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Atomic displacement parameters (ADPSs) obtained from high-
resolution refinement of protein structures represent the
mean square displacement of protein atoms from their cen-
troid positions. They contain information regarding the
flexibility of the polypeptide. Comparative analysis of the
ADPs in homologous proteins shows that the local flexibility
of the polypeptide is not correlated to the mutability of the
segment. The flexible and rigid regions in the three-
dimensional fold of proteins remain largely conserved during
the course of evolution. In related proteins, the variation in
the flexibility of a given segment is only weakly correlated to
the variation of the amino acid sequence at the correspond-
ing positions. These results illustrate that the relationship
between sequence and dynamics has degeneracy similar to
that of sequence and three-dimensional structure. The ob-
servations are consistent with the importance of protein
flexibility to protein function.

COMPARATIVE analysis of protein structures has shown
that proteins with no detectable sequence similarity could
be homologous'. It is known that homol ogous proteins with
similar folds can perform very different functions, (e.g. TIM-
barrels) while non-homologous proteins with very different
folds can be functionally similar, (e.g. serine proteinase in-
hibitors). The function is determined mainly by the stereo-
chemistry and dynamics of the few residues or atoms that
constitute the active site. Movement of loops that are lo-
cated far from the active sites might also play an important
role in catalysis. It is of interest, therefore, to study the
variation in the dynamics of proteins during the course of
evolution. Towards this end an analysis of crystallographic
Atomic Displacement Parameters (ADP, B-values) of high
resolution structuresis presented in this article.

In X-ray diffraction studies, intensities of Bragg reflec-
tions fall-off with increasing resolution. This intensity fall-
off is due both to static disorder and dynamics of the mole-
culein the crystal. In the structure factor equation, F =S f,
exp(-B sin 2ql ?) the exponential term describes this fall-off
in intensity. In protein crystallography, the ADPs are ex-
pressed as B-values, B = 8a1’fi where &’fiis the average
of the mean square atomic displacements along the three
coordinate axes and is given by (uz us+ u)/3 (isotropic app-
roximation). Analyses of the atomic displacement parame-
ters have been carried out to derive flexibility indices of
amino acid residues™®. These indices have been used to
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predict antigenic regions along the polypeptide chain.

Refinement of B-values for protein structures is more
complicated than that of atomic positions. Different refine-
ment packages apply different restraints on the B-values.
The final B-values are also affected by the weighting
schemes followed by individual crystallographers’. The
frequency distribution of B-values, however, in a given pro-
tein structure is very characteristic and can be analytically
expressed as the summation of two Gaussian functions”.

Even in the crystalline state, protein atoms are in con-
stant motion about their mean positions. This dynamics or
flexibility is essential for activity or function. On the other
hand, structural stability requires rigidity. The core of
globular proteins is usually densely packed with apolar
residues. Surface residues are generally more mobile due to
fewer stabilizing interactions. Apart from higher flexibility,
they also tend to display larger sequence variation. Further,
it is assumed that the regions of the polypeptide that play a
decisiverolein function need to conserve their dynamics as
‘enzyme eye-views' of evolution®. It is of interest, therefore,
to investigate whether B-values can be correlated to the
mutability of residues in globular proteins and to make an
assessment of the degree of change in the B-values of
structurally equivalent residues in the course of evolution.

We present here, an analysis of the B-values of represen-
tative haemoglobin structures and show that the dynamics
of these polypeptide chains are conserved in spite of hav-
ing very low sequence similarity. We have extended the
analysis to all high-resolution haemoglobin structures (rep-
resenting a class), trypsin structures (representing b class)
and to triosephosphate isomerase (representing alb class)
to correlate the changes in B-values of structurally equiva-
lent resides to amino acid replacements.

Methodology

Selection of structures

Ten representative structures of haemoglobin chains with
resolutions of 2.5 A or better were extracted from the Protein
Data Bank (PDB)’. Maximum sequence similarity between
any pair among these ten structures is 28%. The listing,
PDB codes and sources of the ten structures used for the
study are given in Table 1. The analysis was extended to all
the native structures of haemoglobin currently available in
the PDB with resolution 2.0 A or better (Table 2) and also to
structures of trypsin (Table 3) representing b class, and
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triose phosphate isomerase (TIM; Table 4) representing the
alb class of proteins. The resolution was better than or
equal to 2.2 A fortrypsin structures and 2.8 A for TIM struc-
tures, respectively. The maximum sequence identity be-

tween any two pairs of structures was 77% and 84% for
trypsin and TIM, res-
pectively.

Normalized B-values

For all analyses, B-values of the Ca atoms of the residues
alone were considered. Average B-values vary widely be-
tween different structures. Therefore, to compare different
protein structures B-values a Ca aoms were
replaced by normalized B-values (Bé¢factors) as, B¢= (B, —
8Bft.)/s(B), where s(B) is the standard deviation in B-
values of Caatoms.

Multiple alignment of protein sequences

Relating the B-factors of a family of proteins to a parameter
such as mutability requires the identification of
sequentially equivalent residues in the same protein family.
Multiple sequence alignment was done using the PileUp
program present in the Wisconsin Package®’. For all
sequence alignments, the standard scoring matrix provided
along with the PileUp program was utilized. The correlation
coefficients of B-values at aligned positions between these
structures were evaluated as,

