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Abstract

The repeated amino-acid sequences in Citrobacter
Freundii ß-lactamase may be indispensable for its
function, because such repetitions cannot be simply
attributed to a chance. In order to fully explore the
functional units in Citrobacter Freundii ß-lactamase,
it may need to analyse all the amino acid pairs, triplets,
etc. along Citrobacter Freundii ß-lactamase from one
terminal to the other terminal, to count their
frequencies and calculate their probabilities. The
amino-acid sequence of Citrobacter Freundii ß-
lactamase was counted according to two-, three- and
four-amino-acid sequences. The counted frequency
and probability were compared with the predicted
frequency and probability. The amino acid sequences,
which appear in Citrobacter Freundii ß-lactamase and
can be predicted from its amino acid composition
according to a purely random mechanism, should not
be deliberately evolved and conserved. By contrast,
the amino acid sequences, which appear in Citrobacter
Freundii ß-lactamase but cannot be predicted from its
amino acid composition according to a purely random
mechanism, should be deliberately evolved and
conversed. Accordingly 99 (26.053%) and 33 (8.684%)
of 380 two-amino-acid sequences can be predicted by
the frequency and probability according to a purely
random mechanism. Some kinds of amino acid
sequences, which absent in Citrobacter Freundii ß-
lactamase and can be predicted from its amino acid
composition according to a purely random
mechanism, should not be deliberately excluded from
Citrobacter Freundii ß-lactamase. By contrast, some
kinds of amino acid sequences, which absent in
Citrobacter Freundii ß-lactamase and cannot be
predicted from its amino acid composition according
to a purely random mechanism, should be deliberately
excluded from Citrobacter Freundii ß-lactamase.
Accordingly 89 (48.370%) and 41 (22.283%) of 184 kinds

of absent two-amino-acid sequences can be predicted
by the frequency and probability according to a purely
random mechanism, and 7236 (99.848%) of 7247 kinds
of absent three-amino-acid sequences can be
predicted by the frequency according to a purely
random mechanism. The amino acids, whose
probabilities in following certain preceding amino
acids can be predicted from Citrobacter Freundii ß-
lactamase amino acid composition according to a
purely random mechanism, should not be deliberately
evolved and conversed, accordingly 2 (0.526%) of 380
counted first order Markov transition probabilities for
the second amino acid in two-amino-acid sequences
match the predicted conditional probabilities

Introduction

The relationship between ß-lactamases and their functions
has been the objective of numerous experimental and
theoretical studies, with respect to the theoretical approach,
so far we know many functional units in ß-lactamases by
multiple sequence comparisons and alignments. However,
much effort is still needed to explore the functional units in
ß-lactamases.

In order to fully explore the functional units in
Citrobacter Freundii ß-lactamase, we may need to analyse
all the amino acid pairs, triplets, etc. along Citrobacter
Freundii ß-lactamase from one terminal to the other
terminal, to count their frequencies and calculate their
probabilities, because we still do not fully understand that
(1) each of various functional units needs how many amino
acids, (2) from where a functional unit begins and stops,
and (3) how non-functional units are mixed with functional
units. From evolutionary and probabilistic viewpoints, the
functional units should be deliberately evolved and
conserved, thus the occurrences of amino acids in them
should not be explained by a purely random mechanism;
by contrast the non-functional units should not be
deliberately evolved and conserved, thus the occurrences
of amino acids in them could possibly be explained by a
purely random mechanism.

The ß-lactamase (EC 3.5.2.6, cephalosporinase) in
Citrobacter Freundii is composed of 381 amino acids
(Lindberg and Normark, 1986; Oefner et al., 1990;
Tsukamoto et al., 1990; Yamaguchi et al., 1987), we may
count the first and second amino acids as a two-amino-
acid sequence, the second and third as another two-amino-
acid sequence, the third and fourth, until the 380th and
381st, thus there is a total of 380 two-amino-acid
sequences. Furthermore, we may count the first, second
and third amino acids as a three-amino-acid sequence,
the second, third and fourth as another three-amino-acid
sequence, until the 379th, 380th and 381st, thus there is a
total of 379 three-amino-acid sequences. Similar
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consideration can be deduced for more-than-three-amino-
acid sequences.

