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Abstract

Studying mutations in promoter sequences has revolutionized molecular genetics by taking into account changes
in the sequence which facilitate functional changes. Our knowledge of such changes can be furthered by tracking
these changes as they occur after each base pair mutation. Although these mutations cannot be repeated or directly
observed throughout molecular evolution, they can be modeled to give a feel of the dynamics of how regulatory
elements are formed through time.

This article presents PromMute, the graphical promoter mutation simulation, designed to model the appearance
of transcription factor binding sites in promoters through single base pair mutations. It is capable of tracking the
formation of a number of transcription factor binding sites, either from yeast, or supplied by the user through a
number of generations applying natural selection. The program is compared to existing programs such as ev and
PPE (Probability of Promoter Evolution).

Different kinds of sample test simulations were done with the program, including studying the number of
generations needed for the appearance of a given motif due to random mutations as well as the dynamics of motif
turnover.

PromMute is capable of modelling the transcription factor binding sites and scoring them more realistically. The
sample test cases presented in the article show that longer transcription factor binding sites take a longer time to
form, and that such motifs are also more prone to deformation by back mutations. The program is also useful for
researchers who wish to study motif turnover of their own specified motifs.
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Introduction

In recent decades evolutionary theory has emphasized studying
the evolution of genetic regulatory elements. This is because changes
in genetic regulatory networks are purported to explain different kinds
of morphological and physiological changes in organisms and also
lend an explanation as to how genomes evolve [1]. Small changes in
regulatory genetic elements are therefore be the cause behind changes
in phenotype, thereby affecting evolutionary development [2].

Modelling the evolution of genetic regulatory elements is a relatively
new area in molecular genetics. A number of articles discuss different
models of transcription factor binding site (TFBS) distribution and
turnover from an information theory viewpoint [3-5]. These include
finding regulatory motifs based on their information content which
mirrors the difference in base content between the motif and the
genome as a whole.

The thermodynamic interactions between the surface of a
transcription factor and the surface of the DNS determine how strong
these two macromolecules bind to each other. The binding rates of
these transcription factors to their binding sites is correlated to the

information content of the motifs themselves, denoted by R, [6].
R, is determined by the matrix Riw(b,l), which is used to determine
the information content of a given motif. An R, value of 0 seperates
binding sites (above 0) from non-binding sites (below 0). The majority
of binding sites have an information content around Rsequem, which
is the average information content of the motif. For more about the
relationship between binding strength and the information content of

TFBS’s, see the two publications of Schneider [7,8].

The ev program of Schneider [9] is worth mentioning which
is based on the groundbreaking work done in actually simulating
molecular evolution in promoter sequences by measuring the growth
in information content of TFBS’s. The ev program simulates the
formation of only a single kind of TFBS at 16 different sites within a
single promoter. This is however unrealistic, since most TFBS’s usually
occur only a few times within promoters. Another short-coming of
the ev program is that instead of defining the fit between TFBS’s and
transcription factors in this way, it unrealistically models the fitting of
transcription factors to their individual TFBS’s using a complicated
method involving twos complement matrixes. Another program, PPE
of Stone and Wray [10] models the time needed in their own simulation
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for new TFBS’s to appear through random mutation in Drosophila
promoters. This program uses real biological sequences and models
mutations through stochastic processes, but does not model selection.

The goal of this article is to present a multi-faceted simulation
program which realistically models motif turnover in promoter
sequences, called PromMute. Since the myriads of base pair mutations
which supposedly happened in the evolutionary past cannot be
reproduced site-by-site and generation by generation, the PromMute
program has been developed to simulate this type of mutation in a set
of randomized promoter sequences over a set number of generations in
order to visualize the dynamics of TFBS formation in silico.