Si(Bli - £lﬁ (BZi - £Zﬁési(Bli - £1ﬁz S(BZi_£ZﬁZ} 1/25

Table 1. List of representative haemoglobin structures used
in the analysis
Resolution
PDB Denoted of structure
code as Source (A)
1ASH 1ASH Ascaris recombinant haemoglobin 2.15
expressed in E. coli
1ECA 1ECA Haemoglobin from Chironomous 1.4
thummi thummi
1FLP 1FLP Haemoglobin | from Lucina pectinata 1.5
1HLB 1HLB  Seacucumber haemoglobin 25
1LITH 1TH Innkeeper worm haemoglobin A chain 2.5
1PBX 1PBXA Antarctic fish haemoglobin A chain 25
1PBX 1PBXB Antarctic fish haemoglobin B chain 2.5
2HBG 2HBG  Marine bloodworm haemoglobin 1.5
2LHB 2LHB  Sealamprey haemoglobin 2.0
3SDH 3SDHA  Ark clam haemoglobin A chain 1.4
Table 2. List of al haemoglobin structures used in the analysis
Resolution
PDB Denoted of structure
code as Source (A)
1ASH 1ASH Ascaris recombinant haemoglobin 2.15
expressed in E. coli
1ECA 1ECA  Haemoglobin from Chironomous 14
thummi thummi
1FLP 1FLP Haemoglobin | from Lucina pectinata 1.5
2HBG 2HBG  Marine bloodworm haemoglobin 15
2LHB 2LHB  Sealamprey haemoglobin 2.0
3SDH 3SDHA  Ark clam haemoglobin A chain 1.4
1A3N 1A3NA Human deoxy haemoglobin A chain 1.8
. 1A3NB Human deoxy haemoglobin B chain 1.8
1A4F 1A4FA  Haemoglobin A chain from Anser 2.0
indicus
1A4FB  Haemoglobin B chain from Anser 2.0
indicus
1CG5 1CG5A Haemoglobin A chain from Dasyatis 1.6
akajei
1CG5B  Haemoglobin B chain from Dasyatis 1.6
akajei
1HBH 1HBHA Antarctic fish haemoglobin A chain 2.2
. 1HBHB Antarctic fish haemoglobin B chain 2.2
1HBR 1HBRA Chicken haemoglobin A chain 2.3
. 1HBRB Chicken haemoglobin B chain 2.3
1HDA 1HDAA Bovine haemoglobin A chain 2.2
. 1HDAB Bovine haemoglobin B chain 2.2
1HDS 1HDSA Virginiawhite-tailed deer A chain 1.98
. 1HDSB Virginiawhite-tailed deer B chain 1.98
1IBE 1IBEA Horse haemoglobin A chain 1.8
. 1IBEB  Horse haemoglobin B chain 1.8
1QPW 1QPWA Porcine haemoglobin A chain 1.8
. 1QPWB Porcine haemoglobin B chain 1.8
1SPG 1SPGA Teleost fish (Leiostomus xanthurus) 1.95
haemoglobin A chain
1SPGB  Teleost fish (Leiostomus xanthurus) 1.95
haemoglobin B chain
ATIN _1TINA_Fish haemoglobin A chain 22
1TINB  Fish haemoalobin B chain 2.2
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Table 3. List of trypsin structures used in the analysis
PDB  Denoted Resolution of
code as Source structure (A)
1A0J 1AQ0J North Atlantic Salmon (Salmo 17
salar) trypsin
IMCT 1IMCT Porcinetrypsin 1.6
1SGT 1SGT Streptomyces griesus 1.7
ITRN 1TRN  Human trypsin 2.2
1TRY 1TRY  Fusarium oxysporum trypsin 1.55
3TGlI 3TCI Rattus norvegicustrypsin 1.8
5PTP 5PTP  Bovinetrypsin 1.34
Table 4. List of trosephosphate isomerase structures used
in the analysis
Resol ution of
PDB code Denoted as Source structure (A)
1AMK 1AMK Leishmania mexicana 1.83
1AW2 1AW2 Vibrio marinus 2.65
1BT™M 1BTM Bacillus stearothermophilus 2.8
IHTL 1HTL Human TIM 2.8
1TCD 1TCD Trypanosoma cruzi 1.83
1TPF 1TPF Trypanosoma brucei brucei 1.8
1TPH 1TPH Chicken TIM (Gallus gallus) 1.8
1TRE 1TRE Escherichia coli 2.6
1YDV 1YDV Plasmodium falciparum 2.2
1YPI 1YPI Saccharomyces cerevisiae 1.9
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where B,; is the B-value at position i in protein 1 and B is
the B-value at the same position in protein 2 and &} &,
are the averages of B-values in structures 1 and 2, respec-
tively.

Correlation between B-values and amino acid
replacements

The correlation between B-values and the mutability were
studied in terms of the following:

Per cent amino acid replacements. For a given alignment,
for each residue number, pair-wise comparison of the ten
structures was carried out and the total number of amino
acid replacements in all the combinations ("C,, where n is
the number of sequences) and the percentage
of such replacements were determined. Deletions were ig-
nored in that the amino-acid replacements were counted
only for those pairs for which neither residue was a gap.

Dayhoff’s scores. For a given alignment, the Dayhoff’s
score’ of the kth residue number was calculated by the pair-
wise comparison of the structures as Dy = SD;; for all unique
pairsi and j among the ten structures, where Dj; is the Day-
hoff's score between the amino-acid residues
at the kth position in structures i and j according to the
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Figure 1. Plot of B-values of representative structures of haemo-

globin smoothened with a window size of 5 and variable weightage
against aligned residue number.

Dayhoff’s similarity score matrix. Deletions were alotted
maximum penalty by assigning a score of zero between a
deletion and any other amino acid or another deletion.

Smoothening of B-value and other profiles

The smoothened B-value of the nth residue, under a
window size, w, is defined as the weighted average of the B-
values of the w consecutive residues with the nth residue at
the center. Variable weights assigned to the residues in-
crease in arithmetic progression from a certain minimum
weight at the residues farthest from the centre to a maximum
weight of 1 at the central residue. Therefore, the smooth-
ened B-value of the nth residue under a window size of 5
and a minimum weight of 0.25 would be the weighted aver-
age of then—2,n-1,n, n+ 1 and n + 2th residues with
weights  0.25, 0.625, 1 0625 and  0.25,
respectively.

Results
Analysis of representative haemoglobin structures

B-value profile along the sequence. Sequence alignment
of the ten representative haemoglobin structures using
conventional sequence alignment programs resulted in an
alignment that did not reflect the actual evolutionary rela-
tionship between them because of their very low sequence
similarity. To circumvent this, the alignment of these ten
sequences was carried out in the presence of alarge number
of haemoglobin sequences from various other sources so as
to form a chain of relationships that might link
together the seemingly unrelated sequences of the repre-
sentative structures. To this end, a total of 657 other hae-
moglobin sequences were obtained from the PIR library
accompanying the Wisconsin Package Version 9.0. The
PileUp program, however, can align atmost 500 sequences
a a time. Therefore, alignments were carried out
using 490 sequences chosen randomly from the 657 PIR
sequences and the sequences of the 10 structures of inte-
rest. Ten such random sets were chosen and multiply
aligned with gap creation penalty = 12, gap extension pen-

Table 5. Correlation coefficients between B-values of representative structures of haemoglobin
1ASH 1ECA 1FLP 1HLB 1ITH 1PBXA 1PBXB 2HBG 1LHB  3SDHA

1ASH 1.00
1ECA 0.28 1.00
1FLP 0.33 0.30 1.00
1HLB 0.21 0.22 0.55 1.00
1ITH 0.22 0.14 0.41 0.41 1.00
1PBXA 0.53 0.28 0.42 0.29 0.10 1.00
1PXAB 0.37 0.30 0.79 0.64 0.53 0.49 1.00
2HBG 0.47 0.17 0.29 0.39 0.34 0.17 0.16 1.00
2LHB 0.48 0.19 0.34 0.54 0.36 0.37 0.43 0.77 1.00
3SDHA 0.40 0.37 0.30 0.50 0.28 0.35 0.23 0.62 0.62 1.00
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aty =4 and end-weight = 0.25.

The alignments of the ten sequences were not identical in
the ten sets. However, large trends of similarity could be
observed in al the ten alignments, especially between resi-
dues 51 and 150 of the alignments. All the plots shown here
with reference to the representative structures of haemo-
globin correspond to one of these ten alignments, which
was chosen randomly, viz. alignment number 7. The plot of
smoothened B-values (window size 5) versus aligned se-
guence number is shown in Figure 1. But for a few minor
differences, al the ten alignments produce similar profiles
for this plot. All the ten structures exhibit large humps be-
tween aligned residue numbers 51 and 85 and between 111
and 135, approximately.

Treating gaps in the aligned sequences as deletions,
the correlation coefficients between the B-values of the
aligned residues were determined for each of the 45 pairs of
structures. The correlation coefficients for alignment 7 are
shown in Table 5. It can be seen that the correlation coeffi-
cients between the B-values of most pairs were significant.
This suggests that the dynamics of certain segments were
conserved even when the sequence similarity has almost
disappeared.

Correlation between B-values and sequence
similarity

Plots of smoothened Bé¢factors and normalized percentage
amino acid replacements against residue number suggested
that the two parameters do not have significant correlation
(data not shown). Similarly, no significant correlation was
observed between Dayhoff scores and Bé¢factors.

