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IH-NMR chemical shifts and relaxation rates of dodecyltrimethylammonium bromide (DTAB) were measured in
aqueous solutions as a function of solute concentrations. Downfield chemical shifts were found on micellization for
all protons. Critical micelle concentration (CMC), aggregation number (n), equilibrium constant (K) and chemical shifts
of monomer and micelle (Smom, Omi) Were obtained from chemical shifts measurement. In spherical DTAB micelle
which is confirmed by the calculated value of surface area, the hydrocarbon chain had two gauche connections in
opposite directions in average. When micelles were formed the relaxation rates of ali protons were greatly increased,
as their environment changed from water to liquid hydrocarbon. The variation of relaxation rates indicate that 1)
part of the surfactants molecules in the micelles, ie., the head groups, are exposed to the water, 2) molecular motion
in the micellar state is more resticted than in monomer state and 3) the penetration of the water molecules into
micelle interior reach to the a position. A deformation from spherical to ellipsoidal micelles has been suggested
for DTAB when the surfactant concentration is higher than 32.0 mM. An explanation of this possibility is given.

Introduction

Amphipathic molecules those possessing clearly defined
regions of both hydrophobic and hydrophilic character are
well known to form a variety of structures in an aqueous
environment in which the hydrophilic moiety is exposed to
the solvent and the hydrophobic one is hidden from it. These
include spherical micelles, ellipsoidal micelles, rod-shaped
micelles, and a variety of smectic mesophases including bila-
yers, vesicles, liposomes, and lamellaphase. Micelle forma-
tions of a surfactants in solution is induced by the hydropho-
bic interaction between hydrocarbon parts of the surfactant
molecules balanced by their hydration and electrostatic repu-
Isive effects. A micelle is formed cooperatively at CMC!,
which is characteristic of the surfactant species and that
CMC is usually influenced by various factors such as tem-
perature and ionic strength. If the length of the hydrophobic
chain is increased, the hydrophobic effect becomes more st-
rong and, consequently, the CMC decreases and larger mice-
lles are formed.>® Such micelle structures derived from sim-

ple surfactant molecules serve as both structural and func-
tional models for more complex ones, including proteins and
biomembranes, constructed from the correspondingly more
complex biological surfactants, particularly phospholipids and
cholesterol.*

DTAB! is one of the cationic surfactant which has been
extensively studied by physicochemical methods. Aqueous
DTAB solutions show a considerable complexity in many
properties and, in particular its rather high CMC (15.0-16.0
mMY~7 and sufficiently long alkyl chain length is suitable
to the studies of common characters of various micelles. It
is evident that the origin of the complexity of DTAB solu-
tions, as it is expressed in the various physicochemical pro-
perties, has to be sought in various structural changes of
the aggregates formed. In turn, aggregated shapes and ag-
gregation process have to be traced back to the different
types of interactions at the molecular level, z.e., surfactant-
surfactant, surfactant-water, surfactant-courterion, surfactant-
solubilisate, etc. In order to study the highly specific effect
on aggregate structures and processes in aqueous DTAB so-
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lutions further, and in particular of elucidating the underly-
ing molecular interactions, we have undertaken nuclear mag-
netic resonance investigations.

In aqueous media, the micellization of ionic surfactants
are greatly influenced by both main alkyl chain and coun-
terion species in the solution. A change from spherical to
rodlike micelles has been mainly suggested till now when
the concentration of surfactant or added salt exceeds a cer-
tain critical value. In the case of DTAB this change occurs
in the absence of added salt when the concentration of
DTAB is larger than about 700 mM?®, which is much higher
than the critical micelle concentration. However, the concen-
tration range between the above two is so wide that another
deformation of spherical micelle shape into ellipsoidal one
which makes the sphere-to-rod transition smooth has been
suspected in this concentration range. In recent work, this
possibility was proposed strongly by calculation based upon
the SCFA (self-consistent field lattice theory for adsorption
or association of chain molecules) theory.® Proton NMR rela-
xation measurements on micellar system can be used to se-
parate the contributions from rotational and translational
motions to the relaxation process, and yield information
about differences in the degree of mobility along the hydro-
carbon chain.