The program simulates the formation of a number of known
TFBS’s (also called motifs) through random mutations. Any number of
TFBS’s can be selected from a list of 24 yeast motifs from the Promoter
Database of Saccharomyces cerevisiae (SCPD) [11]. Different motifs,
belonging to other species defined by a position weight matrix can
also be added. TFBS’s from widely used databases such as Jaspar and
Transfac can also be imported and studied. More than one TFBS can
be selected in order to study the development of whole TFBS networks.
Therefore different kinds of simulations can be devised to simulate
whether a given kind of regulatory network can form through mutation.

Materials and Methods
Architecture

PromMute is a stand-alone Windows program, and was
implemented in Visual C# in Microsoft Visual Studio 2008, and
requires a .NET framework 3.5 for installation. The position weight
matrices can be imported either by directly typing them in the
program or by opening a simple text file containing the matrix values.
The program can be downloaded at the following website: http://
prommute.sourceforge.net.

Calculation of the best score

The user may select a number of motifs to be analyzed during the
simulation. The same number of position weight matrixes (PWM:s),
one for each motif, is then used to score the promoter of each of the
organisms for every generation. The best score (BS) for all promoters is
given in the following equation:

BS :{iPZPWM,. (b j)LJmax )

i=1 | j=1

Here n_ is equal to the number of motifs selected by the user, [ is
the length of the i motif, and [PWM,(b,j)] _ is the highest position
weight matrix score for the i motif, where b is the j* base along the
motif. The PWM for each motif is fitted along the entire promoter
to see where it fits best, that is, where it's PWM score is the highest.
In other words, the program slides each PWM along each promoter
sequence in all organisms, and selects the best fit of all PWMs, and
does this for all promoters. The promoters are then scored by adding
up the maximum PWM score for all motifs. The promoters are then
ranked according to their individual scores. This is crucial because in
the selection step of the program, the top percentage of all organisms
is then selected whose promoters scored the highest. PromMute also
keeps track of the maximum best score value, as well as the minimum
best score value over all generations in order to visualize how the fitness
value of the organisms changes through time.

Simulation halt

The simulation stops when either the generation number limit
has been reached selected to be large enough (in our case 10,000
generations), or when all of the selected motifs have appeared in at
least one of the organisms. In other words, if the program reaches the
generation limit, this means that the motifs cannot form (assuming
that the motifs would not form even if time went on until infinity).
However, if in at least one of the organisms the maximum PWM score
for all of the motifs is greater than or equal to the threshold limit set by
the user, then this means that the motifs have formed, and the program
stops (meaning that the evolutionary process has achieved its goal of
forming the motifs desired). The following formula describes this last
situation:

My I
ﬂ[[ZPWM,(b, j)} >(PWM,,,,) ~th] 2)
i=1 j=1 max

Here the variables are the same as described in the previous
paragraph. (PWM__ ), is the maximum position weight score for the
i motif, and th (R=[0,1]) is the selection threshold. The reason this
is a conjunctive formula is because this implies that there has to be
at least one instance of each selected motif in any of the organisms
(whose PWM score is greater than the maximum PWM score possible
for that motif times the threshold value). In other words each motif
has to reach at least the threshold value in order to count as being well-
enough formed.

Rate of generation increase

When studying the generation time needed for a given number
of motifs we calculated a new measure called the rate of generation
increase (RGI). This is given by the following formula:

RGI G 3
ij.kith — HGi'Gj'---'Gk ( )
iyjak
where RGI, | ~denotes the generation rate increase for motifs i, j, ...k
ata threshold of th. G, is the generation number for motif i, and G, , is
the generation number for the module constituted of motifs i, j, ..
k, and nmots is the number of motifs in the regulatory module being
studied. This measure is used to calculate how steeply the formation
time increases when more than one motif is studied compared to
single motif cases. The RGI value was calculated for 276 motif pairs
taken from the SCPD. 24 individual motifs makes (23-24/2)=276 pairs.
Since the maximum generation number is 10,000, this means that the
minimum RGI value ranges between 0.000001 and 1000000.

.and

List of yeast motifs

The list of the 24 yeast motifs taken from the SCPD database [12]
can be seen in Table 1.

