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Abstract

A comparison is made between orthologous proteins from a methanogen (Methanopyrus
kandleri) and from a non-methanogen (Pyrococcus abyssi) in order to determine the amino
acid substitution pattern. This analysis makes it possible to establish which amino acids are
significantly and asymmetrically utilised by these two organisms. A methanophily index (MI)
based on this asymmetry makes it possible for any protein to be associated with a numerical
value which, when calculated for the same orthologous protein from methanogenic and non-
methanogenic organisms, turns out to have the power to discriminate between these two
groups of organisms, even if only for about 20% of the analysed proteins. The MI can also be
associated to the genetic code under the assumption that the frequency of synonymous codons
specifying the amino acids in the genetic code also reflects the frequency with which amino
acids appeared in ancestral proteins. Finally a t test shows that the MI value associated to the
genetic code is not different from the mean value of the MI deriving from methanogen
proteins, but it differs from the mean MI of non-methanogen proteins. This might indicate

that the genetic code evolved in a methanogenic ‘organism’.

Keywords: amino acid substitution pattern — LUCA — timing of methanogenesis — biological

dating



1 Introduction

1.1. Geological and biological methods aiming to establish the antiquity of biological

processes: the example of methanogenesis

Geological evidence suggest that methanogenesis was one of the earliest biological
processes to take place on earth (Brocks et al., 1999; Ueno et al., 2006). Nevertheless, it is
unclear how ‘early’ this origin was because, as geological dating indicates methanogenesis
taking place approximately 3.5 billion years ago (Ueno et al., 2006), methanogenesis might
actually be biologically later in the sense that the very first forms of life, and in particular the
last universal common ancestor (LUCA), might be non-methanogenic ‘organisms’. It is
therefore clear that geological fossils need to be accompanied by biological evidence if we are
to more accurately define the timing of biological processes.

Phylogenetic methods, for instance, have been used in an attempt to define the
(hyper)thermophilic or mesophilic nature of the LUCA by exploiting the correlation between
optimal growth temperature and the G+C content of ribosomal RNA and some protein indices
(Galtier et al., 1999; Di Giulio, 2001a, 2000b, 2001, 2003a, 2003b; Boussau et al., 2008).
Subsequently, by phylogenetically reconstructing the ancestral sequences of the LUCA, it
was determined whether these were more typical of mesophiles or (hyper)thermophiles
(Galtier et al., 1999; Di Giulio, 2000a, 2000b, 2001, 2003a, 2003b; Boussau et al., 2008).

Whereas, by exploiting the invariance and the antiquity of the genetic code, methods
and ideas were introduced to enable an investigation into the physical environment in which
the genetic code was structured (Di Giulio, 2000, 2005b, 2005¢; Archetti and Di Giulio,
2007). This was essentially based on the assumption that the frequency with which
synonymous codons specifying the amino acids appear in the genetic code also reflects the
frequency with which these were used in ancestral proteins. By subsequently constructing
amino acid indices derived from the comparison of orthologous proteins from two organisms

living in environments with a different characteristic, it was possible to furnish evidence in



favour of a hyperthermophilic, barophilic, anaerobic and low pH primordial setting (Di
Giulio, 2000, 2005b, 2005¢; Archetti and Di Giulio, 2007).

Here, these methods (Di Giulio, 2000, 2005a, 2005b, 2005¢; Archetti and Di Giulio,
2007) are used to attempt to establish whether the genetic code originated in a methonogenic

or non-methanogenic organism.

2. Materials and Methods

All the proteins used in the analysis were taken from the NCBI using BLASTP
(Altschul et al., 1997). Two or more proteins were aligned using CLUSTALX (Thompson et
al., 1997). Only highly conserved regions were used in the analysis, while poorly conserved
regions or regions containing gaps were eliminated from this alignment.

For each amino acid (Tab. 2) or for each pair of amino acids (Tab. 3) the significant
deviation from the expected theoretical ratio of 50:50 was determined by calculating the
exact binomial probability.

When not otherwise specified, the methods and ideas referred in equivalent analyses
hold (Haney et al., 1999; McDonald et al., 1999; Di Giulio, 2000, 2005a, 2005b, 2005c;
Archetti and Di Giulio, 2007).