In the present study the size of spherical DTAB micelle
and the possibility of the above deformation in aqueous solu-
tion are investigated through the measurements of the pro-
ton NMR chemical shift and spin-lattice relaxation rate.

Experimental

DTAB was purchased from Aldrich-Chemie, West-Germany
and used as supplied without further purification. It was
dried in vacuo at room temperature for at least 3 days before
use. As a check of the purity of the surfactant CMC determi-
nation was performed; the CMC agreed closely with those
of others.>~7 Deuterium oxide was supplied by Sigma Chemi-
cal Co., USA and was 99.9% enrichment. All surfatant solu-
tions were prepared by weighing, and the concentrations are
given as mM (milimoles/L of D;0).

Proton NMR investigations were performed on a Hitachi
R-600 high resolution NMR spectrometer in the Fourier-
Transform mode. The deuterium signal from D;0 was em-
ployed as an internal lock signal. The experiments were per-
formed at a fixed temperature (34.2C) which is calibrated
from the chemical shift difference between the two proton
resonance of standard MeOH sample.l The oxygen was re-
moved by repeated, at least 5 times, freeze-pump-thaw cyc-
les, and the tubes were sealed under vacuum condition. No
susceptibility corrections have been applied. In measurement
of chemical shift, the residual HOD proton resonance (56=5.
14 ppm) served as an internal reference. The spin-lattice
relaxation time T, was measured by the ordinary 180°-t-90°
pulse sequences. The precision of the 7; measurements of
our sample was better than ¥ 3%.

Results and Discussion
Micelle size. In the pseudophase model of micelle for-

mation, the CMC is considered as a transition point between
the monomeric and aggregated states of the surfactant. If
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Figure 1. Plot of chemical shifts of various protons of DTAB
as a function of reciprocal surfactant (DTAB) concentration in
water (D,0). The vertical axis have break, because the different
chemical shifts corresponding to different segments in the sur-
factant molecule. (@ :N, Aa:qa, A:B, O:m, O: w).

the exchange rate of surfactant molecules between the
aqueous bulk solution and the micelle is fast compared to
the chemical shift difference (8yi-8mom.) between the free
monomer and the aggregate, the observed shift of a reson-
ance line is a weighted average of their contributions. There-
fore, the observed chemical shift, 8., is

8obs_ﬁmotw c‘ +8mlc Ct

As a consequence of basic assumption there is no aggregation
below the CMC whereas the monomer concentration, Coms,
above the CMC remains constant. Inserting C,,;,.=C;—CMC
into Eq. (1) where C,; and C; is the micelle and the total
surfactant concentration, respectively, we obtain a linear
function of 8, wvs. the inverse of the total concentration.

B == G B @

@

The plot of 8, against 1/C; in spherical micelle region yield
Bmomo» Omic and the CMC1- 14

In Figure 1, the 'H chemical shifts of DTAB in water are
plotted against reciprocal of the total concentration. The no-
tation used to describe the various protons of surfactant seg-
ments are as follows:

N +‘ a B m o
(CH3)sN-CH,-CHx-(CH,)o-CHs

Syomss Omic and CMC of DTAB micelle were determined from
the two straight lines drawn at high and low surfactant con-
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Table 1. Several Micelle Parameters of DTAB deduced from
Chemical-Shift Measurements of the Protons of DTAB in Water
D:0)

Parameter 1st. CMC 8um i A

n InK
mM Hz

N 153 2140 2205 65 356 1396

a 152 2245 2402 157 359 1408

B 153 1283 1524 241 359 1402

‘m 153 1046 1092 46 364 1448
® 152 788 832 44 351 1307

average 153 35.8 141.0

centration (region above 30 liter/mole). Figure 1 clearly indi-
cates that the resonance signals of all protons undergo signi-
ficant downfield shifts upon micellization.