In an ideally random situation, two amino acids in a
two-amino-acid sequence could be constructed from any
one of 20 amino acids, thus there are 400 (202) kinds of
possible two-amino-acid sequences (combinations). There
are 380 two-amino-acid sequences in Citrobacter Freundii
ß-lactamase, if there was no repetition in them, there would
be 380 kinds of two-amino-acid sequences, therefore one
of 400 kinds of possible two-amino-acid sequences would
be expected to appear about 0.950 times (380/400). Clearly
some of 400 kinds of possible two-amino-acid sequences
cannot appear in Citrobacter Freundii ß-lactamase, a kind
of two-amino-acid sequence which either appears or
absents in 380 two-amino-acid sequences of Citrobacter
Freundii ß-lactamase should be one of 400 kinds of
possible two-amino-acid sequences. Similarly, three amino
acids in a three-amino-acid sequence can be constructed
from any one of 20 amino acids, there are 8000 (203) kinds
of possible three-amino-acid sequences. There are 379
three-amino-acids sequences in Citrobacter Freundii ß-
lactamase, if there was no repetition in them, there would
be 379 kinds of three-amino-acid sequences, therefore one
of 8000 kinds of possible three-amino-acid sequences
would be expected to appear about 0.047 times (379/8000).
Naturally, some of 8000 kinds of possible three-amino-acid
sequences cannot appear in Citrobacter Freundii ß-
lactamase, a kind of three-amino-acid sequence which
either appears or absents in 379 three-amino-acid
sequences of Citrobacter Freundii ß-lactamase should be
one of 8000 kinds of possible sequences. Similar
consideration can be applied to more-than-three-amino-
acid sequences.

The reason that some kinds of amino-acid sequences
absent in Citrobacter Freundii ß-lactamase is not only
because Citrobacter Freundii ß-lactamase does not have
such a long amino acid structure to hold all possible
combinations, but also more importantly because the
evolutionary process determines the preference of some
particular amino-acid sequences, some of which would
appear more frequently. Some kinds of absent amino-acid
sequences may deliberately be eliminated from
evolutionary process for the construction of Citrobacter
Freundii ß-lactamase, thus the lack of them should not be
predicted by a purely random mechanism. But some kinds
of absent amino-acid sequences may not deliberately be
eliminated, thus the lack of them could be predicted by a
purely random mechanism.

For example, there are 41 alanines (A) in Citrobacter
Freundii ß-lactamase. If a two-amino-acid sequence of ‘AA’
was constructed by a purely random mechanism, the ‘AA’
would be expected to occur by the frequency of 4.304 (41/
381 x 40/380 x 380), i.e. the ‘AA’ would be expected to
appear four times, which is true in the real situation, so the
construction of ‘AA’ is predictable by a purely random
mechanism. By contrast, there are 13 arginines (R) in
Citrobacter Freundii ß-lactamase, the frequency of random
construction of ‘AR’ is 1.399 (41/381 x 13/380 x 380), i.e.
the ‘AR’ would be expected to appear once, but the ‘AR’
appear three times in the real situation, so the construction
of ‘AR’ does not follow a purely random mechanism, but
follows a functional and evolutionary propose.

Thus the first question this study answers is what a
percentage of amino-acid sequences can be predicted by

a purely random mechanism and what not in Citrobacter
Freundii ß-lactamase by comparing predicted probability
and frequency with the counted probability and frequency.
Following this, the second question this study answers is
what a percentage of absent kinds of amino-acid
sequences in Citrobacter Freundii ß-lactamase is
predictable by a purely random mechanism and what not
by comparing predicted probability and frequency with the
counted probability and frequency.