3. Results and Discussion

3.1 The amino acid substitution pattern in the presence/absence of methane

In order to obtain information on the amino acid substitution pattern between a
methanogen and a non-methanogen, [ have compared orthologous proteins from Pyrococcus
abyssi, a non-methanogenic archaeon and Methanopyrus kandleri, a methanogenic archaeon.
These two organisms were chosen because they seem to possess the majority of equivalent

physicochemical variables (temperature, pressure, etc.) but differ primarily in the



absence/presence of methane; therefore, the amino acid substitution pattern deriving from
the comparison of their proteins should be subject to the effects of this molecule (McDonald
et al., 1999; Di Giulio, 2005a).

I then compared 140 proteins from P. abyssi and M. kandleri for a total of 35,095
amino acids (Tab. 1). This sample seems to be representative of the amino acid substitution
pattern because it presents a total number of variable amino acid positions equal to 12,461
(Tab. 1) and with an identity percentage of 64.5%.

Table 2 shows how the total amino acid substitutions for a single amino acid are
distributed over the two compared organisms. Table 3, on the other hand, only reports the
statistically significant deviations from the expected theoretical ratio of 50:50 of the single
amino acid substitutions in the sample of all the amino acid substitutions (Tab. 1).

Equivalent analyses have already been conducted in a similar way for other variables
(Haney et al., 1999; McDonald et al., 1999; Di Giulio, 2000, 2005a, 2005b, 2005¢c; Archetti
and Di Giulio, 2007).

3.2 The construction of a methanophily index

The comparison between the proteins of a methanogen and a non-methanogen (Tab. 1)
makes it possible to establish which amino acids are statistically and significantly preferred
by the methanogen and which are not (Tab. 2). Then, by associating every amino acid with a
rank established simply on the basis of the probability of deviation from the expected

theoretical ratio of 50:50 (Tab. 2), we can define a methanophily index (MI) as follows:

N

MI =2 RyN,
J=1



where Rj is the methanophily rank (Tab. 2) of the j-th amino acid and N is the protein’s amino
acid length. This has already been done for other variables (Di Giulio, 2000a, 2005b, 2005c;
Archetti and Di Giulio, 2007).

3.3 For some proteins, the methanophily index can distinguish methanogen proteins from

non-methanogen proteins

It is not easy to check whether the methanophily index (MI) which can be associated
to each protein has the power to distinguish methanogen proteins from non-methanogen
proteins because it is not known which amino acids are preferentially used by these two
groups of organisms. The only exception regards the amino acid cysteine, for which there are
indications that it is particularly used in methanogens (Klipcan et al., 2008), which is
compatible with the high rank that cysteine has in Tab. 2.

Therefore, the only means we have of checking whether the MI can distinguish
between methanogen and non-methanogen proteins is to calculate the MI values for a sample
of the same orthologous protein from these two groups of organisms. I have therefore
conducted this analysis for 31 different orthologous proteins (Tab. 4), that is, for every
orthologous protein I have built a multiple alignment and calculated the MI values for the
groups of methanogens and non-methanogens (Tab. 4). It emerged that, for 6 out of 31
proteins, an unpaired t test furnishes statistically highly significant results (top of Tab. 4), that
is, the MI can distinguish between proteins from methanogens and those from non-
methanogens. In other words, the comparison of proteins from a methanogenic and a non-
methanogenic organism can produce an index capable of discriminating between these
organisms, albeit only for about 20% of the analysed proteins (Tab. 4).

Another limitation was identified in this analysis. For four observations, an ‘inverted’
significance was detected, that is to say that the mean of the MI values of the non-

methanogen group is statistically and significantly higher than that of methanogens (bottom



of Tab. 4). In these cases, the MI evidently measures the opposite of what it is required to
measure.

