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Summary. We analyze the variation of HIV after infection by means of an
information measure, called the entropy evolution rate. In our analysis, we
use a part of the external glycoprotein gp120 including the V3 region observed
from six patients.

Then we could make the following two aspects clear;

(1) the relation between the change of the entropy evolution rate and the
appearance of symptoms of disease, and

(2) the relation between the change of the entropy evolution rate and that of
the CD4 count of the patients.
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1. Introduction

The main purpose of this study is to find a new criterion grasping the processes
of the change of CD4 count and the immunity of patients from the gene level
after HIV infection.

In Section 2, we summarize the data of HIV genes of the six patients used
in this paper. The entropy evolution rate and the method of how to use it for
our analysis are discussed in this section. In Section 3, we present our results
by the graphs. We discuss our results and the usefulness of our method in
Section 4.

2. Material and methods

We consider two aligned amino acid (resp. base) sequences 4 and g, which are composed
of 20 (resp. 4) kinds of amino acids (resp. bases) and the gap *. The complete event system
(A4.p) of 4 is determined by the occurrence probability p; of each amino acid (resp. base)
a; and the gap * (0 < i < 20) (resp. 0 =7 = 4) with g, = *;
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In the same way, the complete event system (&,q) of E is
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We can construct the compound event system (4 X B, r) for two sequences 4 and E.
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where r; represents the joint probability of the event i of 4 and the event j of E.
These event systems define various entropies, among which the following two are

important:
(1) Shannon entropy

S(A) = _Zpi logp;,
which expresses the amount of information carried by (4,p).
(2) The mutual entropy
T

E)= Y5l
I(AE) ,Z,,;r” ngt-q,-

which expresses the amount of information transmitted from 4 (resp. ) to g(resp. 4).

Using the above information measures, a measure indicating the difference between
two amino acid sequences was introduced in (Ohya, 1989). This measure is called the
entropy evolution rate and defined as follows: Put

(4.B)
S(4)

which is the rate how much information is transmitted from 4 to g, and it is symmetrized
as

>

(B/A4)=

f(4.2)= S{r(a/E)+ (2)4)
The entropy evolution rate 9( 4,E) is defined by

o(4.2)=1-1(4 B

In this paper, we use this entropy evolution rate to examine the variation of HIV
sequences of six patients. The entropy evolution rate takes the value in [0, 1}; 0(4,B) =0
if 4 and g are completely same and ¢(,4,2) = 1if they are completely different. Therefore
the variation of HIV becomes larger, the entropy evolution rate is getting larger.

Data used in our analysis are the base sequences of HIV for the six patients reported
in (Wolfs et al., 1991; Holmes et al., 1992; McNearney et al., 1992). We obtained the data
from the International Nucleotide Sequence Database (DDBJ/EMBIL/GenBank). Here,
the six patients are designated as patient A to patient F. The facts reported for the six
patients are summarized in Table 1.
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We use the sequence, a part of the gpl20 region including the third variable (V3)
region whose mutation rate is particularly high in HIV (Watson et al., 1993; de Jong et al.,
1992). The V3 region is composed of disulfide bounds of cysteine residues located in the
amino acids 296 and 330 of the gp120, as shown in Fig. 1. Although it has been called the
principal neutralization domain (PND) as the antibody for the segment is able to block
the HIV infection, the antibody for a specific virus is gradually losing its effect because of
the variation (mutation) of the virus.

It is reported (Wolfs et al., 1991) that patient B was diagnosed as having AIDS
in about 5 years after the primary infection and that patient A remained healthy although
the p24-antigenemia reappeared at 3 years after his infection. The p24-antigenemia in
blood refiects the amount of the virus, it is reappeared when the patient has AIDS, so that
it is used as a value measuring the condition of the patient.