In an amino-acid sequence, the issue of which amino
acid is more likely to follow a preceding amino acid is also
interesting. In an ideally random situation, each amino acid
could be possible, thus the probability in following a
preceding amino acid is 1/20. There are 9 phenylalanines
(F) in Citrobacter Freundii ß-lactamase, an ‘F’ would have
the probability of 0.024 (9/380) in following a preceding
‘A’, which is true in the real situation, therefore an ‘F’  follows
a purely random mechanism in following a preceding ‘A’.
By contrast, a ‘R’ would have the probability of 0.034 (13/
380) in following a preceding ‘A’ according to a purely
random mechanism, but a ‘R’ has the probability of 0.073
in following a preceding ‘A’ in the real situation, this real
probability is what the Markov chain is interested (the first
order Markov chain transition probability). Thus the third
question this study answers is what a percentage of the
Markov transition probability can be predicted by a purely
random mechanism and what not in Citrobacter Freundii
ß-lactamase by comparing predicted conditional probability
with the counted Markov transition probability.

Results

Two-Amino-Acid Sequences and Their First Order
Markov Chain Transition Probabilities
In Citrobacter Freundii ß-lactamase, 184 of 400 (46.000%)
possible kinds of two-amino-acid sequences do not exist,
followed by that 111 (27.750%) kinds appear once, 65
(16.250%) kinds twice, 23 (5.750%) kinds three times, 16
(4.000%) kinds four times and 1 (0.250%) kind six times.

Of 380 two-amino-acid sequences in Citrobacter
Freundii ß-lactamase, 99 (26.053%) and 33 (8.684%)
sequences are predictable by the frequency and probability
according to a purely random mechanism.

Of 184 kinds of absent two-amino-acid sequences in
Citrobacter Freundii ß-lactamase, 89 (48.370%) and 41
(22.283 %) kinds are predictable by the frequency and
probability according to a purely random mechanism.

The two-amino-acid sequences which do not match
the predicted frequencies are particularly important,
because these mismatches should be deliberately
obtained, especially when the difference between counted
and predicted frequencies is equal to 2 or larger than 2,
because the predicted frequency is the rounded value of
predicted probability and the difference being equal to 1
may be due to the rounded error. For example, the
predicted frequency of ‘AN’ is 2, whereas the counted
frequency of ‘AN’ is 4, this difference should not be due to
the chance. Table 1 shows these two-amino-acid
sequences, for example, the ‘AR’ has the counted
probability of 0.008 (3/380) and the ‘LA’ has the highest
counted probability of 0.016 (6/380).

Of 380 counted first order Markov transition
probabilities for the second amino acid in two-amino-acid
sequences, 2 (0.53%) counted first order Markov transition
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probabilities match the predicted conditional probabilities
and can be predicted by a purely random mechanism. The
counted first order Markov chain transition probabilities
were also presented in Table 1, for example, if the first
amino acid in a two-amino-acid sequence is ‘A’, then the
probability that the second amino acid is ‘R’ is 0.073.

Three-Amino-Acid Sequences and Their Second Order
Markov Chain Transition Probabilities
In Citrobacter Freundii ß-lactamase, 7247 of 7600
(95.355%) possible kinds of three-amino-acid sequences
do not exist, followed by that 353 (4.645%) kinds appear
once and 13 (0.171%) kinds twice.

The maximal predicted probability and frequency of
three-amino-acid sequence are 0.001 (41/381 x 70/380 x
39/379, for example, ‘AAA’) and 0 (41/381 x 70/380 x 39/
379 x 379), thus no more-than-two-amino-acid sequence
in Citrobacter Freundii ß-lactamase can be explained by a
purely random mechanism. However, 7236 (99.848%) of
7247 kinds of absent three-amino-acid sequences can be
predicted by the frequency according to a purely random
mechanism.

The three-amino-acid sequences which have the
difference equal to 2 or larger than 2 between predicted

and counted frequencies are presented in Table 2. For
example, the ‘ADI’ has the counted probability of 0.005 (2/
380).

No predicted conditional probability matches the
counted second order Markov transition probability, for
example, no other 19 amino acids but the amino acid ‘G’
can certainly appear when the first two amino acids are
‘IP’ (Table 2).

Four-Amino-Acid Sequences and Their Third Markov
Chain Transition Probabilities
In Citrobacter Freundii ß-lactamase, 151626 of 152000
(99.754%) possible kinds of four-amino-acid sequences
do not exist, followed by that 374 (0.246%) kinds appear
once and 2 kinds (EGKP and VKSS) appear twice with the
third order Markov transition probabilities of 1.