Regarding the orgin of the chemical shift changes on mi-
celle formation we can visualize two principal mechanisms.
We may either have ‘medium effects’, ie, direct effects of
the environment, or we may have °‘conformation effects’,
1.e., the chemical shift may change as a result of a change
in conformation of the hydrocarbon chain.? Since a downfield
shift can be related to an increasing importance of the trans
conformation,?* it can be inferred from Figure 1 that micelle
formation is accompanied by conformational change from
gauche to frans in the part of hydrocarbon chains. It is signi-
ficant that the effects are large to the o direction while rela-
tively small to the @ end. Several observations®’® show that
the medium effect of water on the polar head is remarkable.
Upon micellization, due to the binding of the counterion
(Br™) on micellar surface the water structure is somewhat
rigidified.

In Figure 1 and Table 1, it is shown that the order of
the change of chemical shift is

Bra®»N>m=w

Therefore it can be infered from the above order that the
medium effect of water at the polar head is comparable to
the conformation effect at the middle of the hydrocarbon
chain.

Ulmius et al.”, also verified the conformation effect in the
system of mixed micelles in which 1:1 TTAC!+CTAB! or
TTAC+ CTAC! solutions with a total concentration of 15%
by weight. In that case the TTA" ® signal moves downfield
0.08 ppm and the CTA* o signal moves upfield with the
same amount as compared to the single surfactant solutions.
8 The downfield shift of the TTA* ® could be ascribed to
a larger proportion of trans conformations as mentioned
above, because the motions of the @ will be restricted when
surrounded by the CTA™ alkyl chains. Similar restriction
of hydrocarbon chain in our case could occur in the micelli-
zation of DTAB.

In order to obtain the aggregation number of micelle, we
applied the single step equilibrium model (the mass action
law of micelle formation) on the micellization of DTAB. As-
suming an idealized situation where the amphiphile may oc-
cur either as a monomer or a single type of micelle with
an aggregation number » the chemical shift can be writ-
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ten

sz%'ﬁmk,

where both 6, and §,; are taken relative to the chemical
shift of the monomer. The equilibrium between the monome-
ric and micellar surfactant is given by

nA = 4,

with equilibrium constant
K=[A,A]"

The concentrations of monomer and micelle in the equilib-
rium may be expressed as

[A]:Ct.SLGOA and n-[A,,]ZC,-G;‘b‘—

8mic Smxc .
The expression for K may then be rewritten as

1n(Cl ° sabs) =
#-In[C, * Guic—8uw)]+IMK+Inn~m—1 " 1In8&u (3)

Consequently, a plot of In(C; - 8,) vs. In[C, * (Smic—8us)]
yields the aggregation number and the equilibrium constant.
Analogous procedures have been used previously for chemi-
cal shift of various nuclei’® % The results are summarized
in Table 1. The aggregation number obtained from 'H-NMR
chemical shift is 35.8% 0.4. This aggregation number is in
close agreement with the theoretical value of 37.1 which is
calculated by SCFA theory.? '

The head group area, @, and hydrocarbon core radii, R,
have been computed by assuming spherical micelle, with an
oil-like hydrocarbon interior, by taking

n - v=(4n/3) - RS, @
n-a=4n- R,2 )

Here v is the known volume of the hydrocarbon tail esti-
mated as v=(27.4+26.9 m) A% where m is some value close
to but slightly smaller than the number of carbon atoms
per hydrocarbon chain.® Using #=35.8 of our results of 'H
chemical shift and v=350 &? for the hydrocarbon chain of
12 of X-ray scattering results,® we obtained the value of
R..=144 A. Because the fully extended chain length is
(nex=1.5+1.265 m) A by the theory®, for this surfactants,
Imax=16.7 A. Hydrocarbon chain in the interior of micelle
can not be expected as fully extended state, so that the ef-
fective length of a chain (perpendicular to the micelle sur-
face), which is equal to R, is less than /.. In bulk liquid
the difference can be estimated based on the statistical me-
chanics of polymer chain dimensions? In the spherical mi-
celle, each ‘kink’ illustrated by Tanford® would reduce the
hydrocarbon chain length by 1.25 & And for two kinks per
hydrocarbon chain, Ry./lus Would be about 0.84 for a typical
chain length. From our results, R./lm.=0.86. Consequently
in spherial micelle region of DTAB, the hydrocarbon chains
have two gauche connections in opposite directions, creating
two kink in average.