The correlation between the B-values will be unity if there
is complete sequence identity between two structures.
However, as the differences in sequences accumulate, the
correlation between the B-values is likely to decrease. To
study the profile of Béfactors versus sequence similarity,
the correlation coefficients of B-factors of all possible pairs
chosen from the ten structures were det-
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Figure 2. Scatter plot of pair-wise correlation coefficients of B-
values and pair-wise Dayhoff’s scores.
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ermined. These were plotted against the sum of the
Dayhoff’s scores over all the residues and sequence identi-
ties of the corresponding pairs of structures (Figure 2). The
correlation coefficient was low.

Since Dayhoff’s score measures the total amino acid in-
variance at a particular residue, it is likely to be correlated
with a parameter that measures the total Bévariation at that
particular residue. In order to measure the Bévariation at a
particular position, a normalized parameter ddB4i was de-
fined. Here |0B¢ refers to the absolute value of the difference
in Bévalues between a pair of residues at a particular posi-
tion and §dBd¢firefers to the average of such differences over
al possible pairs of residues at that position. Figure 3a
shows the profiles of smoothened Dé¢values and §aBd¢fivs
the aligned residue number. The profiles of the two curves
indicate that there is significant anti-correlation between the
two parameters along the sequence. Figure 3b shows the
scatter plot of daBdn
values vs smoothened Dayhoff’s scores (cc =— 0.49). The
line that best fits this plot has a negative slope indicating
that the variation in the thermal parameters is higher in the
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Figure 3. a, Profiles of smoothened ddBdf values (dotted) and

smoothened Dé¢values of representative haemoglobin structures
(solid), b; Correlation between ddBdf values and smoothened Day-
hoff’s scores of representative haemoglobin structures.
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regions of greater sequence variability. It may also be ob-
served that even in regions of low sequence similarity there
are points where dcdBdfivalues are as low as the §dB¢fivalues
of regions of high sequence similarity and that the number
of points with high §caBd¢fivalues arerelatively few.

Analysis of all native structures of haemoglobin

Of the 28 native haemoglobin structures with resolution
2.0 A or better available in the PDB, six were representative
structures considered for the earlier analysis. The se-
guences of these structures were aligned using the PileUp
program with the same parameters as for the representative
structures, but without any extraneous sequences. The
smoothened Bévalues of the structures were plotted
against the aligned sequence number (Figure 4). It may be
observed that the humps seen in the corresponding plot of
the representative structures are conserved, but that they
are shifted to the left by a few residues, probably due to
reduction in the total alignment length resulting from the
greater similarity between the structures. Further, the minor
humps are amplified in this case.

Analysis of structures of trypsin

The seven structures of trypsin (Table 3) were aligned us-
ing the PileUp program (gap creation penalty = 12, gap ex-
tension penalty = 4). No end-weight was necessary in this
case since the sequences had a high degree of identity. The
smoothened Béfactor vs aligned residue number plots were
very similar for all the structures (Figure 5a). Table 6 gives
the pair-wise correlation coefficients of the B-values of the
seven structures, all of which are high. The plot of §dB¢fivs
Dayhoff’s scores (Figure 5b) shows the same trends as
observed with the haemoglobin structures. The plots of
pair-wise correlation coefficients
versus Dayhoff’'s scores (Figure 5c¢) showed little corre-
lation. It may be noted that, in this case, both these plots
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Figure 4. Profiles of Béfactors of all haemoglobin structures.
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are divided into two distinct regions of high and low simi-
larity and that the average of the correlation coefficients in
both these regions taken separately would be comparable.
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Figure 5. a, Profile of smoothened B¢values of trypsin structures;
b, Scatter plot of §dBdfi and Dayhoff’s scores of trypsin structures;
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Analysis of structures of TIM

The TIM structures in Table 4 were aligned using the
PileUp program with gap creation penalty = 12 and gap ex-
tension penalty = 4. Here too, no end-weight was necessary
for alignment. The correlation coefficients between the B-
values were high for al the pairs (Table 7). The smoothened
Bé¢value vs aligned residue number plots for al the TIM
structures were almost identical (Figure 6a). The plot of
daBdfiversus Dayhoff’s scores (Figure 6 b) shows the same
trends as observed with the haemoglobin and trypsin struc-
tures. The plots of pair-wise correlation coefficients versus
Dayhoff’'s scores and identity scores (Figure 6c) showed
little correlation.

Discussion

Protein function depends on both its structure and dyna-
mics. In the early days of X-ray diffraction studies on pro-
tein crystals, only a ‘static’ image of the protein structure
was represented. This was essentially due to limitations on
the resolution of data collection set by the X-ray intensities
available and lack of reliable protein structure refinement
protocols. However, with the advent of powerful X-ray
sources such as rotating anode X-ray generator and syn-
chrotron radiation it has been possible to collect near-
atomic resolution data on crystals of alarge number of pro-
teins. Also advances in computer technology have pro-
vided the resources required for refinement of protein
structures. The information on the dynamics of a large

number of proteinsistherefore now available in terms of the
atomic displacement parameters. The dynamics of three
protein families were investigated in this analysis, viz. hae-
moglobin, trypsin and triose phosphate isomerase, repre-
senting a, b a/bclass of structures.

It was not possible to obtain a unique alignment of repre-
sentative haemoglobin sequences using standard programs
such as PileUp. The uncertainties in alignment are probably
due to the low sequence similarity between the sequences
used. This problem was circumvented by using a large
number of other sequences (a total of 500 at a time) in the
alignment that provided links between the origina low-
similarity sequences. The validity of this approach was jus-
tified by the observation that different random selection for
the 490 sequences used for linking the original sequences
led to closely similar alignments.

In spite of the very low sequence identity of the repre-
sentative structures of haemoglobin, the stretches of high
flexibility are conserved to alarge extent as is evident from
Figure 1. The similarity in the flexibilities of different seg-
ments of haemoglobin chainsis also reflected in the correla-
tion coefficients between the B-values of aligned residues
in these structures (Table 5). It might be anticipated that the
physical attributes of polypeptide segments in proteins
including flexibility would change with mutations. Since the
exposed loops are both likely to be more flexible and also
mutate at a faster rate when compared to buried segments, a
correlation might exist between mutability and flexibility.
However, Figure 2 clearly shows that such a correlation is
limited, if any.

Table 6. Correlation coefficients between B-values of trypsin structures

1A0J IMCT 1SCT 1TRN 1ITRY 3TGl 5PTP

1A0J 1.00

IMCT 0.37 1.00

1SCT 0.29 0.40 1.00

1TRN 0.53 0.41 0.15 1.00

1TRY 0.35 0.34 0.56 0.46 1.00

3TGlI 0.39 0.73 0.59 0.40 0.53 1.00

5PTP 0.14 0.68 0.44 0.41 0.50 0.65 1.00

Table 7. Correlation coefficients between triosephosphate isomerase structures
1IAMK 1AW2 1BTM 1IHTL 1TCD 1TPF 1TPH 1ITRE  1YDV 1YPI

1AMK 1.00
1AW2 0.23 1.00
1BTM 0.47 0.48 1.00
1IHTL 0.48 0.27 0.58 1.00
1TCD 0.37 0.59 0.56 0.58 1.00
1TBF 0.47 0.44 0.48 0.54 0.57 1.00
1TPH 0.46 0.25 0.56 0.71 0.64 0.54 1.00
1TRE 0.26 0.65 0.49 0.43 0.57 0.47 0.40 1.00
1YDbv 0.38 0.66 0.52 0.49 0.64 0.61 0.58 0.59 1.00
1YPI 0.35 0.46 0.46 0.69 0.69 0.47 0.73 0.45 0.61 1.00
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Figure 6. a, Profile of smoothened Bé¢values of triosephosphate
isomerase structures; b, Scatter plot of §dBdfiand Dayhoff’s scores of
TIM structures; ¢, Scatter plot of pair-wise correlation coefficients
of B-values and pair-wise Dayhoff’s scores.