No repetition was found regarding any more-than-four-
amino-acid sequence, if the repetition of some kinds of
sequences is a preference of Citrobacter Freundii ß-
lactamase, then Citrobacter Freundii ß-lactamase has no
favour to the repetition for any kind of more-than-four-
amino-acid sequences.

Table 1. The Counted Frequency (CF) and Predicted Frequency (PF) and the First Order Markov Chain Transition Probability (MP) of Two-Amino-Acid
Sequences, which Have the Difference of Equal to 2 or Larger than 2 Between Counted and Predicted Frequencies

Sequence CF PF MP Sequence CF PF MP Sequence CF PF MP

AR 3 1 0.073 AN 4 2 0.098 AD 3 1 0.073

AG 1 3 0.024 RI 3 1 0.231 NA 0 2 0

NW 2 0 0.143 DM 2 0 0.167 EQ 3 1 0.158

EL 4 2 0.211 EK 3 1 0.158 QQ 3 1 0.143

GD 3 1 0.097 GK 4 2 0.129 GP 0 2 0

GS 4 2 0.129 GT 0 2 0 HV 2 0 0.333

LA 6 4 0.171 LQ 4 2 0.114 LI 0 2 0

LV 0 2 0 KG 0 2 0 KS 4 2 0.167

KT 4 1 0.167 PA 4 2 0.182 PG 4 2 0.182

PL 4 2 0.182 PV 3 1 0.136 SA 0 3 0

SI 3 1 0.120 SY 3 1 0.120 WR 3 0 0.231

VG 0 2 0 VH 2 0 0.080 VT 3 1 0.120

VV 0 2 0

A, alanine; R, arginine; N, asparagine; D, aspartic acid; C, cysteine; E, glutamic acid; Q, glutamine; G, glycine; H, histidine; I, isoleucine; L, leucine; K,
lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, tryptophan; Y, tyrosine; V, valine.

Table 2. The Counted Frequency (CF) and Predicted Frequency (PF) and the Second Order Markov Chain Transition Probability (MP) of Three-Amino-
Acid Sequences, which Have the Difference of Equal to 2 or Larger than 2 Between Counted and Predicted Frequencies

Sequence CF PF MP Sequence CF PF MP Sequence CF PF MP

ADI 2 0 0.667 ALA 2 0 0.500 AVK 2 0 0.500

EGK 2 0 1 GKP 2 0 0.500 IPG 2 0 1

KAD 2 0 0.500 KSS 2 0 0.500 PAV 2 0 0.500

PLK 2 0 0.500 PVT 2 0 0.667 WRI 2 0 0.667

VKS 2 0 0.667
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Discussion

In this study we answered three questions to explore the
functional units in Citrobacter Freundii ß-lactamase, the
methods used in this study are somewhat similar to the
methods used our other studies (Wu 1999, 2000a, b, c).

By comparing predicted frequency/probability with the
counted frequency/probability, one can know (i) which kind
of amino acid sequence appears more in Citrobacter
Freundii ß-lactamase; (ii) which kind of amino acid
sequence deliberately appears or absents in Citrobacter
Freundii ß-lactamase; and (iii) which amino acid
deliberately follows a certain amino acid.

Apparently, no statistical significance is given in this
study, in fact, the results are too highly statistically
significant to mention. In general case, an amino acid has
the chance of 1/20 (P = 0.05) to repeat once, a two-amino-
acid sequence has the chance of 1/400 (P = 0.0025) to
repeat once, and a three-amino-acid sequence has the
chance of 1/8000 (P = 0.000125) to repeat once. In case
of Citrobacter Freundii ß-lactamase, there are 41 ‘A’, which
is the most abundant amino acid, and 2 ‘C’, which is the
least amino acid. If the first amino acid is ‘A’, then the
chance of the second amino acid to be ‘A’ is 40/380 (P =
0.105), if the first amino acid is ‘C’, then the chance of the
second amino acid to be ‘C’ is 1/380 (P = 0.0026). However
we mainly deal with the repetition of two- and three-amino-
acid sequence in this study, the chance of appearance of
two-amino-acid sequence of ‘AA’ is 41/381 x 40/380 (P =
0.011), the chance of the first repetition of ‘AA’ is 39/379 x
38/378 (P = 0.010), the chance of appearance of three-
amino-acid sequence of ‘AAA’ is 41/381 ( 40/380 x 39/379
(P = 0.001) and the chance of the first repetition of ‘AAA’ is
38/378 x 37/377 x 36/376 (P = 0.0009). If we consider the
two- and three-amino-acid sequences constructed by other
less abundant amino acids in Citrobacter Freundii ß-
lactamase, the chance of appearance and repetition would
be further smaller, therefore all the probabilities of two-
and three-amino-acid sequences are less than the
conventional P < 0.05. In such a case we have no need to
increase the sample size to detect the statistical difference,
also we use the factor of ‘2’ (two repetitions) in Tables for
the statistical difference which is much more statistically
significant than P < 0.05.