The CD4 count has been used as a measure to know having AIDS by several
researcher and medical doctors. The number of CD4 for patient D fluctuates, and
that for other patients gradually decreases. This CD4 count represents the number
of immunocyte destroyed by HIV. The immunocyte for healthy people is around from
800 to 1,000 per 1 u€-blood. When the CD4 count of a patient decreases and it becomes
less than 200, various infections are considered to appear. Therefore, according to the
diagnosis standard of CDC (Centers for Disease Control), when the CD4 become less
than 200, the patient is recognized to have AIDS. The CD4 count is reported only for
patient D, E, and F. For patient D, it changes as 470, 826, 273, and 515 from the primary
stage (called 1 year) up to the fourth stage (called 4 year). For the patient E and F, it
changes as 1225, 756, 368 and 943, 575, 187, respectively.

The number of the sequence data observed from the six patients are listed in Table 2.

We used the base sequences having the same length of bases for each patient. For
example, in the primary stage of patient A, we used 6 data out of 8 data because the length
of six data is 276 and that of other two is 183. Moreover, in order to carry out our analysis,
first we translate the base sequences of HIV collected from the six patients into the amino
acid sequences, and secondly, we directly used the base sequences. Our analysis is done
in the following two cases (1) and (II).

(I) In order to compare the genome sequences of HIV in successive years, the
entropy evolution rate is computed for the sequences obtained at one year with respect to
those obtained at the next year (we call it the entropy evolution rate for each year), and
we examine the variation (mutation) rate with the mean of the entropy evolution rates for
each year and their standard deviation for each year.

(IT) In order to check the variation of HIV from the primary stage, we compute the
entropy evolution rate for the sequences of cach year w.r.t. the primary year (we call it
the entropy evolution rate for the primary year). Similarly as the case (I), we examine the
variation by means of the entropy evolution rates for the primary year and their standard
deviations.

As an example, we explain how to compute the entropy evolution rate and others
mentioned above in (1) and (II) for the patient A. From Table 2, the number of genome
sequences for the patient A are as follows: n = 6 (year 0),n = 7 (year 1), n = 7 (year 2),
n =5 (year 3),n = 6 (year 4), n = 6 (year 5). For the case (I), we compute every entropy
evolution rate for the aligned sequences in successive years, for instance, o(A3, AY) (i = 1,

IVIRSDNITDNAKTIIVQLKEAVQIN CTRPNNNTRKSIHIGPGKAFYATGEIIGDIRQAHC NLSRVDWEDTLKQIAEKLREQFRNKTIVENQ

IVIRSDNITDNSKTIIVQLKEAVQIN CTRPNNNTRKSIHIGPGKAFYATGEIIGDIRQAHC NLSRVDWEDTLKQIAEKLREQFRNKTIVFNQ

IVVRSDNITDNAKTIIVQLKKAVQIN CIRPNNNTRKSIHIGPGKAFYATGETIGDIRQAHC NLSGGDWENTLKQIAEKLREQFRNKTIVFNQ

Fig. 1. 3 sequence data collected from patient A in primary stage of infection. It’s V3
region is underlined
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Table 2. The number of sequences used in this paper

Patient A year 0 year1 year2 year3 year4 year5
Number of data collected 8 7 9 9 9 8
from GenBank
Number of data used 6 7 7 5 6 6
Patient B year 0 year1 year2 year3 year4 year$
Number of data collected 11 6 6 6 7 8
from GenBank
Number of data used 7 3 4 4 4 4
Patient C year 0 year3 year4 year5 year6 year?7
Number of data collected 1 15 11 23 15 13
from GenBank
Number of data used 1 15 11 23 15 13
Patient D year 0 year2 year3 year4
Number of data collected 5 2 4 3
from GenBank
Number of data used 5 2 4 3
Patient E year 0 year2  year 2.5
Number of data collected 5 5 6
from GenBank
Number of data used 5 5 6
Patient F year 0 year4  year 4.5
Number of data collected 5 6 6
from GenBank
Number of data used 5 6 6
,5.j=1, ..., 6) for the sequence A} of the third year and the sequence A?of the

fourth year. Then we compute their mean value given by

5 6
Y Y o448
§(A3,A4) 2L =L 30 3

which enables us to examine the variation of HI'V. In the same way, we compute g(A°%A?),
0(A,A?), B(A%A%), 0(A3,AY), (A% A%). The standard deviation of the entropy evolution
rate for year 3 and year 4 is defined as follows:

