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Abstract. Fimbriae are structures in Escherichia coli, the expression of
which is controlled by the fim operon. Understanding this expression is
important because the fimbriae are important virulence factors.

This expression can be studied using targeted mutations to the DNA,
which can be used to disable binding or transcription of a protein. How-
ever, this can be problematic as only the net effect is observed. Turning
off expression of a protein may enhance fim expression, but deactivating
this protein may also repress another protein that functions as an acti-
vator of fim expression. The net result may be that fim expression goes
down, so it would seem at first glance that the disabled protein was an
activator of fim expression and not a repressor.

In order to understand this complex network of interactions, an agent
based model of fim expression has been created. The subject of this
paper is to introduce this model and to use it to disambiguate between
a number of hypotheses about this system. Parameters such as binding
probability will be optimised using a genetic algorithm. The final model
and parameters show a good match to experimental data.

1 Introduction

Fimbriae are hair-like attachments that Escherichia coli (E.coli) bacteria use
to attach themselves to host cells and subsequently enter them. Because of the
bacteria’s ability to penetrate cells, E.coli bacteria infections are very hard to
treat and so it is imperative we learn more about the way the fimbriae are
regulated.

The main method of investigating the processes within a bacterial cell is by
making focused mutations of the DNA. By directed disabling of the production
of protein, or by changing binding sites within the DNA new information on
protein expression can be gained. However, a mutation can have further effects
within the cell then just the process focussed upon. therefore an effect attributed
to a DNA fragment or protein can in fact be a different mechanism.

One can try using a computer model to simulate the process, but for this one
needs parameters to feed the model, such as binding affinities etc. The aim of this
paper is to model this process using the experimental data currently available,
i.e. data on replacement mutations.
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A key regulator of fim expression is the protein FimB. The regulation of FimB
expression is not well understood at present. One theory is that H-NS (Histone-like
nucleoid-structuring) protein [1] represses fimB expression and that SlyA—a pro-
tein first discovered in Salmonella—antagonises H-NS and reduces fimB repres-
sion [2]. Experimental data [3] concerning these interactions has been produced
via replacement mutations, where the binding sites that control this expression are
deleted and the consequent behaviour of the system observed. This information
will form the core data input for tuning parameters in our model.

2 Previous Work

Previous attempts have been made at modelling aspects of E.coli, for exam-
ple by means of differential equations, either focused on the individual cell and
the processes within [4,5], or on the entire population [6]. Using differential
equations on the whole population can be a good method for predicting global
properties such as cell growth, but since biological systems are inherently not
continuous, these models will ignore the stochastic nature of the system. For
this reason we can use stochastic agent-based models such as those of Karmakar
and Bose[7] and Ramsey et al. [8]. Karmakar and Bose describe a stochastic
model for transcription factor-regulated gene expression, however this is limited
to a broad conceptual model because the detailed parameters are not matched
to any experimental data. Ramsey et al. discuss a modelling environment for
stochastic and deterministic models and compare results for complex—but well
known—regulatory networks using both a deterministic and a stochastic ap-
proach. For this example data is available, but it is not clear what could be done
if the data were limited or not available. Parameters necessary for this are bind-
ing affinity/probability and extent of interaction between different bound pro-
teins. Usually, binding probability of a protein to the DNA is found by gel-shift
experiments [9].

A significant difficulty in understanding fim expression is that there is no
direct way of measuring binding affinity of the protein SlyA. Normally, when
doing these gel shifts at different concentrations of the protein clear bands appear
for the parts where the protein is bound to the DNA [10]. For unknown reasons
gel shifts with SlyA produce irregular banding. The only band with a consistent
location is that of the unassociated DNA. If gel shifts would produce consistent
results we could have used a similar method as Valeyev et al. [11] used in their
model for calcium-calmodulin interaction.

There are many hypotheses for how fim expression is regulated in E.coli [12,9].
A main regulatory process in the expression is controlled by a fragment of DNA
that can be expelled and reinserted in the opposite direction [13,14]. It can be
seen as a switch turning from OFF to ON and back [15,16]. It is also known that
the switch is regulated by the proteins FimB and FimE, where FimB is expected
to turn the switch from OFF to ON and FimE favours the OFF position [12].
The regulation of FimB is the main focus of this paper.
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3 Materials and Methods

Our work consists of two main parts, an agent-based model for the fim expression
and a parameter optimisation model using genetic algorithms.