Our study is different from the current multiple
sequence comparisons and alignments, which require as
many as possible proteins for comparison. However, each
amino acid sequence is separated into many parts in
multiple sequence comparisons and alignments, which
cannot construct two-, three-, four-amino-acid sequences
as what we have done. It could be possible to use our
method to analyse all ß-lactamases from many organisms
or many proteins from a given organism or many proteins
from different organisms, however this aim can be achieved
only after the acceptation of this method by the scientific
community and the complete computerisation of this
method. On the other hand, each protein should have its
own particular function, otherwise it can be replaced by
other proteins, thus the detailed analysis of one protein is
still needed.

Although the protein function is related to its 3-
dimensional structure, the primary structure is the basis
for the 3-dimensional structure, one could not fully analyse
the 3-dimensional structure without the detailed knowledge

of a protein primary structure. Also it is impracticable to
analyse the several kinds of structures of a protein in a
single study.

It is interesting that some of amino-acid sequences in
Citrobacter Freundii ß-lactamase and some absent kinds
of amino-acid sequences from Citrobacter Freundii ß-
lactamase are predictable according to a purely random
mechanism. This means that we can divide Citrobacter
Freundii ß-lactamase into ‘random’ and ‘non-random’
regions. As it has been realised for many years that most
mutations causing changes in amino acid sequence are of
no consequence for protein function, the results in this study
raise an interesting issue of whether or not these unharmed
mutations occur in the ‘random’ region.

For more-than-two-amino-acid sequences, no
occurrence of any kind of sequences in Citrobacter Freundii
ß-lactamase can be predicted by a purely random
mechanism, because of the low probability to occur. But
on the other hand, all non-occurrence of any kind of the
sequences in Citrobacter Freundii ß-lactamase can be
predicted by a purely random mechanism also because of
the low probability to occur. This leaves an interesting
question of whether the reason that most more-than-two-
amino-acid sequences are not selected for the construction
of Citrobacter Freundii ß-lactamase is due to a purely
random mechanism.

The amino-acid sequences are functionally and
evolutionally biased, it would be interesting to know why
the Citrobacter Freundii ß-lactamase favours these
repeated three-amino-acid sequences. In general, the
repeated three-amino-acid sequences are located outside
of Citrobacter Freundii ß-lactamase signal region (1 to 20),
thus they might have no signal function. Also these
repeated three-amino-acid sequences have no location in
Citrobacter Freundii ß-lactamase binding region (335 to
337), so they are unlikely to have the binding function.
However, all these repeated three-amino acids sequences
are located inside Citrobacter Freundii ß-lactamase chain
(21 to 381).

Although we have used numerous mathematical
methods in our previous studies, we hope that this study
can provide some insight into Citrobacter Freundii ß-
lactamase.

Experimental Procedures

The amino acid sequence of the Citrobacter Freundii ß-lactamase was
obtained from the Swiss-Protein, access number P05193 (Bairoch and
Apweiler, 1999).

Counting Two-, Three- and Four-Amino-Acid Sequences
The two-, three- and four-amino-acid sequences in Citrobacter Freundii ß-
lactamase were counted as stated in the introduction. For two-amino-acid
sequences, the first and second amino acids, the second and third, the
third and fourth, until the 380th and 381st were counted, and their
frequencies and probabilities were calculated. For three-amino-acid
sequences, the first, second and third amino acids, the second, third and
fourth, until the 379th, 380th and 381st were counted and their frequencies
and probabilities were calculated. No more-than-four-amino-acid sequences
were counted, because no repetition regarding more-than-four-amino-acid
sequences was found, thus each more-than-four-amino-acid sequence is
unique.

