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A series of eight a-amylases (1,4-a-D-glucan-glucano-hydrolase: EC 3.2.1.1) of known
primary structure were investigated using the Informational Spectrum Method (ISM), for
the purpose of predicting new enzymes with increased efficiency. Through ISM, we trans-
formed the primary structure of an enzyme into a numerical array, and were able to obtain
and compare original spectra. Furthermore, using the multiple cross-spectrum function, we
established only onc mutual and well defined peak. The frequency of this peak is the
characteristic frequency of all investigated a-amylases. There is a correlation between the
value of the amplitude at the characteristic frequency and the activity of the biomolecule. By
a further mathematical treatment, the method yielded information enabling the prediction of
an enzyme structure with greater efficiency through minimum modification of the natural
product. This minimum modification could be performed using the simplest method of genetic
engineering, single point mutation. Mutations were suggested for a-amylases from the follow-
ing sources: Aspergillus oryzae, Bacillus amyloliquefaciens and barley.

Aseries of a- amylases (1,4 -« - D - glucan- glucano-hydrolase; EC 3.2.1. 1) originating from
mousc'lwcr and salivary gland,! from pancreas of mouse,? rat® and hog,* from barley,’ fungus
Aspergillus oryzae * bacteria Bacillus amyloliquefaciens” and Bacillus subtilis ® of knom; prima
Mructure were investigated by the Informational Spectrum Method (ISM). ISM is a numericz
procedure for the analysis of proteins and nucleic acids®*2and in the present work it was used to
determine the characteristic frequency of the above mentioned enzymes

e The qharactcristic frequency is a parameter which appears to be common to proteins having
same biological function. Proteins of different origin and constitution, but with the same
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function, have the same significant peak frequencies, called characteristic frequencies.'> By a
further development of this method? it was proposed that it would be possible to design proteins
with enhanced biocatalytic properties. In the present work, calculation of the changes required in
the primary structure of an a- amylase molecule necessary 1O enhance its enzymatic activity was
attempted. Because of their importance in biotechnological transformations of starch substrates,
the calculations concerning structure changes were performed for a-amylases from barley, Bacillus
amyloliquefaciens and Aspergillus oryzae.

METHOD

ISM is a theoretical method for the analysis of the informational content of protein and
DNA sequences'! using both mathematical and physical principles and computer techniques.
There are two steps in the procedure. The first step is the transformation of genetic and protein
sequences into a numerical array. Each nucleotide or amino acid is represented by a characteristic
potential of electron-ion interaction. !4

The potential of the electron-ion interaction (PEII), calculated from the appropriate
model,? describes the energy levels of valence electronsin nucleotides or in the R groups of amino
acids. These energy levels are closely related to the mechanisms of interaction between organic
molecules.’12 According to the model proposed by Veljkovi¢ and Slavié,? for single atoms, the
PEII is a function of a valence number and two constants
where: 2" is the valence number - number of electron in the outer incomplete shell of a chemical
element, @yanda; are constants dependant on the position of the atom in question in the periodic
table.

sin (270 «, z*) oy = -3.40 eV
21 oy = 052

PEIl = oy z*

\{eljkovic," further developed the method of PEII determination and extended it to the
calculation of the potential for atomic groups, using instead of individual valence numbers, the
"effective valence number" 2"« :

m
> my

i=1
N

z:‘-

wherg: N is the total number of atoms in the R group,n the number of chemically different
?onstuuent atoms, n; the number of the i-th constituent atom, and z the valence number of the
i-\h constituent atom.

' Values for z'« are from Ref. 14 and these values, together with the PEII for each amino
acid, or more precisely, of its R group, are given in Table I.

It has been shown previously 910111314 that such an approximation of the energy state of a
molecule can be used for numerical analysis of the biological function of naturally occurring

macromolecules. Thus, ISM has been used for th i i
D e used for the analysis of a number of proteins and regulatory

. In al! cited investigations, PEII is considered to be a basic parameter and each nucleotide
or amino acid, regardless of its position in a sequence, is represented by a single specific PEII value.
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The second step in the ISM procedure is the analysis of the numerical array to extract the
information relevant to the biological function. The transformation of the numerical series into
the corresponding spectral is done by the Discrete Fourier Transformation (DFT) as follows:

N-1
x(n)=3 X(m)exp (- (2P/N)nm n=12..N22
m=0

where : x (m) - m -th member of a given numerical series, N - total number of points of this series,
X (n) -DFT coefficients.