In order to clarify this point, I have broken down the significance into its components,
introducing into the unpaired t test not two groups (methanogens and non-methanogens) but
four (methanogenic Archaea, non-methanogenic Archaea, Bacteria and Eukarya) in order to
understand if there is an effect linked to the domains of life. Under this new condition, the
unpaired t test gives, for the elongation factor-Tu, a high mean MI value (=11.962) for the
sequences of Bacteria such as to invert the test significance (Tab. 5). Whereas, the t test is no
longer significant for histidyl-tRNA synthetase (data not shown) while, for seryl-tRNA
synthetase, the inverted significance of the t test still depends on the very high mean MI value
(=11.455) for the sequences of Bacteria (data not shown). Also for phosphoribosylamine-
glycine ligase a similar behaviour is observed with very high mean MI values for the
sequences of Bacteria and Eukarya, and a low mean MI value for methanogenic Archaea
(data not shown). Therefore, the Ml is also subject to an effect due to the three domains of
life.

This urges us to conduct more thorough investigations into the six observations that
seem to give the MI the power to discriminate between methanogen and non-methanogen
groups (top of Tab. 4). As far as glycyl tRNA synthetase is concerned, Tab. 6 clearly shows
that the significance of the test is primarily due to the high mean value of the methanogens’
MI, even though the mean MI values for the methanogenic Archaea and the non-
methanogenic Archaea are different only at the level of 15% significance (Tab. 6). Whereas,
the mean MI values in the latter two groups are significantly different for the thermosome
sequences (Tab. 7), thus indicating that, although there is an effect due to the domains of life
(see the statistical significance between the sequences of Bacteria and Eukarya (Tab. 7); note
also that although the mean MI value for Bacteria is high and lowers the overall significance
of the t test between methanogens and non-methanogens, it cannot jeopardise it (Tab. 4 and
7)), the overall significance of the test is, however, dependent upon the MI’s discriminatory

power (Tab. 7). Equivalent considerations can also be made for the remaining four proteins,



which have a power to discriminate between the sequences of methanogens and those of non-
methanogens (data not shown; top of Tab. 4).

The conclusion is that these six proteins (top of Tab. 4) make it possible to estimate
the mean value of the MI characterising the proteins of both methanogens and non-
methanogens because, unlike the four in which significance is inverted (bottom of Tab. 4), in
these six proteins the behaviour of MI can be associated to that of methanogens and non-
methanogens (Tab. 6 and 7) while the domains of life might be responsible for the inverted

behaviour of the four proteins (Tab. 5).

3.4 The genetic code might have originated in a methanogen

The mean protein that can be associated to the genetic code on the basis of the number
of synonymous codons that the code attributes to amino acids has-a methanophily index
(Ml¢ode) equal to 11.328. Obviously, in order to calculate this value, Met for instance, which
has a single codon in the genetic code, has been attributed with a frequency in ancestral
proteins of 1/61, while Ser, which has six codons in the code, has been attributed with a
frequency of 6/61 (for a justification of this assumption, see Di Giulio (2000a)). Therefore, it
is possible to test whether the value of Ml¢oge = 11.328 is typical of proteins of methanogens
or non-methanogens. In order to do this, we have to estimate the mean MI for the proteins in

these two groups of organisms. This has been done using only the six observations in the top

part of Tab. 4. The mean MI value of methanogens is equal to MIyean = 11.256, and that of
non-methanogens is MIyean = 10.914, which are clearly seen to be different in a paired t test
(mean diff. =+0.342, df=5, t=+7.459, P=0.0007), while in the more relevant unpaired t test,
the difference between the two groups is only marginally significant (mean diff. =+0.342,
df=10, t=+1.982, P=0.076). However, the crucial test (Blaam, 1972; Di Giulio, 2000a, 2005b,

2005¢; Archetti and Di Giulio, 2007) for establishing whether or not these two means are

different from the value Mlcoge = 11.328 of the mean ancestral protein has determined that,

while the Mlpean = 11.256 of methanogens is not different from the Ml¢qgde (t=-0.6729, df=5,



0.50<P<0.60), that of non-methanogens (Mlyean = 10.914) is different from Ml;oge (t=-
3.067, df=5, 0.02<P<0.05). This indicates that the genetic code might have originated in a
methanogen because the mean of the MI values for methanogen proteins is not different from
that associated to the genetic code, whereas the mean of the MI values for non-methanogen

proteins is different from that derived from the genetic code.