For the sake of simplicity, if we assume that the centers
of the three methy! groups of the head group of DTAB re-
present three of the four apexes of a regular tetrahedra with
the N* at the center of this one, we can calculate the radius
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of spherical micelle, R, which include the contribution of
head group. The fourth apex would lie on the dodecyl
hydrocarbon chain. We assume that the contribution of the
nitrogen atom is equal to 1265 A. Thus the radius is

R=16+1265" (m+1)+0421 - m’

where m'=1 for the methyl group of head. For the DTAB
this radius can be determined as 185 A. Comparing with
the L, it can be infered that the non-permeated head group
thickness of spherical micelle is 1.8 A% Adding this value
we obtain a value of 16.2 A for the micellar radius, somewhat
smaller, than the experimental finding with ‘a two-step mod-
el’ from the multifield relaxation data.® As mentioned above
these come from the difference of the state of hydrocarbon
chain the micelle interior. Although it is expected that the
form of fully stretched hydrocarbon chain has a minimum
free energy, if we consider the lateral diffusion coefficient
of DTAB micelle,® D=(4.6* 0.8)X10""m?2-s", we can ac-
cept the above difference. Eq. (4) and (5) assume that the
density of hydrocarbon is constant in the interor of the mice-
lie.”® Thus head group area per hydrocarbon chain of a=72.4
A% was obtained from Eq. (6) and is good agreement with
the bromide specific electrode measurement of Zana?

According to the reference paper,® the free energy per
amphiphile in a micelle is given by

al

a

W=y <a+ >+g.

Where the interfacial free energy per unit area of aggregate,
v, is close to 50 erg - cm™? characteristic of the liquid hydro-
carbon-water interface. This value has been shown to be
essentially the surface tension of water minus the dispersion
energy contribution at the water-hydrocarbon interface. And
g the bulk free energy per amphiphile. Henceforth a, will
be referred to as the optimal surface area per amphiphile,
being that area at which the free energy per amphiphile
in a micelle is a minimum. Since a,=@mY® - (3v)**/n'?, and
the tail volume of an hydrocarbon chain is known, we can
yield the 72.7 & of g, in approximate equal to a. According
to another theory® which classify the micelle shape in terms
of new parameters, we have spherical micelles in case of
V/a, Inx<1/3; globular micelles or rods in case of 1/3<v/a,:
1.<1/2, in which the evolution of shape from globular to
rod accompained with this value going to higher value; lipo-
somes, lamella phase in case of W&, lwu>1/2; reversed
phases in case of Wa, l.>1. Whatever the shape, the tail
volume of v and fully stretched chain length of .. (for vesi-
cles the outher chain length) is independent with the
evolution of micellar shape. In our works, v/a, /.. yields
0.288, which consequently support our assumption of spheri-
cal DTAB micelle.

When the total concentration of surfactant increases gra-
dually to some extent in spherical micelle region, the spheri-
cal micelle begins growing to some larger one not persistent
its initial size® so that the area per hydrocabon ghain do
not satisfies the assumption of a=a,, and almost evgrywhere
above a certain critical surfactant concentration, it begins
to decrease. Therefore, it can be expected that the spherical
micelle is deformed to another shape above this critical con-
centration as the value of v/a,*ln. exceeds 1/3. Israelachvili
et al., proposed® a ellipsoidal forms as this another shape
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in the globular micelle region by purely mathematical calcu-
lation. Thus, we calculate from the v/a, /... value of 1/3 that
this elliposidal micelle has about 56 of aggregation number
above a certain critical surfactant concentration in case of
aqueous DTAB soluion.

In Table 1 the value of In K=141.0% 1.9 was determined
in average as the equilibrium constant in the aggregation
process of surfactant molecules into spherical micelles. The
values of CMC, », and K obtained from various proton reso-
nances are in excellent agreement.