In a DFT treatment, an aperiodic discrete function can be represented by an array of
sinusoidal functions, which are contained in the original signal. Amplitude of these functions
constitute the amplitude spectrum of genetic or protein sequences, called the Informational
Spectrum (IS). In order to determine frequency components which are mutual for a group of
sequences, a multiple cross-spectral function is used. This is defined by :

Mn)=X1(n)*X2(n)*..*XM(n) n=12,..N2

where : M (n) - multiple cross-spectral function, Xi (n) - DFT coefficients of the ith signal, M -
total number of signals.

In the multiple cross-spectral function the peak frequency indicates that all analyzed
sequences have one mutual and characteristic frequency. Earlier studies %216 which included
about 1000 protein and regulatory DNA sequences, showed that for the same, well defined
biological function, a characteristic common frequency was detected for all investigated molecules.
There is no relevant peak for unrelated sequences, in fact a "white noise" signal is produced.'2¥ Tt |
was also noted that the higher the amplitude of the characteristic frequency in the Informational
Spectrum the greater the efficiency of the investigated biologically active natural macromolecule.
It was therefore suggested that by using an inverse ISM procedure, it should be possible to propose
a change in the primary structure for a calculated increase in the primary structure for a calculated
increase in the amplitude at the characteristic frequency. The new protein should exhibit an
increase efficiency in the specific biological function.!

RESULTS AND DISCUSSION

Figure 1 presents the stepwise procedure applied to one randomly chosen a- amylase out
of the eight investigated. Figure 1.1 is the single letter notation of the primary structure of the
a-amylase isolated from the fungus Aspergillus oryzae. This enzyme is popularly known as Taka
amylase A and is active in the hydrolysis of rice starch. Figure 1.2 is the numerical array obtained
by assigning the appropriate PEII value to each amino acid presented in Figure 1.1. This numerical
array was then treated by DFT in the same way as signals are treated in telecommunications. This
transformation leads to Figure 1.3, the Informational Spectrum is of Taka amylase A.

The transformation of the primary structure of all investigated & - amylases to IS was
performed in the same manner. The IS for different & - amylases varied, as is evident in Table II.
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ATPADKRSOSTYFLL TORFARTDCSTINTCHTADOKYCGG THOGT IDKLD
1.1 YIOGHGF TATH L TPV TAQLPODCAYGDATGYHOTD I YSLNENYG TADDL
y KALSSALHERGHYLHVDYVANNNG YDGAGSSVDYSVFKPF SSONDYFHATC
FTONYEDOTOVCOCHLGDNTVSLPDLDTTKDVVKNEHYDHVGSLVSNYS |
DGLRIDTVKHVOKDFHPGYNKNAAGVYCIGEVLNGDPAY TCPYONVHDGVL
HYPIYYPLLNAMKSTSGSHDDL YNHINTVKSDCPDSTLLGTFVENHDNPR
FASYTND INLAKHVAAF 1 ILNDGLP T TYAGOEOHYAGGNDPANREATHL S
GYPTDSELYKLIASANATRNYAISKDTGFVTYKNPYIKDDTTIAMRKGTD
G50IVTTL.SHKGASGDS Y TLSLSGASYTAGOOLTEVIGCTTVTVGSDGNY
PUPHAGGLPRVLYPTEKLAGSK ICSDSS
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Fig . 1. The evolution of the informati -
g < onhpissiom. tional spectrum (IS) for a-amylase of Aspergillus oryzae
1. 1 Primary structure in single letter symbols of amino acids
1.2 Substitution of amino acids by PEII, the original spectrum
1.3 The informational spectrum of taka amylase A
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TABLE I1. Characteristic values obtained from informational spectra of investigated @ - amylases

Amplitude
Source of Peak of the highset Sy
« - amylase frequency peak frequency ratio
(eV)

Mouse liver
and 0.05273 40.740 5.21
silvary gland
o 0.39648 44,365 6.14
mouse
ke 039648 47.239 7.5
Hog pancrealic 0.41211 42.960 5.99
isoenzyme |
Barley 0.02734 35.204 4.60
Aspergillus oryzae

0.00977 41.498 5.58
(Taka amylase A)
Bacillus

0.31641 46.830 7.39
amyloliquefaciens
Bacillus subtilis 0.24316 43.957 9.55

The primary structure of the analyzed enzymes varics from approximately ten to ninety

percent, according to the data of Refs.¥but they all catalyze the random hydrolysis of the & 1 —>4)
glucoside bond in starch and glycogen.