4. Conclusions

The comparison of proteins from a methanogenic and a non-methanogenic organism is
such as to produce a methanophily index capable of discriminating between these two groups
of organisms, even if only 20% of the analysed proteins are sensitive to this index. This
shows that methane influenced the amino acid substitution pattern in these two organisms
(Tab. 1, 2, and 3).

The use of this finding in order to establish whether the genetic code evolved in a
methanogen or a non-methanogen furnishes evidence in favour of the hypothesis that
methanogenesis is an extremely ancient pathway because the genetic code seems to have been
structured in a methanogen. This is compatible with the suggestion that methanogenesis is a
very early pathway in the history of life (Brocks et al., 1999; Battistuzzi et al., 2004; Bapteste
et al., 2005; Ueno et al., 2006).

Finally, this observation also corroborates the hypothesis that the LUCA was a

methanogen (Xue et al., 2005; Wong et al., 2007).
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Legend to the Tables

Table 1
The matrix shows amino acid substitutions between Pyrococcus abyssi (non-methanogen) and
Methanopyrus kandleri (methanogen). For every row and column, the table also shows the

relative sum but not including the diagonal element. See text for further information.

Table 2
Sum of all the amino acid substitutions involving a single amino acid as identified in Tab. 1.
The substitution direction is: non-methanogenic amino acid -> methanogenic amino acid. The

highest ranks refer to ‘methanogenic’ amino acids. See text for further information.

Table 3

Deviation from the theoretical expected ratio 50:50 of the single pairs of amino acids
observed in Tab. 1. The first amino acid refers to the one present in the non-methanogenic
organism, while the second to the methanogenic organism. For instance, AC = 65 indicates
that 65 alanines (A) in the non-methanogen have been replaced in the methanogen in the

same number of cysteines (C).

Table 4

This shows: (i) the alignment length (aln); (i1) the number of proteins used (n); (iii) the mean
and standard deviation of the methanophily index value (MI) of the proteins from
methanogens and non-methanogens; (iv) the difference between the mean value of the MI of
methanogens and non-methanogens (mean diff.); (v) the t test value and the relative
probability. The proteins are arranged in decreasing order of significance of the

discriminatory power of MI. See text for further information.

Table 5

13



Results of the unpaired t test of the elongation factor-Tu for the differences between the
means of Mls for the four groups: a= Eukarya; b = non-methanogenic Archaea; c=
methanogenic Archaea;

d = Bacteria

Table 6
Results of the unpaired t test of the glycyl-tRNA synthetase for the differences between the
means of Mls for the four groups: a= non-methanogenic Archaea; b = Bacteria; ¢ = non-

methanogenic Archaea; d = Eukarya.

Table 7
Results of the unpaired t test of the thermosome proteins for the differences between the
means of Mls for the four groups: a= non-methanogenic Archaea; b = Bacteria; ¢ = non-

methanogenic Archaea; d = Eukarya.
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5. Tables

Substitution Direction: non-methanogenic-AA->methanogenic-AA P Rank
AAs->E=1518 E->AAs=955 <0.000001 20
AAs->V=1503 V->AAs=1022 <0.000001 19
AAs->R=1074 R->AAs=701 <0.000001 18
AAs->D=823 D->AAs=515 <0.000001 17
AAs->C=219 C->AAs=28 <0.000001 16
AAs->P=371 P->AAs=266 0.000036 15
AAs->H=301 H->AAs=209 0.000054 14
AAs->G=481 G->AAs=399 0.0063 13
AAs->A=975 A->AAs=905 0.11 10.5
AAs->T=618 T->AAs=569 0.16 10.5
AAs->1=1031 L->AAs=1071 0.40 10.5
AAs->Q=278 Q->AAs=320 0.094 10.5
AAs->S=540 S->AAs=614 0.032 8
AAs->M=317 M->AAs=402 0.0017 7
AAs->W=T78 W->AAs=127 0.00076 6
AAs->Y=335 Y->AAs=448 0.000061 5
AAs->F=338 F->AAs=504 <0.000001 4
AAs->N=245 N->AAs=522 <0.000001 3
AAs->I=737 [->AAs=1434 <0.000001 2
AAs->K=679 K->AAs=1450 <0.000001 1