Figure 3a illustrates the variation of D¢ and 4dBdi
values against aligned residue number for representative
haemoglobin structures. The Dayhoff’'s scores and the
variation in Bévalues are represented as scatter plots in
Figure 3b. These plots indicated a negative correlation.
These plots were made for alignment number 7; however,
when similar examination was made for other alignments, the
correlation was found to be weaker (data not shown). These
observations suggest that the changesin flexibility are only
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weakly linked to the changes in the sequence. Further, al-
though points of high Bévalue variation occur only in the
regions of low sequence similarity, there still exist, even in
such regions, many points where the Bévalue variationis as
low as that observed in regions of high sequence similarity.
These analyses were extended to all haemoglobin structures
determined at high resolution and consistent results were
obtained (Figure 4). This implies that different sequences
are compatible with similar flexibility. Thus the relationship
between sequence and flexibility has a similar degeneracy
as the relationship between sequence and structure. It is
also possible that the amino acid sequence distribution de-
termines the precise three-dimensional structure, which in
turn dictates the flexibility.

Globins are a-helical proteins. In order to examine the
validity of the observations made in this class of proteins
for other classes, a set of structures representing b-sheet
proteins (trypsin; Table 3) and a representative set for alb
proteins (TIM; Table 4) were selected and the analyses
were repeated.

Trypsin sequences had a relatively higher degree of se-
guence identity and correspondingly the Béprofiles of al
the members selected for analysis were closely similar (Fig-
ure 5a). There was a smal negative correlation
between daB¢iand Dayhoff’s scores (Figure 5b) suggest-
ing only a weak link between sequence changes and the
corresponding changes in flexibility. Interestingly, the se-
quences of trypsin chosen clustered into two distinct
classes with low Dayhoff’s scores between members of one
class and the other. However, for sequences of high and
low sequence similarities, the correlation coefficients be-
tween the B-val ues of corresponding residues were similarly
scattered (Figure 5c¢) suggesting that the changes in se-
guence do not result in substantial changes in flexibility.
Similar observations were also made on the a/b TIM struc-
tures (Figure 6).

The closely similar results in the three distinct classes of
proteins examined here suggest that the broad conclusions
on the retention of polypeptide flexibility in the course of
amino acid replacements resulting from mutation is of gen-
eral validity. This conservation of protein flexibility during
the course of evolution is consistent with the generally ac-
cepted importance of flexibility to protein function.
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Table 2. Nine families with seventeen rock-borne and four soil-borne species of lichens with their altitude range and frequency of
occurrence across the sites and the transects
No. of sitesof  No. of transects ~ Altitude

Species Family occurrence of occurrence (m)

On rocks
Acarospora bullata Anzi Acarosporaceae 1 3 3800
Acarospora strigata (Nyl.) Jatta " 2 7 4600-4800
Aspicilia calcarea (L.) Mudd. Hymeneliaceae 2 14 3800—4300
Dermatocarpon meiophyllizum Vainio Verrucariaceae 1 2 4300
Dermatocarpon vellereum Zschacke " 1 3 3600
Lecanora amorpha Poelt L ecanoraceae 1 2 4600
Lecanora garovaglii (Korber) Zahlbr. " 5 26 4300-5000
Lecanora muralis var muralis (Schreber) Rabenh. " 1 2 5000
Lecanora muralis var dubayi " 1 2 5000
Lecanora sherparum Poelt " 2 7 4600-4800
Phaeophyscia constipata (Norrlin in Nyl.) Moberg Physciaceaea 5 13 3600-5000
Rhizoplaca chrysoleuca (Smith) Zopf. " 1 3 4900
Rhizoplaca melanophthalma (Ram. In Lam. & DC) 6 28 3600-4900

Leuckert & Poelt

Rhizoplaca peltata (Ram.) Leuckert & Poelt 6 23 3600-5000
Umbilicaria virginis Schaerer Umbilicariaceae 4 11 4300-5000
Xanthoparmelia tinctina (Mahe& Gill.) Hale 4 10 3800-5000
Xanthoria elegans (Link.) Th. Fr Teloschistaceae 9 58 3300-5200

On soil
Cetraria potaninii Oxner Parmeliaceae 1 2 4600
Cladonia pyxidata (L.) Hoffm. Cladoniaceae 2 10 4300-4600
Lecanora himalayae Poelt L ecanoraceae 2 8 4300-4600
Physcia dilatata Nyl. Physciaceaea 2 10 4300-4600

Figure 3. Luxuriantly growing lichen species Physcia dilatata
in association with moss on soil from Tiblis sites of the Rumbak
catchment.

resulting in an annual precipitation of aslow as 7.5 cm, most
of which occurs during March and April in the form of
Snow.

The area is well known for sheltering the highly endan-
gered snow leopard and the blue sheep (Pseudois nayaur)

CURRENT SCIENCE, VOL. 78, NO. 9, 10 MAY 2000

Figure 4. Lichen colonies of Xanthoria elegans profusely growing
on rocks in the Rumbak catchment of HNP.

which constitute its major prey base. Besides, it also
harbours small populations of great Tibetan sheep (Ovis
ammon hodgson), Ladakh urid (Ovis orientalis) and
Asiatic ibex (Capra ibex siberica)®®. Apart from the
unique wildlife, the reserve is also arich repository of plant
genetic resources harbouring nearly 300 species of angio-
sperms. The floral composition ranges from the tree—shrub
assemblages of  Salix, Myricaria and Rosa
species in the valley bottom (up to 4000 m) to Deschamp-
sia — sedge meadows between 4600 m and 5200 m (ref. 23).
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Another notable feature of this study area within the
National Park is that the local people still retain their tradi-
tional agricultural and grazing rights. There are about
15 households with 100 people of Buddhist culture
unevenly distributed in four different villages, viz.
Rumchung, Zinchin, Rumbak and Uruche in the valley (Fig-
ure 1). They cultivate Hordeum and Pisum sp. as the major
local crops on about 15 hectares of irrigated land. The resi-
dents also husband sheep, goat, cattle, donkeys and
horses, as livestock grazing is the dominant human landuse
inthe area.

Sampling design and data recording

Field investigations were conducted by the first author
during July—August 1999. The stratified random sampling
method was employed. Nine sites observed to shelter
lichens were sampled along an elevational gradient of 3300
to 5200 m above mean sea level (Table 1). Rocks, soil and
tree trunks and branches were identified as
potential substrates for lichen growth in this area. At the
substrate level, choice of rocks and soil for sampling was at
random. While the trees were found only in the riverine land
foldings, soil and rocks were found at all the sites surveyed
for the lichen flora. A total of fifty-six trees of Salix and
Myricaria species were sampled by thoroughly searching
for lichens on the bark of the trunks and the branches up to
2 m above ground level. Soil supporting lichens was ob-
served only at two sites within the Tiblis range (at 4300 m
and 4600 m). However, the rocks supported varied lichen
assemblages throughout the sampling gradient. With the
help of asimple measuring tape, 6 to 9 transects of 100 cmin
length were randomly laid on the rocks and soil harbouring
lichens. The presence of species recognized based on the
morphological differences was noted at every centimeter of
the transect on the substrate. Voucher specimens were ex-
amined morphologically, anatomically and chemically at the
National Botanica Research Insititute (NBRI), Lucknow.
The species names were finally ascertained following Zahl-
bruckner’ s classification of lichens with modifications by
Walker and James™ and Awasthi**™. All the specimens are
preserved at the NBRI (LWG).