Results
Presentation of program

The goal of PromMute is to simulate base pair mutations in a
number of separately randomized hypothetical promoter sequences to
gauge the speed and dynamics of the formation of information-bearing
yeast TFBS’s. The number of promoters is set by the user and is the
same as the number of hypothetical organisms in the population (since
we are studying one single hypothetical gene). Each promoter is 1 Kbp
long.
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Motif id Sequence Iznn(g:fh Max":c"'o"r‘ePWM
GCR1 CTTCC 5 7.711
GCN4 TGACTC 6 9.482
MCB ACGCGT 6 9.783
PHO2 TTAAATT 7 9.542
REB1 TTACCCG 7 11.511
SCB CACGAAA 7 11.323
TBP TATAAAA 7 10.663
PDR1/PDR3 TCCGCGGA 8 13.546
STE12 ATGAAACC 8 11.469
MATalpha2 CATGTAATT 9 14.137
repressor_of CAR1| AGCCGCCAA 9 12.798
MCM1 CCCAATTAGG 10 13.914
PHO4 CGCACGTGGT 10 12.144
ABF1 TCACTATACACG 12 14.804
MIG1 CCCCAGATTTTT 12 15.148
RAP1 ACACCCATACAC 12 15.91
ROX1 TCCATTGTTCTC 12 16.124
SWi5 ATATCATGCTGG 12 13.796
UASPHR TTTTCTTCCTCG 12 14.823
XBP1 GCCTCGAGGCGA 12 15.052
CSRE TTCGGATGAATGG 13 16.731
GAL4 CGGAGCACACTCCTCCG 17 19.931
RLM1 AGTTCTATAAATAGATTC 18 22.37
SMP1 ATGCTTCTATTTATAGCAAC 20 24.945

Table 1: List of 24 default yeast motifs taken from the SCPD.

Similarly to the ev program, PromMute simulates a mutation/
evaluation/ranking/selection/reproduction cycle per generation.
A base pair mutation is introduced into each promoter during each
generation, the number of which can also be set by the user. Afterwards
the best PWM hit is calculated for each selected motif in all promoters.
If the best PWM score for all motifs is above the motif selection
threshold limit in at least one of the organisms, the simulation stops,
since the goal of forming all TFBS’s has been achieved. If not, then the
promoters are ranked according to their total score value (adding up
the best score value for all of the PWM’s/motifs), the proportion of
organisms with a total best PWM score above the organism selection
threshold are selected, and replace those organisms with a lower total
best PWM score with another copy of themselves.

Parameters of the PromMute program
On the input screen the following parameters can be set by the user:

o Number of organisms: population size of organisms in the
simulation. This is also equal to the number of promoters

o Number of generation cycles

o Motif selection threshold: ratio of position weight matrix score
per maximum matrix score for each TFBS

o Organism selection threshold: percent of organisms selected
after each generation cycle

o Selected motifs
o Speed: number of generations after which screen is refreshed
o Name of output file

The simulation can be paused and stopped. A screenshot of
example input parameters can be seen in Supplementary Figure 1. A

short description of the parameters and buttons can be found if the
user presses the “Help” tab.

Selection of transcription factor binding sites

By pressing the “Add PWM?” button, the user can either manually
type in the position weight matrix of a given motif, or can enter data
for a seperate motif stored in a seperate file. The motif name and length
will then be added to the end of the list of TFBS’s on the input screen.
Furthermore, the user is given the possibility of adding the PWM of his
own TFBS on a seperate tab page, making the program more flexible
and realistic.