A detailed survey of the primary structures of the & - amylases from animal sources showed
that they are quite similar. Thus, amylases from two different mouse organs, the pancreas and
liver, differ by 12.2%, while salivary gland amylase and liver amylases are practically the same, the
mRNAs differ only in 5’ non-translated sequences. Mouse and rat pancreatic amylases are most
similar, considering the different species, differing only by 6.76% in the amino acid sequences.
Among the mammalian amylases, those originating form mouse liver and hog pancreas differ the
most, 19.15%. The other analyzed amylases differ considerably among themselves and are also
bey different to those from mammalian sources. There is practically no similarity except ion the
sequences given in Table I11. As this amounts only to about 10% of the whole macromolecule, it
is difficult to give a quantitative measure of similarity.

In Table I1I, the circles denote amino acids which are believed to participated in the active
site of enzyme (on the basis of investigations performed on Taka amylase A).* The squares circles
are the amino acids which appear in the sequences of maximum similarity in all the investigated

a-amylases. The triangle is the only point where mutation is proposed in the neighborhood of the
region of the similar sequence in Taka amylases A.

Regardless of the surprisingly different primary structure of enzymes from different origin

and, consequently, the different informational spectra, the same biological function is expressed
by a mutual characteristic frequency.




Table II1. Similar sequences in investigated a-amylases
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Using the multiple cross-spectral function, Fig. 2, shows the procedure for the definition of
the mutual frequencies for seven out of the eight investigated a-amylases. Figure 2.7 depicts a
clearly defined peak frequency at 0.41211. This is the most significant frequency for all signals
obtained as a mathematical representation of the primary structure of liquefying a-amylases. The
only one that did not fit into this analysis was the saccharifying a-amylase from Bacillus subtilis.

The a-amylase from Bacillus subtilis was not included in further treatment as the multiplica-
tion of its spectrum with the spectra of other a-amylases during multiple cross-spectral analysis

caused a decrease instead of an increase in the peak amplitude at the characteristic frequency and
so decrease the accuracy of the method used.

The possible reason for this is the number of amino acids residues in this enzyme, which is
660.

It should also be noted that being the only saccharifying amylase and different in some of
its characteristics from the others,'®2 the Bacillus subtilis a-amylase could have a somewhat
different mechanism and therefore a different characteristic frequency.

TABLE IV . Values of amplitude at mutual frequency (0.41211)

Source of Amplitude on mutual Square of the
«a - amylase frequency (eV) amplitude (eV
Mouse liver
and 34.19 1169.0
salivary gland
Pancreas of
mouse 36.42 1326.2
Pancreas of
it 3264 1065.4
Hog pancreatic
isoenzyme | 42.96 18459
Barley 24.06 5789
Aspergillus oryzae

19.42 3773
(Taka amylase A)
Bacillus

22.88 5234
anyloliquefaciens

Table IV gives the results of the ISM procedure applied to the seven a-amylases. The
amplitude of the mutual frequency is the significant parameter for comparison of enzymatic
activity, but the square of the amplitude was used for comparison. This is similar to what was done
for other biomolecules, 1% It is well known that it is very difficult to correlate kinetic data of
various enzymes. The data available in literature usually concern a single amylase and a single
substrate. However, we were able (o find, in the literature comparable activity parameters for pairs
of & - amylases which have been successfully analyzed by ISM in the present work.

These were compared using the values of the squares of the amplitudes given in Table IV.
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Bernfeld ! gives Km values for hog pancreas (1.8 x 10 -* g/cm 3) and barley a-amylase (6.3
x 10 # g/em ?). The ratio of the Km constants for these two enzymes is 3.50 apd the ratio of the
squares of the amplitudes at the mutual frequency is 3.19. We considered this to be very good
agreement.