Data analysis

Relative abundance. Relative abundance of a species in
the entire study areais defined as a proportion of the total
points of its encounter to the sum of the points over all the
sampled transects from all the sites, whereas the abundance
of the species in a particular site of the area was measured
as an average number of encounters on the sampled tran-
sectsin that site.

Alpha and beta diversities. Richness or alpha-diversity
was measured as an absolute number of species per tran-
sect”’. The species replacement from one transect to

1108

another (beta-diversity or the turnover) was calculated as 1-
Jaccard’s index of similarity®®. The Jaccard’s index of simi-
larity between xth and yth transect is given as:

J :;
Y (A+B)-C’

where C is the number of species found in both the tran-
sects, A the number of speciesin transect x and B the num-
ber of species in transect y. The index has been
designed to be equal to 1 in the case of complete similarity
and 0 if the transects have no speciesin common.

Results and discussion

Lichen flora

A total of 9 families with 12 genera and 21 species recorded
from 7500 point intercepts on 75 samples, each
1 m long on rocks and soil represented the lichen commu-
nity of the Rumbak catchment of the HNP in Ladakh
(Table 2). The community consisted of two types of spe-
cialist assemblages of species growing either on soil or on
the rocks. No species grew on the trunks and branches of
tree species belonging to genera Salix and Myricaria. This
is in contrast to the lichen communities in the temperate—
alpine zones of the Garhwal Himalaya, where more than 60%
of total species were found on the wood substrates without
any significant species-specific association'®®. However
the tree species in the two localities were different. High
wind speed causing rapid peeling of tree trunk barks ap-
pears to be the important limiting factor for establishment of
lichen forming fungal spores of ascomycetes. Only four
species, viz. Cetraria potaninii, Cladonia pyxidata (Figure
2), Lecanora himalayae and Physcia dilatata (Figure 3)
were found exclusively growing on humus-rich soil in Tibilis
locdity at 43004600 m above sea level with least or no
grazing disturbance. Eighty per cent of the total speciesin
the area were highly unevenly distributed on the rocks
along the elevation gradient. The poor number of species
on soil contrasts the rich diversity of soil-loving speciesin
one of the areas, free of grazing from the Garhwa Hima-
laya™®. The species composition in these two areas of the
Western Himalayas also differs a lot, with only about 16%
of species in common, but with very different abundance
patterns. For instance, the most abundant species here Xan-
thoria elegans (Figure 4) is very rare at the similar eleva-
tional range in the Garhwa Himalaya. Although the total
number of species recorded in the area may appear very less
when compared to the other localities in the Himala-
yas'®®? given the harsh climatic conditions such as ex-
treme cold and dryness
associated with arelatively small homogeneous (in terms of
vegetation cover) landscape, this does not qualify the area
to be significantly considered as a very poor in terms of the
lichen diversity. Variation in local abiotic factors
such as temperature, rainfall and substrate nutrients associ-
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ated with human land use patterns, such as livestock graz-
ing could explain these differences.

Relative abundance and niche

Figure 5a and b shows the relative abundance (%) of the
species over the total transects sampled from all the sites
pooled together on rocks and soil, respectively. The relative
abundance of the species on rocks from the nine different
sites of the area is depicted in Figure 6a and b and soil-
borne lichens from the two sites are shown in Figure 6c.
Therelative abundance of X. elegans on rocks turned out to
be the highest in all the sites, varying between
1350+ 7.45% in Tiblis a an elevation of 4600 m and
50.75+ 32.89% in Rumchung at the elevation of 3300 m,
whereas Physcia dilatata was the most abundant species

Lecanora muralis var dubayit
Lecanora muralis
Acarospora bullata
Dermatocarpon vellereum
Dermatocarpon meiophyllizum
Acarospora strigata
Lecanora sherparum
Umbilicaria virginis

Xanthoparmelia tinctina

Species

Aspicilia calcarea
Lecanora amorpha
Phaeophyscia constipata
Rhizoplaca chrysoleuca
Rhizoplaca peltata
Lecanora garovaglii

Rhizoplaca melanophthalma

on the soil. As expected, the relative abundance of domi-
nant X. elegans on the sampled substrate declines with in-
creasing diversity. The X. elegans also has the widest
elevation range occurring in all the sampled sitesin the area
and may therefore be recognized as a broad-niched species.
Apart from this species, Rhizoplaca peltata and R. mela-
nophthalma, have also emerged as wide-niched species
spreading in more than 65% of the sampled sitesin the area.
Many  species such as Cetraria  potaninii,
Lecanora muralis and Dermatocarpon vellereum (Figure 7)
having restricted into only one site with least abundance
and may be considered as rare and narrow-niched species.

Species diversity along altitude gradient

The diversity attributes and the elevation of nine different

Xanthoria elegans

5 10

O IHIHIHIH'H'U'D'D'D'D'D'D'E'E'f

15 20 25 30 35

Relative abundance (%) on rocks

Leconora himalayae

Cladonia pyxidata

Species

Cetraria potaninii

Physcia dilatata

ik

5 10

o

15 20 25

Relative abundance (%) on soil

Figure 5.

Relative abundance of (a) 17 species of lichens over all transects on rocks pooled

together from 9 different sites of Rumbak catchement of HNP; (b) 4 species of lichens over all
transects on soil pooled together from Rumbak catchement of HNP.
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sites in the study area are presented in Table 1. Figure 8
shows that the species richness on rocks is low at lower
elevations, gradually rises to a peak at middle elevations
and then falls significantly at high altitudes. This coincides
with the pattern in one of the localities, viz. Chopta-Tunga-
nath in the Garhwa Himalaya, where the relationship was
suspected to be influenced by the greater number of micro-
habitats in the middie elevations®. But in the present case
the microhabitat type remains constant (i.e. rock) through-

out the gradient. There have been some
instances from other parts of the world, where altitude has
been found as a crucial factor in structuring lichen commu-
nities like the homogeneous forest stands in Greece® and in
the rockslides of Alberta®. Although the relationship
turned out to be weak, the species turnover aso
tends to be relatively higher in the middle elevations
compared to the lowest and the highest elevations
(Figure 9). Furthermore, the diversity in many groups such
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Figure 6. a, b, Average relative abundance of rock-borne lichen species from 9 different sites of Rumbak catchement of HNP; c, Relative

abundance of 4 soil-borne lichen species from the 2 sites of Tiblis in the Rumbak catchement of HNP.
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Figure 7. A narrow-niched lichen Dermatocarpon vellerium from
the Rumbak catchment encountered only on the rocks at 3600 m
with very poor abundance.
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Figure 8. Relationship between species richness of lichens and

altitude in the Rumbak catchment of HNP. The graph also shows a
fitted trend line at p < 0.0001.

as bhirds, woody plants and amphibians has been
generally found to decrease with increasing altitude™>*,
Notably enough, high diversity sites in the middle eleva-
tions and the high elevation sites with poor diversity in the
area coincided with the absence of grazing domestic animals
and the dominant wild ungulates (personal observation).
Local land use patterns such as livestock grazing and
movement and the grazing patterns of the dominant herds
of wild ungulates as well as local environmental conditions
seem to have an influence on the relationship between di-
versity of lichens and the elevation.