Calculating Possible Two-, Three- and Four-Amino-Acid Sequences
Because all 20 kinds of amino acids exist in Citrobacter Freundii ß-lactamase
and the number of each kind of amino acid is at least larger than 2, thus
there are 400 (202) possible kinds of two-amino-acid sequences, but there
are 7600 (202 x 19) and 152000 (203 x 19) possible kinds of three- and
four-amino-acid sequences because of presence of only 2 cysteines (C) in
Citrobacter Freundii ß-lactamase.
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Calculating Predicted Probability and Frequency
The predicted probability was calculated according to the random
mechanism as stated in the introduction. For example, there 41 alanines
and 13 arginines in Citrobacter Freundii ß-lactamase, for two-amino-acid
sequences at any position, the predicted probabilities for ‘AA’, ‘AR’, ‘RR’
and ‘RA’ are 41/381 x 40/380, 41/381 x 13/380, 13/381 x 12/380 and 13/
381 x 41/380. For three-amino-acid sequences, the predicted probability
for ‘AAA’ is 41/381 x 40/380 x 39/379. The numbers of predicted probabilities
are identical to the numbers of possible kinds of two-, three- and four-
amino-acid sequences, e.g. 400 (202) for two-amino-acid sequences.

The predicted frequency is the rounded integral value of the production
of predicted probability and total number of amino-acid sequences, thus
the predicted frequencies for ‘AA’ is 4 (41/381 x 40/380 x 380). Naturally
the predicted frequency is less accurate than the predicted probability,
however, the predicted frequency is more easy to use for the more-than-
two-amino-acid sequences, because the predicted probability is extremely
low.

Calculating Predicted Conditional Probability
The predicted conditional probability for an amino acid in following a
preceding amino acid is calculated according to the random mechanism as
stated in the introduction. For example, there 41 alanines and 13 arginines
in Citrobacter Freundii ß-lactamase, the predicted conditional probabilities
for ‘AA’ and ‘RA’ are 40/380 and 41/380 for the second amino acid of ‘A’ in
two-amino-acid sequences in following an ‘A’ and a ‘R’, the predicted
conditional probabilities for ‘AR’ and ‘RR’ are 13/380 and 12/380 for the
second amino acid of ‘R’ in following an ‘A’ and a ‘R’. The predicted
conditional probability of the third amino acid of ‘A’ in a three-amino-acid
sequence in following ‘AA’ is 39/379. The numbers of predicted conditional
probabilities are identical to the numbers of possible kinds of two-, three-
and four-amino-acid sequences, e.g. 400 (202) for two-amino-acid
sequences.

Calculating Markov Transition Probability
The Markov chain is to calculate the transition probability from one state to
another state.(Ash, 1965; Csiszár and Körner, 1981; Feller, 1968; van der
Lubbe, 1997). For a two-amino-acid sequence, an amino acid has a certain
probability to follow a certain preceding amino acid, which constructs a
conditional probability (the first order Markov chain), i.e. the probability of
an amino acid occurs in a two-amino-acid sequence given a certain first
amino acid [P(second amino acid|first amino acid)]. The calculation of this
probability is the transition from the state of one-amino-acid sequence (if it
can be called as a sequence) to the state of two-amino-acid sequence,
and the state of two-amino-acid sequence is only dependent on the state
of one-amino-acid sequence. For a three-amino-acid sequence, the second
order Markov chain can be defined, i.e. the probability of an amino acid
occurs in a three-amino-acid sequence given a certain first two amino acid
[P(third amino acid|first and second amino acids)]. The calculation of this
probability is the transition from the state of two-amino-acid sequence to
the state of three-amino-acid sequence, and the state of three-amino-acid
sequence is only dependent on the state of two-amino-acid sequence.

Statistical Comparison
The counted frequency and predicted frequency are compared using the
integral rounded value, and the counted probability/Markov transition
probability and predicted probability/conditional probability are compared
using three decimal rounded value (the detailed statistical significance is
addressed in the discussion).
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