Tauber 2 states that, at optimum pH, the activity of a-amylase from barlcy (1200 units) is
1.84 times higher than the activity of a-amylase from Aspergillus oryzae (650 units). The respective
ratio of the squares of the amplitude of the investigated a-amylases is 1.53. Data for the activity
of crystalline a-amylases were given by Barman.? According to this source, the ratio between the
activity of porcine pancreatic amylase (1360 IU, pH 6.9) and that from Aspergillus oryzae (438 10,
pH 5.9)is 3.11. The ratio of the values given in Table IV is 4.89. Although the agreement between
the last two ratios is only fair, we consider that the obtained comparison indicates the possibilities
of using ISM for the study of enzyme activity. This has not been done till now.

0

Fig. 2. The procedure for the extraction
” “ | L) II | of the mutual frequency by multi-
ple cross-spectral function of in-
vestigated - amylases:

w 2.1 The Informational Spectrum of a-
amylases from mouse liver and

salivary gland
100 ,TL—-«L_—-..-_.._‘_.-‘IlL-J_. b

2.2 The cross-spectral function of a-
amylases {rom two different tiss-
ues of mouse liver and pancreas

2.3 The multiple cross-specrtal func-
tion of two mouse a-amylases and
one from rat

2. 4 The multiple cross-spectral func-
tion of tree rodent a-amylases and

s l one from hog

100 1 -l adl ol

2. 5 The multiple cross-spectral func-
tion of four mammal a-amylases
and one from barly

2. 6 The multiple cross-spectral func-

o tion of mammal, barley and
A. oryzae a-amylases

2.7 The multiple cross-spectral funs-
tion of all seven liquefying a-

0 0.1 0.2 0. 0.4 0 .n”nmu:

frequency
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Bearing in mind the methodology of th ISM procedure outlined above, it should be possi'blg,
theoretically, to determine the points in the sequence which are related to the charaqemtnc
frequency which are related to the characteristic frequencies of the group of molecules having the
same biological function. Therefore, using inverse ISM, it should be possible to predict changes
in the primary structure which should influence the biological action. In a recent publication, t!)is
procedure has been tested on SV40 enchancers, and the results were successfully compared with
experimental data.

In this work, we used inverse ISM to propose the changes in the primary structure ofselected
biotechnologically important a-amylases, which should produce a more efficient enzyme. Employ-
ing inverse DFT, actually its more convenicnt form FFT (Fast Fourier Transformation), and the
well known algorithm,?* a preselected percentage increase of amplitude at the characteristic
frequency was cffected.

It is well known® that an amplitude change at only one frequency in a spectrum causes
changes at each point in the numerical sequence. Therefore, the percentage increase in the
amplitude at the characteristic frequency is selected in such a manner (trial and error method )
that when IFT, (Inverse Fourier Transformation) is applied only minimal changes are effected.
This means that in the new numerical sequence, only in few points (2-3) are the PEII increased up
10 the next nearest full PEII value, corresponding to a different amino acid indication, for example,
a change of glycine to valine.

Thus in @-amylase from Bacillus amyloliquefaciens it was predicted that using single point
mutation, the simplest method of genetic engineering, changes in the primary structure of the
enzyme should be made at positions 43, 53 and 63. At these points in the protein glycine should
be replace by valine, thus producing a more efficient enzyme with minimum changes in the primary
structure.

In a-amylases from barley, glycine should be replaced, by valine at positions 58 and 75 and
phenylalanine replaced with threonine at position 272. It was also predicted, that Taka amylases
A would be more efficient if glycine was replaced with valine at positions 290, 438, and 448 ; and
phenylalanine with threonine at position 301.

Mutations where glycine is replaced by valine are among the most frequent in nature.
Therefore, the small proposed changes in the primary structure should not cause any dramatic
perturbations of the other structural and bonding characteristics of the protein.

[t should be noted, however, that at least for Taka amylase A, the proposed changes in the
primary structure do not concern the activity centre. According to Kakudo!? in Toda’s paper,$
proposed from X-ray crystallographic analysis of Taka amylase A, That His-210, Gly-230 and
Asp-297 are located in the active site cleft and that His-122, Asp-168, His-296, Asp-297, and
Asp-340 participate in the substrate binding. Therefore, the mutations proposed in the present
work should not affect either the active centre nor the substrate binding position but, more likely,

the general energy level of the molecule. According to our findings, this is important for the
biological function of the protein investigated. ;: el

This finding is, to a certain extent, supported by predictions given earlier in the literature.