From Table 1, it is seen that the change of the chemical
shifts on micellization A=38,;—8mm is dependent on the
position of the proton along the molecular chain. At the B
positon of the molecule the largest downfield shift of 24.1
Hz is observed. The shift becomes progressively small as
the position of the proton atom reaches either polar head
or chain end. The degree of shielding of a proton atom de-
pends on relative populations of ‘gauche’ and ‘trans’ con-
formers. Downfield shifts on micellization suggest increased
fraction of ‘trans’ conformer along the carbon chain where
respective protons are attached. The spin-lattice relaxation
rates of respective protons discussed later also show the
presence of motional gradient along the hydrocarbon chain.
Both in Table 1 and Figure 3, we look at the Stern layer
of micelle. It is seen that chemical shift of the protons at
head position is a little affected on micellization and that
its relaxation rate is rather small than that of a, B position.
Accordingly, the methyl groups attached to nitrogen atoms
are considered to stick out from the surface of a spherical
micelle into the solvent and their motional freedom as well
as their magnetic environment are not altered significantly
on micellization. The same tendency about the changes of
conformations of hydrocaron chain on micellization was
found in case of DDAC' by Maeda ef al®

The evolution of micelle shape. The contribution of
the deuterium of DO or bromine nuclei of counterion to
the relaxations of DTAB protons is very small and can be
ignored. In our systems, therefore it can be assumed that
(i) only dipole-dipole interaction between protons in the sur-
factant molecules is effective in causing spin-lattice relaxa-
tion, and (ii) molecular motion is sufficiently rapid that the
‘extreme narrowing’ condition exists.

In Figure 2, the 'H spin-lattice relaxation rates at various
positions were plotted as a function of the total surfactant
concentration in water (D;0). All the protons showed the
similar variation of 1/7; in the beginning, e, slightly in-
creased with increasing the DTAB concentration up to 16.0
mM. But above this concentration, the relaxation rates of
all protons abruptly increased up to 32.0 mM. After this total
concentration, the relaxation rates itself were increased but
very gradually as the concentration is increased. The first
critical point of 16.0 mM is well known as the 1st. CMC
of this surfactant, in good agreement with the result of 'H
chemical shift and the several other experimental® and theo-
retical® values.

The (1/T1)imre (sec™?) of each protons were determined by
extrapolation to infinite dilution in Figure 2. The results are
as follows:

N a B m ®
A/ TDine 062 0.73 0.97 0.65 0.34
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Figure 2. Plot of proton spin-lattice relaxation rate (1/T) of
various protons of DTAB as a function of the concentration of
DTAB in water (D:0). (®:N, a:a, &2:B, C:m, O: o).
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Figure 3. Plot of proton spin-lattice relaxation rate (1/7)) of
DTAB as a function of the 'H-resonance of DTAB at a given
concentration,

This results show that the value of (1/7 )i have the same
tendency as the one of the chemical shifts difference A=
Omic—Omomo as mentioned above, i.e, the B has the largest
value, and becomes progresively small as the position of the
proton atom reaches either polar head and chain end. This
variation represent directly the degree of rotational correla-
tion time and internal motion of each segment of surfactant
molecule under the assumption of fully extend hydrocarbon
chain.

In Figure 3, the relaxation rates of surfactant molecules
were plotted as a function of the 'H-position at each concen-
tration. The scale of the axis of the 'H-position is given from
the assumption of the length of C-C bond being one (in arbi-
tary unit) including C-N bond.