3.1 Agent-Based Model

In this case the hypothesis tested will be the assumption that the protein H-NS
will act as a repressor for fimB expression and the protein SlyA will be acting
as an antagoniser of H-NS preventing it from binding to the DNA.

The main components of this system are the regulatory region for the fimB
gene and the proteins that bind to that region, which are SlyA and H-NS. These
proteins and the binding sites are represented by entities in the model, which
interact according to the description given in the remainder of this section.

Two SlyA binding sites have been identified, called OSA1 and OSA2—there
is also a possible third site called OSA3. The sites OSA1 and OSA3 overlap not
only with each other (by one base pair) but also with H-NS binding sites. This
is shown in Figure 1.

H-NS represses fimB expression and is antagonised by SlyA. FimB in turn
will switch the fim-switch (fimS ) ON which will start the translation of the fim
operon to form the actual fimbriae. While the switch is turned ON FimE will be
formed which will stimulate the switch to turn OFF.

Two sites for H-NS binding have been identified to repress fimB expression,
however in previous hypotheses it was believed that the experimental results
could be explained by only having one H-NS site (H-NS1). Therefore in Model
1 only H-NS1 is taken into consideration.

It is unknown how high the binding affinity is of SlyA to any of the three
possible binding sites or how strong the effect of SlyA is on the binding of H-
NS. Using an agent-based model with a genetic algorithm to supply the binding
affinities for the different binding sites and the effects of binding on the repression
will circumvent this problem.

A number of variants on the model have been hypothesised, with different
assumptions about the interaction between the binding sites. These are given in
Table 1. Figure 1a shows model 1 from Table 1, whereas the various interactions
in models 2-5 can be understood with reference to Figure 1b. Figure 1 also shows
the regions RM40, RM39 and RM42, which are the regions that are replaced by a
non-functional DNA fragment in the various replacement mutation experiments.

In total there are several parameters to optimise, subdivided into 5 sets. For
example, Model 1 has 15 parameters. The first 5 parameters describe the effects
of binding to the different sites OSA1, OSA2 and OSA3 has on H-NS. The second
group contains 4 parameters describing the binding probability of the two protein
to their respective binding sites. Two parameters describe at which concentration
of FimB or FimE the switch has a 50% probability to turn OFF-to-ON or ON-
to-OFF. There are three parameters describing the effects of the replacement
mutations on the binding of H-NS and the final parameter gives the effect of
repression of fimB expression by H-NS (See also Table 2 for a description).
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Fig. 1. (a) assumption 1 – Three SlyA binding sites, OSA1, OSA2 and OSA3 and the
overlap with the binding site for H-NS. (b) assumption 2 – Two SlyA binding sites,
OSA1 and OSA2 overlap each with an H-NS binding site. RM39, RM40 and RM42 are
replacement mutations targetted to replace respectively OSA1, OSA2 and OSA3. H-NS
can also be partially replaced by SlyA and the different SlyA sites (OSA1, OSA2 and
OSA3) can also act independent from each other where the effect on H-NS is reduced.

Table 1. Summary of differences in the 5 models

Model Summary

1 Assumption 1, where effect of SlyA on
H-NS is expected to be the same as the
Replacement mutation.

2 Assumption 2. H-NS effect on fimB ex-
pression is when bound always 100%

3 H-NS has a cumulative effect on
fimBexpression, but H-NS effect can
vary.

4 H-NS has an independent variable ef-
fect on fimB expression, but repression
is 100% when both sites are occupied.

5 H-NS only has a variable effect on fimB
expression, but only when both sites
are occupied.
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Table 2. Explanation of the different parameters

Sets Explanation

Set 1 Effect of binding of SlyA to OSA1,
OSA2 and OSA3

Set 2 Binding probability of SlyA and H-NS
to the different sites

Set 3 Concentration of either FimB or FimE
at which switching probability is 50%

Set 4 Effect of different replacement muta-
tions

Set 5 Repressing effect of H-NS binding on
fimB expression

In the simulation the population of E. coli bacteria start out as 50 afimbriate
cells, growing, dividing and dying for 1000 iterations, where the colony grows to
approximately 30,000 cells, consisting of a mixture of the fimbriate and afimbri-
ate types. At each iteration, each cell individually checks the amount of FimB
and FimE protein and based on that decides whether to switch the production
of fimbriae ON or OFF. FimE promotes the ON-to-OFF switch and is only
produced when the switch is turned ON. FimB production depends on the re-
pression by H-NS and production is independent of the switch, although FimB
promotes the switch OFF-to-ON. This reflects the best current knowledge about
the functioning of the biological system.

