depending on the environmental
conditions. It is worth noting that these data are in keeping
with earlier results published by Feller et al., (20), who stated
that the activity of chloride-dependentR-amylases can be
modulated by varying the Cl- concentration in the medium.
The basal activity levels (observed with enzyme and medium
devoid of chloride) amounting to 10% in the present study
may have been due to either residual bound chloride,
experimental deviations, contamination of water by chloride
or may have been simply some other basal activity not
dependent on chloride). All in all, the kinetic data obtained
in the present study are in line with the structural events
observed in the absence of chloride in the reaction medium.
The crystals used in the crystallographic study were not
obtained from a dialyzed enzyme, but grown from fully
active native enzymes. In our experiment, they therefore
continued to show more significant chloride occupancy
values than what was suggested by the kinetic experiments
on chloride-free PPA.

ActiVe-Site Bound Ligand.The electron density pattern
observed in the active site depression clearly indicates that
a maltotriose entity remained bound to subsites-3 through
-1. The three-dimensional structure of the product complex
was recently analyzed in a crystallographic study on native
PPA prepared under favorable conditions (pH 7 and structural
ions incorporated), soaked and flash frozen with a malto-
pentaose substrate (35). In this study, the reaction product
was found to bind at subsites-3, -2, and-1. In the present
study, the reaction product also bound at subsites-3, -2,
and-1, but interestingly, contrary to what occurred in the
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previous study, the-1 subsite sugar gave an extremely well-
defined electron-density patch. This difference observed at
subsite-1 was due to the lack of activity which occurs after
removing the chloride ion, since the substrate is converted
only very slowly. Therefore, contrary to what occurred with
an active crystalline enzyme, with which a mixture of
possible conformations might coexist at subsite-1 (and yield
disorder and weak density levels), the-1 sugar was found
in the present structure to have a nondeformed chair
conformation giving rise to an extremely well-defined pattern
of electron density.

The first results clearly showing that chloride is involved
in the kinetic behavior of a mammalianR-amylase were
published by Levitzki and Steer in 1974 (16). Later studies
have shown that this occurs not only in mammalianR-amy-
lases, but also in distant living organisms (see ref20). Some
relevant kinetic and structural data have been published on
the role of the chloride ion, especially by authors using
R-amylase mutants. Here we present a definite answer to
the questions raised by Levitzki and Steer. The present results
show the strong dependence of the acid/base catalyst on the
environmental chloride, which by acting on the state of
protonation of the catalyst, determines the activity of the
R-amylase. This provides an explanation for the relationship
between the specificity of the amino acid residues which form
the chloride binding region and the activity of chloride-
dependentR-amylases. The present study also sheds light
on previous data on PPA, HPA, and AHA; all in all, these
results suggest the general pattern of behaviour (in terms of
the chloride effector) of chloride-dependentR-amylases. This
links up with the suggestion made by Feller et al. (20) that
corresponding engineering strategies should be developed.
By performing a single amino acid substitution, it might be
possible to transform chloride-independentR-amylases into
chloride-dependent enzymes, thus opening a possible path
towards modulating the enzyme activity by varying the Cl-

concentration in the medium.
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