Conclusions

In order to achieve the objectives of conservation and sus-
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Figure 9. Graph showing beta-diversity (species turnover) of li-
chens as a function of elevation in the Rumbak catchement of HNP
with fitted trend line at p < 0.05.

tainable management of biological diversity, it is important
to understand the patterns of abundance and diversity dis-
tribution of a wide range of organisms, particularly the
poorly studied lower organisms such as lichens.
Locality-specific abundance data on such organisms are
important for any meaningful biodiversity conservation
programme. More data in both temporal and spatial scales
are needed. Higher levels of diversity in the middle eleva-
tions, occurrence of soil-loving lichens only on the least
disturbed alpine ranges, and yet more surprisingly their
absence on the woody substrates, biased abundance
patterns of a species such as X. elegans in two different
localities with different local climatic and land use condi-
tions all seem to indicate that the species composition, rich-
ness and the relative abundance patterns in the lichen
communities are not only affected by the various abiotic
factors such as temperature, rainfall and elevation but seem
to be greatly influenced by thelocal land use practices such
as cattle grazing and the movement and foraging patterns of
the wild herbivores. The present knowledge remains far
from understanding the processes giving rise to these pat-
terns. Further research is therefore needed. Periodic moni-
toring of the lichen communities in relation to ongoing
changes of local land use practices may help in promoting
lichen-friendly management regimes.
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Role of catecholamines and corticosteroids
In regulation of the oxidative metabolism
INn male Clarias batrachus

D. S. Lynshiang and B. B. P. Gupta*

Environmental Endocrinology Laboratory, Department of Zoology, North-Eastern Hill University, Shillong 793 022, India

In vivo and in vitro effects of norepinephrine (NE), epineph-
rine (EP), corticosterone, cortisol, cortisone and metapyrone
were studied on the rate of tissue (liver, muscle, kidney and
brain) respiration of the male air-breathing fish, Clarias
batrachus exposed to natural climatic conditions during
winter and summer. Both NE and EP stimulated the respira-
tory rate of all the tissues irrespective of the season/water
temperature and the mode of treatment. EP in muscle and
NE in liver were comparatively more potent. Both the cate-
cholamines were found to be more effective in stimulating
tissue respiration during winter than during summer. Simi-
larly, the corticosteroid hormones increased the respiratory
rate of all the four tissues both in vivo and in vitro experi-

ments irrespective of the season. Only cortisone had no sig-
nificant effect on brain tissue respiration during summer.
The corticosteroid hormones were also more effective in
stimulating fish tissue respiration during winter than during
summer. In vivo administration of metapyrone significantly
reduced the rate of respiration of all the tissues. The inhibi-
tory effect of metapyrone was reversed by in vivo administra-
tion of the corticoids. These findings suggest that the
catecholamines and the corticosteroids are directly involved
in the regulation of tissue respiration of C. batrachus. Due
to their temperature-independent calorigenic action, these
hormones might be acting as emergency hormones for the
regulation of fish respiration.

THE adrenal gland in mammals is a discrete and compact
organ. However, in teleost fishes, the catecholaminergic
(CT) and corticosteroidogenic (CSG) tissues do not consti-
tute a well-defined adrenal gland. These tissues are scat-

*For correspondence. (e-mail: bbpgnehu@hotmail.com)
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tered separately in the form of islets in the anterior part of
the kidney™?. The catecholamines are produced from the CT
and as a neurotransmitter from the sympathetic nerve termi-
nals*®. Asin mammals, the CSG tissue of the fish secretes
corticoids like corticosterone, cortisol and cortisone’. The
catecholamines and the corticosteroids have been reported
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to be involved in a number of metabolic pathways of verte-
brates®. Dueto their multi- directional physiological actions,
these hormones play a major role during the emergency
conditions and in
general adaptations against the adverse effect of a new
environment®®?,

The catecholamine hormones have been reported to in-
duce non-shivering thermogenesis in cold acclimated mam-
mals'®?®. These hormones have been reported to stimulate
oXygen consumption in a number of mammalian species™*>
Y reptiles'®®® and amphibians®®?. Due to their rapid and
temperature-independent calorigenic actions, catechol-
amines act as emergency hormones for regulation of the
oxidative metabolism in reptiles and amphibians®*%. How-
ever, unlike in reptiles and amphibians, there is scarcity of
information on the involvement of catecholamines in fish
respiration’. So far no attempt has been made to study in
detail the calorigenic role of catecholamines in fish at the
tissue respiration level to eliminate the stress factor which
might be affecting the whole body oxygen consumption.

The metabolic influence of corticosteroids on the oxida-
tive metabolism in mammals seems to depend on tissues
and the length of hormonal treatment®. Hydrocortisone,
predinisolone and corticosterone separately increased liver
oxygen uptake in mammals®®*. Glucocorticoids have been
reported to have a direct influence on mitochondrial tran-
scription and respiratory enzyme synthesis in mammals™*
In reptiles and amphibians, the corticosteroids seem to have
a direct and temperature-independent effect on the rate of
tissue respiration’®%%' 3 They also increased the activity
of oxidative enzymes in reptilian liver in a dose-dependent
manner®. In amphibians also, these hormones have been
reported to increase the activity of respiratory enzymes**.
However, unlike in other vertebrates, there is practically no

information on the calorigenic action of the corticosteroid
hormones in any fish species. Therefore, keeping in view
the scarcity of information on the calorigenic role of cate-
cholamines and corticosteroids and the phylogenic impor-
tance of fish, we decided to investigate in detail the role of
these hormones in regulation of the oxidative
metabolism of the air breathing fish, Clarias batrachus
maintained at natural climatic conditions during winter and
summer/rainy seasons.

Materials and methods

Adult mae C. batrachus (length, 18-22cm; weight,
70-80g) were purchased from the local market and
acclimatized for 15 days under natural climatic conditions
before the experiment was started. Fishes were maintained
in earthen pots and acclimatized at least for 15 days in the
laboratory under natural climatic conditions at Shillong (lati-
tude, 25.30°N, longitude, 91.52°E; altitude, 1450 adl; mini-
mum water temperature, 4°C and maximum water
temperature, 22°C). During acclimatization, the fishes were
fed daily with minced earthwormsad libitum. The water was
changed frequently to avoid infections. In vivo and in vitro
experiments were conducted during both winter and sum-
mer/rainy months as per the experimental protocol shown in
Table 1.