The number of generation cycles and the number of organisms can
be set beforehand. Here the number and kinds of target TFBS’s can be
selected from a set of 24 experimentally defined TFBS’s 5-20 bp long
taken from the SCPD, represented by position frequency matrixes.
These were converted to position weight matrixes (PWM’s) by using
the matrix conversion equation given in the convert-matrix tool from
RSAT [13]. The program introduces point mutations in each promoter
until either the generation limit is met, or all of the selected TFBS’s
are formed with a PWM score above each individual threshold limit,
meaning that the score ratio of the TFBS’s PWM score divided by the
maximum PWM score are all above the motif selection threshold.
During the simulation the individual instances of each of the motifs is
colored in various shades of gray. Darker hues mean that the sequence
of the specific motif is closer to the target sequence, that is, it's PWM
score is almost equal to the maximum PWM score.

Promoter sequence mutation rate

The PromMute program simulates a single base pair mutation per
promoter/organism per generation. In the present program a single
base pair mutation occurs in each promoter sequence. According to
some opinions, a core or proximal promoter sequence (where specific
regulation of the promoter takes place) is around 500-2000 bp long [14],
which corresponds to a mutation rate of 2-10° to 5-10, respectively.
Taking the spontaneous mutation rate to be around 10® to 10°, these
rates are clearly too high. Decreasing the mutation rate a technical
programming limitation which cannot be avoided. The program could
be run with 1000 organisms representing 1000 promoters of the same
gene with only one base pair mutation in one of the promoters per

12000

10000 1—4 P P

T TV
VTRV LiE
|

8000

——90%
——95%
——100%

VI N
/N AVeY/N,

1234567 8 91011 121314151617 18192021 22 23 24

4000

|
o]
|
|

2000

average number of generations after 10
runs

id number of motif

Figure 1: Average number of generations needed for given motif to
appear through random mutations. The number of generations needed
for each motif to appear through random mutation was simulated 10 times
for each motif and then averaged. This was performed for all motif selection
threshold values from 0.7-1.0.
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generation (which would correspond to a mutation rate of 10°¢), but
this would slow the simulation down too much. Otherwise, with a
larger population more promoters could be available for mutation, but
is limited by computer memory.

Selectivity of TFBS’s

PromMute applies selection to motifs only after they reach a certain
position weight matrix score threshold. The program halts only after all
selected motifs have reached the motif selection threshold as supplied
by the user. Therefore, similarly to PPE, the program does not preserve
partial motif matches.

Program output

Once either the generation limit has been met, or the TFBS network
has been formed (with all of the individual TFBS score ratios above the
threshold ratio set by the user) the program’s output can be viewed on
the output tab. Here the highest total sum TFBS score for all promoters
is plotted as a function of generation cycle number. The average and
lowest total sum TFBS score is also displayed, so the user can get a
feel as to how much fluctuation in information content occurs in the
formation of TFBS’s (see Supplementary Figure 2).

In the output file the input parameters are listed at the head of the
file, followed by a list of parameters calculated for each generation of
the simulation. This includes the generation cycle number, the best
total sum TFBS score, and the position and best PWM score for all
selected motifs. This output can be analyzed according to the purposes
of the user.

As can be seen from the test output in Supplementary Figure 2,
the highest total sum TFBS score fluctuates very much during the
simulation. This type of output is similar to the output generated by
the ev program of Schneider [9] where selection is not applied. The
total lack of information build-up is apparent. This implies that there
must be a substantial informational hiatus between random sequences
and information-bearing functional sequences such as TFBS’s in the
promoter which random mutations must be able to hurdle.

Test simulations with prommute

Generation number needed for motif formation: In order to
simulate the build-up of genetic information in TFBS’s, two sets of
simulations were run. In the first setup, the number of generations was
calculated which was needed for the formation of every single one of
the 24 test TFBS’s from yeast. The simulation was performed 10 times
and an average generation cycle number was calculated. The maximum
generation number was set to 10,000 so the simulation wouldn’t go on
ad infinitum. The number of organisms was set to 64, and the organism
selection threshold to 0.5 (similarly to the parameters used in the ev
program).