From Figures 2 and 3, a marked increase in the 1/T; value
with increasing the surfactant concentration above 1st. CMC
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(fe, spherical micelle region) is found in all protons. This
behavior may be attributed to a severe immobilization at
the polar head as well as at the hydrocarbon chain, because
surfactant molecules interact strongly with neighboring mole-
cules, counterions and water molecules at the micellar sur-
face, and because the mobility of the hydrocarbon chain is
greatly restricted due to the packing of the chains. Accord-
ingly, the overall motion of the surfactant molecule becomes
more and more restricted, implying that the internal motions
become more important for the relaxation process. As for
the terminal methyl, w, it has a prominent segmental mobi-
lity, f.e, it has the smallest value of 1/7;, irrespective of
the surfactant concentration. It can be inferred that the mi-
cellar interior is likely to have properties of approaching to
those of a liquid hydrocarbon environment, as already stated
by others in the same system,®* and the shorter chain sys-
tems.® Each segments of hydrocarbon chain except for a
have the higher mobility as the position reaches the chain
end, o. And it has the good relation with the results of fluo-
rescence and NMR measurements that when the hydropho-
bic materials like benzene, eosine and pyrene were dissolved
in micellar solutions, their position in the micelle interior
is near to B.5%

Figure 3 clearly shows that the 1/7) values of o is some-
what larger than those of the polar head, and somewhat
smaller than those of B in all concentration. This variation
can be interpreted as the effect of the water molecules pene-
trated into the micelle interior up to a-position. The environ-
ment formed by penetrating water molecules to this position
can give somewhat higher mobility to a segment. Tanford®
and Zielinski e al.,* found that the penetration of water
molecules reaches to B position in case of OTAB! having
eight carbon chain length, and this penetration effect reduced
gradually with increasing carbon chain length. In spherical
micelle region of Figure 3, the difference of 1/7 values be-
tween a and polar head is about 0.1 sec™!, and does not
vary with concentration. But above the surfactant concentra-
tion of 32.0 mM, this difference is doubled such as 0.2 sec™},
and this increasing tendency is continuously observed. This
implies the reduction of water penetration above 32.0 mM.
And this can be explained as a results of the deformation
of spherical micelle to ellipsoidal one due to the shortening
of the distance among polar heads. To confirm this, we ap-
plied the pseudophase model to the values of the relaxation
rates.

The lifetime of a micelle is substantially shorter than the
relaxation times being measured and the observed 1/T; value
is considered to be a weighted average of the rate for mi-
celles and for monomers:

WTDas=-2E . YTt ﬁiglc—

C, * (YT Dmic

where the notation used is the same as those of chemical
shift. Since the monomer concentration above the 1st. CMC
is nearly constant, the value of (1/7)mm, in the micelle re-
gion is regared as constant. Then the (1/7)mi. can be
calculated for various concentrations. In Figure 4, the values
of (1T of each protons thus determined are plotted as
as function of concentration. The slopes for all protons
changed around 32.0 mM, and in each region, above and
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Figure 4. The relaxation rate of proton in micelle {(1/T 1w}
as a function of the concentration of DTAB in spherical micelle
region in water (D:0). (@:N, a:q, a:8, O:m, O: ).

below this concentration, the slopes for each protons are
similar except @ proton. Their values are (—1.2% 0.4)X 1072
and (3.6%0.7)X107%, respectively. The self-diffusion coeffi-
cients of the micelles are low enough, the intermicellar di-
pole-dipole interaction should be negligible. The slope change
shown above must be explained by the internal motion of
the hydrocarbon chains within the micelle. Also the high
charge on micelles must ensure that close contact between
micelles is unlikely, Ze, the interactions between micelles
are strongly repulsive® Consequently the slope change of
(1/T )i to the concentration around 32.0 mM is attributed
to the change in micellar structure. The value of (1/7mic
of w is indifferent through all the concentration region i.e.,

the mobility of the deepest micelle interior is not changed

in changing of the micelle structure.