In vivo experiments

Thein vivo experiments were conducted during both winter
and summer/rainy seasons. After acclimatization, fishes
were divided into different groups (four in each group) for
treatment with different hormones. The hormones and
metapyrone were injected intramuscularly on the lateral side

Table 1. Experimental protocol
Expt. In vivo/ Month Duration of
no. Treatment in vitro (temperature in °C) Dose treatment (days)
(A) Sdine In vivo January (9.6) 4
Epinephrine September (20) 2 ny/fish/day 4
Norepinephrine 2 ny/fish/day 4
Corticosterone 2 ny/fish/day 4
Cortisol 2 ny/fish/day 4
Cortisone 2 ny/fish/day 4
(B)  Control In vitro January (9.6)
Epinephrine July (20) 1nM
Norepinephrine 1mM
Corticosterone 1nM
Cortisol 1nM
Cortisone 1nM
(C) Sdine In vivo August (20) 4
Metapyrone 1 ny/g/day 4
Corticosterone 2 ny/fish/day 4
Cortisol 2 ny/fish/day 4
Cortisone 2 ny/fish/day 4
M etapyrone + corticosterone 1 ny/g + 2 ny/fish/day 4
Metapyrone + cortisol 1 ny/g + 2 ny/fish/day 4
M etapyrone + cortisone 1 ny/g + 2 ny/fish/day 4
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of the dorsa fin a an interva of 24h
between 10 and 11 am for four consecutive days. Details
about doses of hormones and metapyrone, duration of
treatment, water temperature and the month are mentioned
in Table 1. The doses of hormones used in the present in-
vestigation are based on our earlier studies on poikilo-
therms, and fall under the physiological range®. Water
temperature was recorded daily at 10.30 am. Twenty-four
hours after the last injection, fishes were decapitated, the
tissues (liver, muscle, kidney and brain) rapidly removed,
rinsed in ice-cold fish buffer saline and stored in the
ice-chamber (— 15°C) in arefrigerator. The rate of tissue res-
piration was measured within 15 days of storage. When the
tissues were stored in the refrigerator no significant altera-
tion was found in the rate of tissue respiration up to one
month. For the measurement of tissue respiration, the tis-
sues were first blotted, weighed and homogenized in a
loose-fitting all-glass homogenizer (Remi Homogenizer,
Remi Equipments, Bombay) in ice-cold fish buffer saline
(9:1) solution (pH 7.4). One ml of homogenate was added
to 4 ml of fish buffer saline solution and placed into the in-
cubation chamber of the oxygen electrode for measuring the
rate of tissue respiration.

In vitro experiments

In vitro effects of the selected hormones on the rate of tis-
sue respiration were also conducted during both winter and
summer/rainy seasons. Four adult male fishes were first
weighed and then decapitated. The tissues (liver, muscle,
kidney and brain) were quickly removed separately, rinsed
inice-cold fish buffer saline and stored in a freezer as men-
tioned earlier. The tissues were used to study the in vitro
effects of hormones within 15 days. For in vitro treatments,
the tissues were blotted, weighed and homogenized in a
loose-fitting al-glass homogenizer in ice-cold fish buffer
saline solution (pH 7.4). One ml of homogenate was added
to 3.9 ml of fish buffer saline and incubated with 0.1 ml of
hormone solution having the desired concentration (for
details, see Table 1). The tissue homogenates treated with
corticosterone, cortisol and cortisone were pre-incubated at
4°C for one hour prior to the measurement of the rate of
oxygen consumption. This incubation was necessary to
allow the binding of these hormones to the tissues. Norepi-
nephrine (NP) and epinephrine (EP) were added to the ho-
mogenates in the
incubation chamber 15 min before measuring the rate of res-
piration. Then the rate of tissue respiration was measured
with the help of an oxygen electrode.

Measurement of tissue respiration

The rate of oxygen consumption of each tissue (liver, mus-
cle, kidney and brain) was measured with the help of an
oxygen electrode (Digital Oxygen System, Model 10; Rank
Brothers Ltd, England). For measuring the rate of respira-
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tion, the polarizing voltage was kept at 0.6 V and fish buffer-
sdine (pH 7.4) was wused as the polarizing
medium. The rate of oxygen consumption of tissue homo-
genates was measured at 25°C by circulating water at 25°C
in the water jacket of the incubation chamber using the
thermostatic water circulator. The homogenates were incu-
bated in the chamber for 20 min before recording the read-
ings. Readings were recorded at an interval of 5 min for half
an hour in the linear range of oxygen consumption. The rate
of tissue respiration was expressed as m O,/mg wet weight
tissue/h. The data were analysed statistically with the help
of Student’st test®. A P < 0.05 was considered as signifi-
cant.

Results
In vivo and in vitro effects of EP and NE

The data are presented in Tables 2 and 3. Both in vivo and
in vitro administration of EP and NE increased significantly
the respiratory rate of all the tissues (liver,
muscle, kidney and brain) during winter as well as during
the summer/rainy months. Comparatively, EP was more po-
tent than NE in muscle, while NE was more potent than EP
in stimulating liver tissue respiration. Irrespective of the
mode of treatment, the degree (% increase) of stimulation of
the liver, muscle and kidney respiration by EP and NE was
higher during winter when compared to that of the sum
mer/rainy months (Tables 2 and 3).

In vivo and in vitro effects of corticosteroids and
metapyrone

The data are presented in Table 4. In vivo and in vitro
treatments of corticosterone, cortisol and cortisone had
significantly increased the respiratory rate of all the four
tissues (liver, muscle, kidney and brain) during both
winter and summer/rainy seasons, except during summer/
rainy seasons where in vivo administration of cortisone had
no effect on the respiratory rate of the brain tissue (Table 2).
As in the case of catecholamines, the responses of the tis-
sues to the corticosteroids were higher during winter when
compared to that of summer/rainy seasons.

Unlike in mammals, fishes lack a well-defined adrenal
gland. Therefore adrenalectomy was not possible. In order
to assess the role of corticoids in the oxidative meta
bolism of fish, metapyrone (an inhibitor of 11lb-hydroxylase)
was used to block the synthesis of corticoid
hormones. The data are presented in Table 4. Administra-
tion of metapyrone significantly decreased the respiratory
rate of all the tissues (liver, muscle, kidney and brain) when
compared to the control group. When metapyrone
was administered together with the corticoids, the hor-
mones reversed the ill-effects of metapyrone (Table 4).
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Discussion

The earlier reports on the effect of catecholamines on the
whole body oxygen consumption in fish seem to be contra-
dictory to each other®®*®. The measurement of the rate of
the whole body oxygen involves confinement of the fish
leading to unspecific stress, which might be responsible for
the equivocal results. There is very limited information on
the calorigenic role of corticoidsin fish®. To the best of our
knowledge, this might be the first study of its kind in which
the calorigenic role of catecholamines (NE and EP) and ma-
jor corticosteroids have been investigated in the respiration

Table 2.

of a number of vital tissues using both in vivo and in vitro
experiments conducted under natural climatic conditions of
both winter and summer/ rainy months.

In general, in vivo and in vitro administration of cate-
cholamines and corticoids significantly stimulated the respi-
ratory rate of all the tissues during both winter and
summer/rainy months. The only exception was the brain
tissue respiration, which was not stimulated by in vivo ad-
ministration of cortisone during summer/rainy months (Ta-
ble 2). These findings suggest that both catecholamines
and corticoids are actively involved in fish tissue
respiration. Further, these hormones were found to be calo-
rigenic during summer as well aswinter. However, they were
more effective in stimulating the respiratory rate of tissues

In vivo effect of adrenal hormones on the rate of tissue respiration of male

Clarias batrachus during winter (average water temperature: 9.6°C) and summer
(average water temperature: 20°C)

Rate of tissue oxygen consumption (m oxygen/mg/h)

Treatment Liver Muscle Kidney Brain

Winter
Saline (control) 2.88 £ 0.07 1.12 £ 0.05 2.69 £ 0.08 5.26 £ 0.09
Epinephrine 414 +0.11° 2.63+0.03° 3.69 +0.05° 5.87 +0.05°
Norepinephrine 4.33 £ 0.09° 2.24£0.11° 3.78 £ 0.07° 5.90 £ 0.04°
Corticosterone 3.78 £0.03° 2.37 £ 0.06° 3.88+0.14° 5.61+0.07%
Cortisol 3.88+0.16° 2.53+0.08° 4,17 +0.03° 5.74 £ 0.08°
Cortisone 3.53+0.12° 2.21 +0.10° 3.72 +£0.08° 5.52 + 0.04%

Summer
Saline (control) 4.71+0.08 2.72 £ 0.05 4,10 £0.05 4.30 £ 0.07
Epinephrine 5.68 + 0.05° 3.72 +0.08° 4,97 +0.05° 5.04 +0.07°
Norepinephrine 5.84 +0.07° 3.59+0.12° 4.81+0.07° 4,91 +0.14°
Corticosterone 5.39 +0.08° 3.46 + 0.04° 4.59 +0.09° 4.68 +0.03°
Cortisol 5.58 + 0.03° 3.85+0.10° 4.94 +0.03° 4.87 +0.05°
Cortisone 5.45+0.11° 3.56 + 0.05° 4.62 +0.08" 4.33+0.09

All values are expressed as mean + Standard Error (SE.); n = 4.
abeDiffer from respective controls: P < 0.05, 0.01 and 0.001, respectively.