The average number of generations was plotted for each single
TFBS, listed from 1 to 24 for seven different selectivity threshold values
(0.7,0.75,0.8, 0.85, 0.9, 0.95, and 1.0) (see Table 2). The 24 yeast TFBS’s
were ranked according to their length, which ranged from 5-20 bp (see
Table 1 - the shortest motif was GCR1 with a consensus sequence of
CWTCC, and the longest one was SMP1 with a consensus sequence of
aWRYTKcTAtWWWTAgMaWY). Therefore the average generation
formation time is plotted as a function of motif length as can be seen
in Figure 1.

We can see that as a general trend, the generation time for a given

number of runs

motifs

Figure 2: Number of generation runs for every 1000 generations per
motif. A test run of 1000 generations was run for each motif at a motif selection
threshold of 1.0. The number of runs was counted where the total best PWM
score remained the same.

motif increases with the selection threshold and with the length of
the motif. Motifs are capable of forming fairly easily under a selection
threshold of 0.8. It is quite easy for a motif as long as 13 bp long to
form, such as the motif CSRE, taking only 1 generation to form up
until a motif thresholf of 90%. However, it takes a longer time for the
motifs GAL4, RLM1, and SMP1 to form, which are 17, 18, and 20 bp
long, respectively. The corresponding maximum PWM score values for
CSRE, GAL4, RLM1, and SMP1 are 16.731, 19.931, 22.37, and 24.945.
From this we can infer that TFBS’s up to 13 bp long can form quite
easily. The situation is different with motifs whose length is between 13
and 17 bp. At a 95% selectivity threshold the program is uncapable of
producing motifs longer than or equal to 17 bp, much less at a 100%
threshold, where even motifs 13 bp long do not form. Here, only motifs
only as long as 7 bp are capable of forming.

Average number of maximum score runs: From Figure 2 we can
see that as the motif length and motif selectivity threshold increases, it
takes a longer time for a given motif to form. This can be understood,
since the longer a motif is, the more likely a back mutation may occur
within it. This might happen in spite of a positive mutation occuring in
it which would bring it closer sequentially to the target sequence.

A test run of 1000 generations was run for each of the selected 24
yeast motifs at a motif selection threshold of 1.0, and the number of
runs was counted where the highest total sum PWM score stayed the
same (see Figure 2). That is, a run is broken when a positive or negative
mutation occurs in the motif, which either increases or decreases
the motif's PWM score (which can be seen in the output tab). The
correlation between the length of the motifs and the number of runs is
very significant: (r°=0.922); therefore the longer a motif gets, the easier
it is for a mutation to occur in it, giving a larger number of short runs.
Furthermore, parallel to this, there is a strong anticorrelation between
the motif length and the average run length (r°=-0.648). This data is
presented in Table 3.

Pairs of motifs: We also studied the formation of motif pairs in
order to get an impression of how smaller regulatory modules may
form through random mutation. To this end we ran the program for
all yeast motif pair combinations (276 in total) and counted how many
generations were needed for their formation for all motif selection
thresholds between 0.7 and 1.0. This information can be seen in the
Supplementary Excel file, under the “motif pairs” tab.
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70% 75% 80% 85% 90% 95% 100%
GCR1 1 1 1 1 1 1 9000
GCN4 1 1 1 1 1 1 10000
MCB 1 1 1 1 1 1 1
PHO2 1 1 1 1 1 1 1
TBP 1 1 1 1 1 1 1
SCB 1 1 1 1 1 1 10000
REB1 1 1 1 1 1 1 1
PDR1/PDR3 1 1 3.8 4.1 1 1 10000
STE12 1 1 1 1 1 63.4 10000
MATalpha2 1 1 1 213 1 141.5 10000
repressor_of_CAR1 1 1 1 1 1 435.6 10000
PHO4 1 1 1 1 149.8 1257.6 10000
MCM1 1 1 1 1 1 138.6 724
ABF1 1 1 1 2943 869.9 5360.7 10000
RAP1 1 1 12 383.8 917.5 2920.5 10000
MIG1 1 1.4 85.8 254 8.6 1013.5 10000
SWI5 1.3 24 438.4 510.4 2371.6 3288.3 8476.4
ROX1 1 1 1 33.6 1959.6 7154.6 10000
XBP1 1 15.4 1 820.4 3206 6850.6 10000
UASPHR 1 1 1 77.8 360.7 4630.8 10000
CSRE1 1 226.3 596.1 1966.2 7006.2 8873.4 10000
GAL4 454.9 1234.7 4227.7 9805.5 10000 10000 10000
RLM1 109.3 17991 8174.8 7801.2 7176.4 10000 10000
SMP1 1902.5 8405.6 7491.9 9631.6 10000 10000 10000