It was suggested that, in enzyme engineering, initial successes may result from modelling changes

which are not directly related to the mechanism of catalysis and, therefore, with the structure of

:;((: :;it;vc ccg::rc. Agcgrdmg to the same reference?® enhanced characteristics for industrial
alysis may be provided by a catalyst with an altered subst ifici vi

Serlindy by ys ubstrate specificity or sensitivity to product

From the point of view of a biochemist, it ma

: . . y be argued that ISM does not take into account

the hughcf levels of the protein structure. However, secondary, tertiary and quaternary structures,

taken individually or together, ar a function of the primary structure. At present the mathematical
expression of this function is unknown, but this does not mean that it does not exist.
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CONCLUSION

We consider that the treatise put forward in this work presents, at least, a possibility fgr
predicting changes in the primary structure of a-amylases, which maybe expected to result in
increase in the efficiency of the enzyme. One may conclude from a literature survey of texts on
enzyme engineering that guiding design principles for changes in enzyme structure are requnred.”f‘
It is further believed that, considering that recombinant DNA methodology for protein synthesis
exists today,? de novo enzyme design and synthesis will be limited only by the ability to select the
proper amino acid sequences for engineering proteins.

The main advantage of the results obtained by use of ISM is that the proposed changes in
the primary structure can be performed without drastic genetic manipulations, ie., via recombinant
DNA methods. Single point mutation is a method which is constantly being developed anditis
possible that it will gain in importance in the future.

Enzymes of specific and maximum efficiency are necessary because in a bioreactor a single
biochemical reaction is important. It is not certain that the proposed changes will be suitable for
processes using live cells, as these are complex and not sufficiently known.

It should also be pointed out that all propositions put forward in the present work need to
be verified experimentally. We are not in the position to do that now, but possibly somebody else
is.
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H3BOA

MPUMEHA METO/IE HHOOPMALIMOHUX CITEKTAPA V UCTTHTUBALY
EH3UMATCKHX PAJIHYHUTHUX a-AMHUIIA3A

ALEKSANDARA MILUTINOVIC - NIKOLIC i MILICA MISIC - VUKOVIC

Iratinut za h _'-' Aaalootl, ¥ Aogutd .
1100] Beograd i Katedra 2a organsku hemiju rmmmuahmmumw

Hua on 8 a-amunaza (1,4-a-D-rayxaH-rayxaHo
; , -xuaponase; EC 3.2.1.1) noauxar MapHe
CTPYKTYPE HCIIHTHBAHO je METOA0M HHPOPMALHOHKX cnexTapa (ISM), ¢ umisem au ce npe:u:?:e HOBH
g:o.;:l: .:t:&u;:c&ocm Momohy ISM-a TpancdopMHcaHa je NPUMAPHA CTPYKTYPA CHIHMA Y HHM3
210 Moryhe N00MTH H YNOPEAHTH OPHIHHANHE C K
c He GyHxuMje yTepheH je caMmo jeaaH aj o opummnmuymn-
nexTpas jeaHHYKH, 106po neduHmucad nux. O,
MHER NPEACTAR/LA KAPAKTEPHCTHYHY DPexBeHLlY CBHX WCIMTH oc'ro. s mouor
BaHMX amunasza. I1 j

uwchz :;:mr:‘:unnmyne Ha llpaqcpucruquoj (pexBeHLMjH M AXTHBHOCTH é:oumz'o:ar
anuponuorn M 06pajoM, METONA je AANA NPEAOT 38 MHHHMATIHE NPOMEHE Y CTPYXTY
5 i POHIBOAA XO)HMa ce oMOryhana nosehana epuxacHocT eHIMMA OBe MHHHMANTHE .
w J€ HIBECTH HAJJEAHOCTABHHIOM METONIOM MEHETCKOr MHX cTea - i s

e M ewep METOIOM Tayxacre

je cy npeanox -AMMNAYe -
amyloliquefaciens w je‘u{t st 7 W3 caenehux wisopa: Aspergillus oryzae, Bacillus

(NMpumacno 26 mapra 1991)
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