Table 3.

In vitro effect of adrenal hormones on the rate of tissue respiration of male

Clarias batrachus during winter (average water temperature: 9.6°C) and summer
(average water temperature: 20°C)

Rate of tissue oxygen consumption (m oxygen/mg/h)

Treatment Liver Muscle Kidney Brain

Winter
Control 2.69 + 0.06 0.89 £ 0.08 2.53+0.05 5.01 +0.04
Epinephrine 4.17 £ 0.07° 2.01+0.05° 3.66 +0.07° 5.81 +0.09°
Norepinephrine 4.33 +0.06° 1.95+0.03° 3.88£0.11° 5.84 + 0.06°
Corticosterone 3.88 £ 0.09° 1.34 +0.04° 3.94 +0.09° 5.74 +0.11°
Cortisol 3.98 £0.12° 1.44 +0.07° 4.26 +£0.03° 5.71 £ 0.03°
Cortisone 3.49+0.03° 1.15 +0.06% 3.62+0.07° 5.32 +£0.07°

Summer
Control 4.81+0.12 2.85+0.02 4.01 +0.03 5.07 £ 0.07
Epinephrine 5.29 + 0.06% 3.85 + 0.06° 5.36 + 0.05° 5.97 £ 0.07°
Norepinephrine 5.55 + 0.05° 3.46 £ 0.04° 5.10 £ 0.07° 5.87 £ 0.05°
Corticosterone 5.45 + 0.07° 3.21+0.09* 3.88+0.05 5.52+0.10%
Cortisol 5.39 + 0.03° 3.43 £0.05° 4.81+0.09° 5.77 £ 0.08°
Cortisone 5.71+0.11° 3.55 +0.08° 4.78 £ 0.04° 5.74 £ 0.06°

All values are expressed as mean + Standard Error (SE.); n = 4.
abepiffer from respective controls: P < 0.05, 0.01 and 0.001, respectively.
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Table 4. In vivo effects of corticosteroids and metapyrone on the rate of tissue respiration of
male Clarias batrachus during summer (average water temperature: 21°C)
Rate of tissue oxygen consumption (m oxygen/mg/h)
Treatment Liver Muscle Kidney Brain
Saline (control) 4.84 +0.09 2.98 +0.10 3.82+0.05 5.20 £ 0.07
Corticosterone 5.26+0.05%  3.53+0.07° 4.52+0.02° 5.61+0.05°
Cortisol 5.48+0.05°  3.98+0.09° 4.87+004° 581+0.03
Cortisone 545+0.07*° 3.62+0.05° 4.62+0.08°  4.81+0.07
Metapyrone 449+004% 250+007° 3.43+0.08"° 4.84+0.05
Corticosterone + metapyrone 5.10 +0.02>¢  3.27+0.03*® 4.20+0.03%  5.42+0.02%¢
Cortiso + metapyrone 5.23+0.03"% 3.69+0.06°9 4.55+0.07°" 5.45+0.07%"
Cortisone + metapyrone 5.16 + 0.06*¢  3.33+0.04* 4.36+0.05°¢ 4.97 +0.05

All values are expressed as mean + Standard Error (S.E.); n = 4.
abeDiffer from the saline-treated control group: P < 0.05, 0.01 and 0.001, respectively.
4e'Differ from the value of the group treated with corticosterone: P < 0.05, 0.01 and 0.001, re-

spectively.

9hDiffer from the value of the group treated with cortisol: P < 0.05 and 0.01, respectively.
kDiffer from the value of the group treated with cortisone: P < 0.05 and 0.01, respectively.

during winter when compared to summer. Therefore, low
temperature seems to increase the sensitivity of tissues to
the adrenal hormones. In vitro stimulation of the respiratory
rate of all the tissues by these hormones (Table 3) indicates
that both catecholamines and corticoids stimulate the respi-
ratory rate of fish tissues directly without involving any
other hormones. On the basis of the present findings, there-
fore, it may be concluded that the catecholamines and the
corticosteroid hormones play a major role in the regulation
of the energy metabolism of the fish. Further, catechol-
amines and corticoids, which are secreted under stressful
conditions™, might be of adaptive importance for ensuring
basal metabolic rate required for survival of the fish, at low
temperature. Administration of metapyrone (an inhibitor of
corticosteroid synthesis) significantly reduced the respira-
tory rate of all the tissues, and combined treatment of
metapyrone and corticoids reversed the inhibitory effect of
metapyrone on tissue respiration (Table 4). Thus, these
findings suggest that indigenous corticoids are actively
involved in the regulation of tissue respiration in C.
batrachus. The direct and temperature-independent calori-
genic action of the adrenal hormones suggests that both
catecholamines and corticoids might be acting as emer-
gency hormones for the regulation of respiration in C. ba-
trachus. These hormones have also been reported to act as
emergency hormones for the regulation of the oxidative
metabolism in amphibians and reptiles'®?%2733%41 - A g
observed in this study, the rate of tissue respiration has
been reported to remain significantly elevated after 24 h of
treatment with adrenal hormones also in reptiles'® and am-
phibians™**% . In agreement with our findings, it has been
reported that catecholamines and corticoids increase the
liver oxygen uptake in mammas®**® and acti-
vities of enzymes and tissue respiration in poikilo-
therms™3“2*_ There are afew reports stating that the calo-
rigenic response of mammalian and reptilian tissuesto NE is
decreased by hypothyroidism and increased by hyperthy-
roidism®*. Thyroid hormones have aso been reported to
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potentiate the calorigenic action of catecholamines in mam:
mals at low temperature®™*", reptiles® and amphibians®.
However, there is no information on potentiation of cate-
cholamine action by thyroid hormones in any piscine spe-
cies. Catecholamines have been reported to increase the
non-shivering thermogenesis and oxygen consumption
involving both a and b-adrenergic receptors in mam
mals™** and amphibians®™. The catecholamines might also
be stimulating the rate of fish tissue respiration through a
similar mechanism.

On the basis of the present findings it may be concluded
that catecholamines and corticoids are directly involved in
the regulation of the oxidative metabolism in the fish as
emergency hormones. The catecholamines and the corticos-
teroids seem to be of adaptational importance for maintain-
ing basal metabolic rate of the fish in order to ensure
survival under stressful conditions, particularly at low tem-
perature™. The proposed direct calorigenic action of corti-
coidsin fish (present study), amphibians® and reptiles'® has
been strongly supported by a recent study in which corti-
coids directly increased the activities of mitochondria oxi-
dative enzymesin mammals®.
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