Table 2: Average number of generations needed for motif of a given index to form. Rows represent each individual TFBS from the SCPD, whereas columns represent runs

done for each motif with a given selectivity threshold (ranging from 70% to 100%).

Motif id Igln(g::. gl:l:\:félior?s Average run length
GCR1 5 108 9.259259
GCN4 6 279 3.584229
MCB 6 245 4.081633
PHO2 7 297 3.367003
TBP 7 330 3.030303
SCB 7 206 4.854369
REB1 7 317 3.154574
PDR1/PDR3 8 340 2.941176
STE12 8 312 3.205128
MATalpha2 9 403 248139
repressor_of_CAR1 9 407 2.457002
PHO4 10 398 2.512563
MCM1 10 439 2.277904
ABF1 12 478 2.09205
RAP1 12 503 1.988072
MIG1 12 477 2.096436
SWI5 12 476 2.10084
ROX1 12 477 2.096436
XBP1 12 495 2.020202
UASPHR 12 498 2.008032
CSRE1 13 467 2.141328
GAL4 17 573 1.745201
RLM1 18 581 1.72117
SMP1 20 614 1.628664

Table 3: Number of runs per 1000 generations and average run length for each of
the 24 motifs selected from the SCPD database.

It is interesting to see that when studying motif pairs, the average
generation time increases both as a function of motif length and motif
selection threshold. At a motif selection threshold of 100%, only very
few motif pairs form. The increase in number of generations also
increases more and more steeply not only with the motif selection

threshold, but with the lengths of the individual motifs in the pair. This
can be seen in Figure 3.

For example, if we look at the motif pair GCR1 and GCN4, which
are 5 and 6 bp long, respectively, we see that both motifs form almost
instantaneously. These two are pairs of short motifs. However, when
a small and a medium-sized motif pair is analyzed, such as GCRI and
ABF1 (12 bp long), we find that 109, 309, 766, and 4111 generations
are needed for formation at a threshold of 80%, 85%, 90%, and 95%,
respectively.

When the short motif GCR1 and the long motif SMP1 (20 bp)
are taken into consideration, we can see that the module is incapable
of forming at a threshold of 85%. What was also interesting to see
in this case was that even at the low motif selection threshold of 0.7,
the short 5 bp motif GCR1 changed position on average 551 times,
leading to a change of position at least once every 5.1 generations. This
is very interesting to note, since it points to the fragility of even very
short motifs during the course of molecular evolution. This is a very
important factor which one must take into consideration when trying
to map the course of molecular evolution since back mutations might
occur which tend to break up sequences which have already formed as
parts of regulatory modules.

When studying pairs of medium length motifs (motifs ABF1 and
MIGI, both 12 bp long), we can see that this motif pair is still capable
of forming below a thrshold of 100% (needing 32, 83, 164, 767, 2411,
and 5643 generations to form between thresholds of 70%-95%). This
means that, although more slowly than pairs of short motifs, formation
of a pair of medium length motifs is still fairly rapid. As we can see in
Figure 3, the formation profile of this motif pair resembles that of the
motifs pairs GCR1-GCN4, and GCR1-ABF1.