In summary,” the micellization process of DTAB in
aqueous solution is as follows: (i) it exists as a single ion
i.e, monomer, by dissolving in water at low concentration,
but the unstability of hydrocarbon chain leads a transition
of forming spherical micelle at the 1st. CMC (16.0 mM), (i)
spherical micelle changes its shape to ellipsoidal one through
the deformation within each micelles around 32.0 mM, (iii)
downfield chemical shift on this micellization reflects the
increased fraction of trans conformer, and (iv) the result of
the spin-lattice relaxation rate shows the presence of motion-
al gradient along hydrocarbon chain of DTAB molecules.
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Bacillus licheniformis a-amylase cloned in E. coli genetically was purified by ammonium sulfate fractionations, DEAE-
Sephacel, Mono-S, and Superose-6 column chromatographies. The highly purified a-amylase preparation showed 221.8
units per mg protein with 30% vield. Disc gel electrophoresis showed one major protein band. The molecular weight
of B. licheniformis a-amylase produced in E. coli was 55,000 daltons by SDS gel electrophoresis. The K, value of
Bacillus licheniformis a-amylase produced in E. coli was 0.22% and the V. of the enzyme was 0.6-0.7% min by
Hofstee plot. The activity of enzyme showed maximum through wide range of pH, from pH 4 to pH 8 but slowly
decreased with increasing pH values. The enzyme required Ca®* for its activity. At pH 8.0, the enzyme had about
25% activity after 15 min incubation at 90C with 1 mM Ca®*.

Introduction

The enzyme a-amylase (¢ Amy; 14-a-D-glucanohydrolase,
EC 3.2.1) is an endoamylase and catalyzes the cleavage of
the a-1,4-glucosidic linkage between glucose molecules in
starch, glycogen, and dextrins. a-Amylase produces first dex-
trins, which are subsequently cleaved to ‘maltose, glucose
and branched oligosaccharides.

The a-amylases are widely distribured in plant and animal
kingdoms and are important for the utilization of polysaccha-
ride in vivo. The a-Amylases of different origins exhibit the
same specificity, namely catalysis of hydrolysis and have sim-
ilar enzymatic properties, Ca’®* requirements and optimum
pHs.*? Interest has been focused on their mode of secretion,
regulation of synthesis, protein structure and industrial ap-
plication. In recent years, the amylase genes of B. coagulans,’
B. amyloliquefaciens,* B. licheniformis® and B. stearothermo-
philus® have been expressed in either B. subtilis and E.
coli.

Taka-amylase A (TAA), a fungal a-amylase produced by
Aspergilius oryzae and isolated in high yield? catalyzes the
endoamylolytic degradation of starch. The physical and
chemical properties of this enzyme (TAA) have been extensi-
vely studied,® and three-dimensional structure of TAA have
been investigated by X-ray structure analysis at 34 resolu-
tion using the multiple isomorphour replacement method. As
the complete amino acid sequence determination progressed,"
molecular model of TAA was completely constructed by fit-
ting skeletal models to the electron density results. The sub-

*To whom correspondence should be addressed.

strate maltotriose-soaked crystal structure of TAA showed
a possible binding mode between substrate and enzyme. On
the basis of the difference Fourier analysis and the model
fitting study, glutamic acid (Glu230) and aspartic acid (Asp
297) which are located at the bottom of the cleft were con-
cluded to be the catalytic residues serving as the general
acid and base, respectively.’2

In order to support this acid-base model of TAA as general
mechanism of g-amylase, the amino acid sequences inferred
from B. stearothermophilus and B. licheniformis a-amylase
gene was compared with amino acid sequence of TAA and
the result showed homolozy in three functional groups.'>%®
The B. licheniformis a-amylase is the liquefying enzyme most
widely used in industry and is the only heat and pH stable
a-amylase that is known to show substantial activity in alka-
line range at high temperature. This enzyme is stable be-
tween pH 6 and pH 11 at 25C and its optimal temperature
is 76C at pH 9.0. The a-amylase gene of B. licheniformis
(ATCC 278110) has been cloned"” and the nucleotide se-
quence of a DNA fragment of 1,948 base pairs cotaining en-
tire B. licheniformis a-amylase was determined completely."®

In this study, B. licheniformis a-amylase was produced in
E. coli and was purified to homogeneity. The kinetic para-
meters, pH-optimums and thermostabilities of the a-amylase
were determined.

Materials and Methods

Materials
Protein marker was purchased from Dalton. DEAE-Sepha-
cel, Mono-S, Superose-6 were purchased from Pharmacia-