The calculation of the binding probabilities of SlyA and H-NS depends on
a number of parameters, that are described in Table 2. When H-NS binds it
has a maximum effect on the repression of FimB. The effect is reduced when
SlyA binds and the repression is reduced by as much as stated in parameter set
1. The binding probability of H-NS can be reduced or enhanced in the case of
replacement mutations by values stated in parameter set 5. When SlyA binds
to one of the sites it reduces the effect of H-NS inhibiting fimB expression by as
much as the the respective gene from parameter set 1.

3.2 Parameter Optimisation

The parameter optimisation model starts out with generating a population of
solutions for the parameters. In each generation the solutions are tested by run-
ning the agent-based model described above on each set of parameters in the
population and comparing with experimental data, from which a fitness measure
is calculated, which is stored in an output-file.

The experimental data used is concerned with replacement mutations ob-
tained from switching experiments as done by Gally et al. [17] and calculated
from β-galactosidase experiments [18] (the relation between β-galactosidase and
switching frequency as shown by El-Labany et al. [19]; data as used in the model
can be found in Figure 3F). These mutations include RM39, RM40 and RM42,
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where RM39 replaces OSA1, RM40 replaces OSA2 and RM42 replaces OSA3

(as illustrated in Figure 1). Notice that RM39 and RM42 have a direct effect on
the binding of H-NS. Two other mutations include ΔSlyA and ΔH-NS1.

The initial population of parameters is randomly created by sampling from
a uniform distribution within sensible ranges. The algorithm then iterates for
50 generations. In each generation, after they have been tested for their fitness,
the best solution is kept for the next generation and the rest of the solutions
are generated by means of crossover. The candidates for crossover are selected
by tournament selection, where from a random selection of four solutions the
two strongest are mixed [20,21]. The new parameter sets are then subjected to
random mutation, where one of the parameters is altered, to prevent ending in
a local optimum.

Fitness is measured by taking the least square error (LSE) for each model
compared with experimental results.

LSE =
∑

(Fi,exp − Fi,Model)2 (1)

Where i is the fimB expression for each of the different mutants.
For every test of a parameter list a new run of the model is created as described

in the previous section. Reaching an optimum in the parameter optimisation is
a good sign the hypothesis may be correct, however, the parameters produced
should be scrutinised by comparison with what is known from biology in order
to check that the hypothesis produced by the optimisation process is biologically
realistic.

4 Results

The LSE for the different models is shown in Table 5 and the change in LSE over
the generations is shown in Figure 2. The parameter optimisation shows that
most of the different assumptions lead to an optimum where the least square
error (LSE) is reduced 10-400 fold.

The plots of fimB expression for each mutant is plotted in Figure 3, where
Model 1 has a problem with modelling the SlyA mutant, but the other models
give a close resemblance with experimental data, also shown by having relatively
low error values.

A further test is to look at the different parameters collected from these dif-
ferent models. These are shown in Tables 3-4. No experimental data is available
to compare these. However we do know that H-NS binds much stronger to the
DNA then SlyA and also is known that replacement mutation RM40 makes site
H-NS2 closer to the consensus of an H-NS binding site, so may actually enhance
binding of H-NS. Replacement mutation RM39 and RM42 tend to make binding
of H-NS to site H-NS2 less likely.

1 In wild type background the absence of H-NS is tested and as with the other exper-
iments either with or without SlyA present.
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Fig. 2. Error values as a function of generation, samples at initial population, after 10
generations, 20 generations and finally after 50 generations. See A, B, C, D or E for
respectively Model 1, 2, 3, 4 or 5.
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Fig. 3. fimB expression for each model. See A, B, C, D or E for respectively Model 1,
2, 3, 4 or 5 and F for experimental values
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Table 3. Parameter sets 1 and 2. Parameter set 1 shows the effect of SlyA binding on
H-NS repression, and parameter set 2 shows binding probabilities.