However, when we look at a medium length motif paired with a
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Figure 3: Number of generations needed for pairs of short, medium, and
long motifs to form. The number of generations needed for each motif to
appear through random mutation was simulated 10 times for a number of
select motif pairs and then averaged. This was performed for all motif selection
threshold values from 0.7-1.0.

long motif (ABF1 and SMPI, 12 and 20 bp, respectively), we can see
that this motif pair reaches the 10000 generation limit at a threshold of
95%, while the long-long motif pair (RLM1 and SMP1, 18 and 20 bp,
respectively) reaches this limit at an 85% threshold.

The rate of generation increase was studied for all yeast motif pairs
(276 in total). This information is given in the Supplementary Excel file,
under the “RGI values” tab. Generation numbers and log RGI values
were depicted as a parameter landscape for motif pairs 1,2 to 1,24
and threshold values from 70% to 100% (the surface of the parameter
landscape is similar for all other motif pairs). These can be seen in
Supplementary Figures 3 and 4, and the interactive supplementary
MatLab figure files pair.fig and rgi.fig. As we can see in the case of the
generation time for the motif pairs, there is a steep increase along only
a100% threshold value, as well as for only the longest motifs. However,
steep increases in the log, RGI value can be observed even in the
middle area of the log RGI landscape (for example, log RGI & =
4.48, where the maximum value is 6.0). (out of the total 276 RGI values,
only 24, 8.7% were below 1 with a minimum of RGIMW85 =0.14). This
mirrors the way the generation time needed for multiple motifs in a
regulatory module increases as the number of motifs increases.

Discussion

In this article the PromMute promoter mutation simulation
program has been presented as a useful tool for researches to study
motif turnover and evolution in promoters. The user can select one
or more motifs out of 24 yeast motifs to study, or can input their own
motif(s). By selecting a motif, the user can study the motif turnover of
the specified motif, whereas if many motifs are selected, one can study
if a motif regulatory network is capable of being created by random
mutation. Furthermore, the sequence, position and highest score can
be saved for each generation after each simulation run. By doing this,
one can track which mutations lead up to motif formation, as well
as studying the dynamic information build-up within a promoter
concerning a specific motif or motifs.

Motif appearance and turnover

Acording to the PPE program, Stone and Wray [10] found that
2254 generations were needed for a motif 6bp long to form. This is

because the mutation rate applied in their program (10°°) was far lower
than that used in PromMute (10%). According to Lang and Murray [15]
when studying two genes in C. cerevisiae they calculated the mutation
rate to be roughly 5-10°. However, the population size used in their
program was also far larger (10° compared to 64, which is the same
number used in some test runs in ev). The average waiting time for
motif appearance also increased as a function of motif length, 10 times
for 7 bp, and 100 times for motifs 8-9 bp long, while it decreased 10-
fold for promoters 200 bp long compared to promoters with a length of
2 Kbp (motifs were found on both strands of the DNA).

In comparison, though PromMute started out with a population
size of 64, which was roughly 10,000 times smaller than the one in
PPE, due to computational restraints, the mutation rate was 10° times
faster. Since the available space for such a motif is 4 times larger in
PPE than PromMute (2 times 2 Kbp, since both strands of the DNA
were analyzed), this means that compared to PPE, in PromMute a 6
bp motif appears every 7 generations. As we can see, the yeast motifs
GCN4 and MCB, which are both 6 bp long take indeed a very short
generation time to form as can be seen in Figure 1 even at high motif
selection thresholds. In fact, a motif which is 5 bp long should occur
once every 1024 bp, which is approxinately the size of the hypothetical
promoter simulated in PromMute, thereby taking in theory also only 1
generation to form.