Table 2



5. Tables

AC=65
Al=33
AK=30
AL=37
AR=45
AY=14
CG=3
CS=3
CT=3
Cv=7
CD=0
CI=0
CM=0
CN=0
ME=22
MR=27
MV=56
RH=12
RI=10
RK=194
RL=19
RW=2
RY=11
KD=117
KE=413
KG=63

KI=13

CA=7
[1A=65
KA=56
LA=68

RA=26
YA=31
GC=12
SC=20
TC=18
VC=30
DC=7
IC=11
MC=11
NC=8
EM=6

VM=36
HR=32
IR=36
KR=403
LR=45
WR=12
YR=31
DK=24
EK=133
GK=10
IK=27

Probability
<0.000001
0.0016
0.0068
0.0032
0.032
0.016
0.035
0.00049
0.0014
0.00019
0.016
0.00098
0.00098
0.0078
0.0037
0.0019
0.047
0.0036
0.00016
<0.000001
0.0016
0.013
0.0029
<0.000001
<0.000001
<0.000001
0.038



KP=46
KS=57
KV=46
GD=62
GN=21
GY=2
YD=13
YE=30
YH=52
YS=13
SD=40
SE=70
SN=25
ST=117
SY=1
LE=50
LF=81
LH=18
L1=238
LT=45
LV=264
VE=49
VI=263
IC=11
IE=46
10=9
FE=14
FH=18

0.000019
0.000056
0.012
0.021
0.0011
0.013
0.049
0.014
0.00021
0.0018
0.043
0.042
0.029
0.010
0.0018
0.0052
0.0017
0.043
0.000021
0.022
0.00018
0.0071
<0.000001
0.00098
0.000001
0.021
0.034
0.0043



ACCEPTED MANUSCRIPT

PN=3 NP=12 0.035
PD=25 DP=12 0.047
HN=12 NH=31 0.0054
NE=73 EN=23 <0.000001
ND=130 DN=42 <0.000001
NQ=16 QN=5 0.027
EQ=56 QE=85 0.018

Table 3
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5. Tables

Mean Diff. DF t-Value P-Value
a, b -119 | 25 -1,015 ,3200
a, c -,047 | 26 -,625 ,5377
a, d -,870 30 | -19,941 <,0001
b, c ,072 | 29 ,623 ,5382
b, d -,752 33 -8,131 <,0001
c,d -,824 34 | -13,422 <,0001
Count Mean Variance Std. Dev.  Std. Err
a 12 | 11,091 ,013 ,115 ,033
b 15 | 11,210 ,153 ,391 ,101
c 16 | 11,138 ,057 ,239 ,060
d 20 | 11,962 ,015 122 ,027

Table 5




5. Tables

Mean Diff. DF t-Value P-Value

a,b , 310 | 29 1,612 1178
a, d ,237 | 23 1,490 ,1497
a, c -,223 27 | -1,250 ,2220
b, d -,072 28 -,416 ,6803
b, c -,533 32 | -2,997 ,0052
d,c -,460 26 | -3,026 ,0055

Count Mean Variance Std. Dev.  Std. Err

a 13 | 11,122 ,236 ,486 ,135
b 18 | 10,812 ,308 ,555 ,131
d 12 | 10,884 ,073 ,271 ,078
c 16 | 11,345 ,221 471 ,118

Table 6



5. Tables

Mean Diff. DF t-Value P-Value
a, b -274 | 43 | -2,204 ,0329
a, c -,372 27 | -3,166 ,0038
a, d ,193 | 18 1,365 ,1890
b, c -,099 | 46 -,892 3771
b, d 466 | 37 3,056 ,0042
c,d ,565 | 21 4,662 ,0001
Count Mean Variance Std. Dev.  Std. Err
a 13 | 11,261 17 ,342 ,095
b 32 | 11,535 ,152 ,390 ,069
c 16 | 11,633 ,085 ,291 ,073
d 7 | 11,069 ,038 ,195 ,074

Table 7