Parameter Set 1 Parameter Set 2

Model OSA1 OSA2 OSA3 OSA1&2 OSA2&3 OSA1 OSA2 OSA3 H-NS1 H-NS2

1 29 40 23 53 9 9 58 9 99 -
2 5 15 - - - 31 22 - 100 94
3 27 1 - - - 9 43 - 100 94
4 13 3 - - - 15 33 - 100 94
5 2 12 - - - 4 21 - 92 98

Table 4. Parameter sets 3,4 and 5. Parameter set 3 shows the FimB and FimE con-
centrations in the cell at which the probability of switching ON or OFF the production
of fimbriae is 50%, parameter set 4 shows the effect of replacement mutation on the
ability of H-NS to repress fimB expression (where negative numbers mean that H-NS
binding is enhanced), and parameter set 5 shows the extent of H-NS repression of fimB
expression (note that Model 1 only has one H-NS binding site).

Parameter Set 3 Parameter Set 4 Parameter Set 5

Model [FimB] [FimE] RM39 RM40 RM42 H-NS1 H-NS2

1 100 3 0 8 1 100 -
2 25 92 3 -64 - 100 100
3 100 39 3 -71 - 100 100
4 75 39 -88 -49 - 83 82
5 55 19 -8 -47 - 93 100

5 Discussion

In general the model corresponds well with the experimental data as the graphs
for fimB expression are nearly identical to that of the biological experiments.
This is also shown in the small error value in Table 5. Even though Model 1 has
a smaller error value, it misses out greatly in predicting fimB expression for the
SlyA mutants. The real measure however is in the parameters.

Knowing the biological mechanism on which this model is based, we can see
that only the parameters of Model 3 seem to make any sense, as the parameters
are close to what we were expecting from what we know from the biological
system. We know that the H-NS sites will be occupied most of the time. Binding
of SlyA is two to ten times weaker than H-NS. It has been shown that RM40
makes the H-NS2 site closer to the H-NS consensus, thus increasing the binding
of H-NS to this site (negative value for this parameter). RM39 disturbs binding
of H-NS to H-NS1, even though not very strongly it is still a significant effect.
OSA1 or OSA2 have a small, but still significant effect on H-NS repression. This
is all in line with what was expected from biological experiments. The other 3
models (2, 4 and 5) differ too much from these expectations to be considered as
valid hypotheses, in addition to having a higher error value.
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Table 5. Results for the 5 models, Error values

Model Error

1 0.7920
2 0.0566
3 0.0611
4 0.1013
5 1.1901

At the time of writing it is unclear how the two H-NS sites interact when
repressing fimB expression. The results of this study would suggest the two H-
NS sites act independently, although their effect on the repression is cumulative.

The third SlyA site has only been included in model 1, and its omission from
the other models is supported by an examination of the DNA sequence, which
shows that the OSA3 has less resemblance to the SlyA binding site consensus
compared with the other two sites (See Table 6). Further experiments have shown
that SlyA seems unable to bind to OSA3.

Table 6. Genetic code of the different binding sites

Binding site Genetic code

SlyA TTAGCAAGCTAA

OSA1 TTAGCATGATAA

OSA2 CTAGGGACCTAA

OSA3 ATAGCCACTAA

Further work is needed to investigate the remaining H-NS sites. There are two
more sites in the same region on the DNA, although it is accepted that these
sites are not under control by any of the SlyA sites mentioned here. A further
SlyA site (OSA4) has been identified, but under normal circumstances is not
found to be occupied by SlyA, but the site does overlap with the H-NS2 site
and under some circumstances its effect on antagonising H-NS is still significant.
With existing knowledge of the system and careful analysis of the parameters
found, it has been possible to rule out that the resemblance of the model to
experimental data is effectuated merely by coincidence.

6 Conclusions

An agent-based model has been presented for the regulation of expression of
fimB in E. coli with regard to the regulatory proteins SlyA and H-NS. A num-
ber of hypotheses have been presented for the effect of these proteins on the
expression, and optimisation of parameters against experimental data from re-
placement mutation experiments has been used to disambiguate between these
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hypotheses. One hypothesis has clearly been identified as the most likely candi-
date for explaining the experimental data.

Future work will focus on the influence of other H-NS and SlyA binding sites
on the system.
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