In order for genes to be expressed properly, they have to undergo
fine-tuned regulation, which takes place in the promoter through
interaction between a number of TFBS’s. For example, in gene
regulatory networks, many genes have to integrate signals coming from
outside the cell through the interplay of these TFBS’s. The question
here is, how do these TFBS’s form through molecular evolution? As a
general tendency we can see that the longer a motif gets, and the larger
the number of motifs wich take part in a regulatory module, the longer
and more difficult it gets for all of the members of the module to form,
let alone taking into consideration the position of the motifs relative
to each other. As we can see, a qualitative difference exists in the motif
selection threshold-generation time curve when we switch from only
one motif to pairs of motifs. However, even pairs of long motifs were
able to form after around 8000 generations at a threshold of 85%. This
would mean that transcription factors should be able to bind to their
respective TFBS’s at such a motif threshold value, which is the case in
many TFBS’s.

Comparison of the program to evand PPE

The main goal of the PromMute program was to measure the
time needed for TFBS’s to appear during evolution modelled in silico
through random base mutations. In this way it is conceptually similar
to the program PPE which was specially designed for studying the
appearances of regulatory elements restricted to Drosophila. Although
PPE uses real biological promoters and TFBS, PromMute is able to
import new TFBS’s supplied by the user besides the 24 yeast motifs
used as a default set.

Both PromMute and PPE have a number of new assets compared
to ev. Both model real biological data: real TFBS’s, of variable lengths,
both search for the best fit of a given PWM to a given motif, and allow
the motif to form in any part of the promoter. Compared to PPE,
PromMute makes it possible for any kind of motif to appear through
random mutations, and is not restricted to just one species. Ev suffers
from modeling TFBS’s from an abstract and purely informatics-
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PromMute ev PPE
Length of motifs 5-20 bp 6 bp 5-9 bp
Motifs available from these species all kinds hypothetical 7 dlfferent
species
Mutation model random random stochastic
Mutation, selection, replication cycle
- yes yes no
per generation
Number of occurrence of motifs 1 16 one to a few
Positioning of motif unrestricted restricted unrestricted
Promoter length 1 Kbp 250 bp 200 bp; 2
Kbp
Real promoter sequence no no yes
Real TFBS’s used yes no yes
Selection applied to parts of motifs no yes yes
TFBS matching and scoring PWM two's PWM
complement

Table 4: List of similarities and differences between PromMute, ev, and PPE.

centered viewpoint. Here motifs are coded in binary, and mutations
occur according to how the binary form of a motif is changed.

One of the fundamental differences between PromMute and
ev however is the way selection is applied to forming motifs. Both
programs simulate a set number of hypothetical organisms which
undergo a cycle of mutation, evaluation, selection, and reproduction,
however, the real question is how natural selection acts on the motifs
under study. The ev program retains fractions of motifs which may be
half-formed. In comparison PromMute accepts a motif only if it has
reached a certain motif threshold value. That is, it accepts a fit between
a TFBS and its TF if it is at least “almost good”, sort of the way a key fits
into a lock, albeit with a minimum amount of wobbling allowed. Until
the motif is formed, the motif undergoes “sequential drift” allowing all
kinds of base pair mutations to undergo within the motif. As seen in
Figure 1, a good candidate threshold would be 80%, since at 85% the
longest motifs are still not capable of forming. Indeed, according to a
study by Collado-Vides et al. [16], different sites for the same binding
motif differ from each other by 20-30% in E. coli. Table 4 presents the
similarities and differences of the PromMute, ev, and PPE discussed
above.

Outlook

More features can be added to the program, thereby making it
more realistic. For example, the program may start with promoter
sequences containing real TFBS’s. In this scenario the goal of the
program could be changed to see whether a new kind of TFBS could
appear through random mutations to augment an already existing
TFBS network. The length of hypothetical promoter sequences could
also be set by the user, since promoters can vary in length according
to their function. Mutational hot spots could be taken into account.
Furthermore, besides basic base pair mutations, larger mutations such
as insertions or deletions can also be modelled.

Overall, the PromMute program is a multi-faceted simulation
program which can aid research by visualizing sequential changes in
promoters step by step and mutation by mutation. The reason for using
it to model molecular evolution is it’s easy usage, speed, usage of real
motifs, and it’s capability of producing data for further analysis.
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