S lla) - a4
30

For the case (II), we compute the mean entropy evolution rates for every sequence of
each year with respect to that of the primary year. For instance, the mean entropy
evolution rate for the fifth year w.r.t. the primary year is given by

6
> > o(4r.47)
p(a0,4%) = L2 — e :

We similarly compute g(A%,A'), 6(A°,A?), 5(A%A%), 6(A%AY), 6(A°A5), and their standard
deviations.
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All six patients are examined with these quantities, and our results are shown in the
next section.

Here we note that we should align the sequences to compute the entropy evolution
rate, and the alignment is done by the method in (Ohya and Uesaka, 1970; Neeleman and
Wunsch, 1970).

3. Results

The following figure (Fig. 2) is the results of the mean entropy evolution rates
for each year and the standard deviations obtained from the amino acid
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Fig. 2. Mean entropy evolution rate (bars) and standard deviation (lines) for each year
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Fig. 3. Mean entropy evolution rate (bars) and standard deviation (lines) measured from
primary year

sequences. Here (i, i + 1) denotes the (i + 1)-th year w.r.t. i-th year and the
mean value means the mean entropy evolution rate.

Fig. 3 shows the results of the mean entropy evolution rates for the
primary year and their standard deviations, so that (0, {) denotes the i-th year
w.r.t. the primary year.

The following figures (Fig. 4, Fig. 5) are the results obtained from the base
sequences.



350 K. Sato et al.

mean value

o a2 ey ea @S oy A ey ea us
patient A patient B

mean value

i 0 b
0.3} (3,4) “.5) 5.6 (CN))] © @ 64

patient C patient D

0y 29 (04) @48
patient E patient F

Fig. 4. Mean entropy evolution rate (bars) and standard deviation (lines) for each year

4. Discussion

Patient B was diagnosed as having AIDS at about 5 years after the primary
infection. According to the result of the mean entropy evolution rate (m-EER
for short) for each year, the change of the m-EER for the patient B is met the
second extreme increase at that time. The change of the m-EER (Fig. 2) for
patient B is considered as a fundamental pattern of the outbreak of AIDS.
Based on this pattern, we may say the following conclusions for other patients.
Patient A will be diagnosed as having AIDS in a few years, because the
second extreme increase seems starting. Similarly, patient C will have an
attack of AIDS soon, because the second moderate increase is occurred.
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Fig. 5. Mean entropy evolution rate (bars) and standard deviation (lines) measured from
primary year

Patient D, patient E and patient F have few number of data, so that we merely
say a few comments. Patient D may possibly increase here after. Patient
E may be far from the outbreak of AIDS. Since the data of patient F
are lacked a first few years, it is very difficult to judge the variation of his
HIV.

According to the result of the mean entropy evolution rate measured from
the primary stage, the m-EERs of the patients except the patient D increase
as shown in Fig. 3. This consequence agrees with a report that the CD4 counts
of the patients except patient D decrease. That is, the gradual decrease of
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the CD4 count is equal to the increase of the m-EER for the primary year.
Further, the CD4 count of patient D fluctuates and his m-EER also fluctuates.
This result means that there exists a positive correlation between the m-EER
for the primary year and the CD4.

We merely note that the standard deviation shows how many different
HIV exist in each stage (year).

The results obtained by using the whole base sequences are shown in
Fig. 4 for the case (I) and Fig. 5 for the case (II). These results show that
patient B, like the case of the amino acid sequences, have a characteristic
variation and other patients are also similar to the case of the amino acid
sequences.

From our analysis, we may conclude that the mean entropy evolution rate
can be a measure of the variation of HIV and the outbreak of AIDS as the
CD4 count.
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