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Lipopolysaccharide (LPS) is an essential structural component found in Gram-negative bacteria. The
molecule is comprised of a highly conserved lipid A and a variable outer core consisting of various sugars.
LPS plays important roles in membrane stability in the bacterial cell and is also a potent activator of the

Accepted 4 June 2013 human immune system. Despite its obvious importance, little is understood regarding the regulation of

the individual enzymes involved or the pathway as a whole. LpxA and LpxC catalyze the first two steps in
f\(ﬂegt";’gg‘liisc: ©thwa the LPS pathway. The reaction catalyzed by LpxA possesses a highly unfavourable equilibrium constant
Lipid A P y with no evidence of coupling to an energetically favourable reaction. In our model the presence of the
Simulation second enzyme LpxC was sufficient to abate this unfavourable reaction and confirming previous studies

suggesting that this reaction is the first committed step in LPS synthesis. It is believed that the protease
FtsH regulates LpxC activity via cleavage. It is also suspected that the activity of FtsH is regulated by a
metabolite produced by the LPS pathway; however, it is not known which one. In order to investigate
these mechanisms, we obtained kinetic parameters from literature and developed estimates for other
simulation parameters. Our simulations suggest that under modest increases in LpxC activity, FtsH is able
to regulate the rate of product formation. However, under extreme increases in LpxC activities such as
over-expression or asymmetrical cell division then FtsH activation may not be sufficient to regulate this

FtsH cleavage

first stage of synthesis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lipopolysaccharide (LPS) is an important structural component
in the outer membrane of Gram-negative bacteria (Poxton, 1995).
This molecule is involved in important biological properties such
as immune evasion, membrane stabilization and attachment to
various surfaces (Walker et al., 2004). LPS has three distinctive
structural sections; lipid A, core oligosaccharide and O-antigen
(Raetz and Whitfield, 2002). The lipid A component is essential for
growth and its structure is relatively well conserved amongst the
Gram-negatives (Raetz et al., 2009). Biochemical studies of the LPS
pathway have proved difficult for a number of reasons. Firstly, some
of the reactions occur within the cytoplasm whilst subsequent steps
occur within the membrane (Raetz and Whitfield, 2002). Secondly,
a number of these enzymes have been difficult to purify (Garrett
et al.,, 1997) presumably due to stability problems and finally, the
substrates and products of some of these reactions are difficult to
assay for (Belunis and Raetz, 1992). Therefore, an in silico metabolic
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model of this pathway would prove extremely useful for acomplete
understanding of both the synthesis and regulation of LPS.

The first obligatory enzyme in the biosynthesis of lipid A is
UDP-N-acetylglucosamine acyltransferase (LpxA) (Anderson and
Raetz, 1987). This enzyme is encoded for by the IpxA gene (Coleman
and Raetz, 1988) and is responsible for the transfer of R-3-
hydroxyl chain to glucosamine 3-OH of UDP glucosamine from
R-3-hydroxyacyl-acyl carrier protein (Anderson et al., 1985). Its
substrate (UDP-N-acetylglucosamine) is located at a biosynthetic
branchpoint which was previously unknown prior to the discovery
of LpxA (Anderson and Raetz, 1987). This enables the substrate to
be utilized either in the biosynthesis of lipid A or for the synthesis of
peptidoglycan (Creuzenet et al., 2000). An interesting feature of the
reaction catalyzed by LpxA is the thermodynamically unfavourable
equilibrium constant of approximately 0.01 (Anderson et al., 1993).
Such large unequilibriums exist for other enzymes such as creatine
kinase which solve the energetics either by coupling the reaction to
an energetically favourable one or by interacting directly with sub-
sequent proteins (Shih and Whitesides, 1977). There is no evidence
of either of these mechanisms occurring for this enzyme and to
date there have been no studies aimed at examining the impact
of this unfavourable reaction in context of subsequent lipid A
metabolism.
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Fig. 1. A simple model for the first two steps in lipid A biosynthesis: LpxA and LpxC
catalyze the first two steps in the Lipid A pathway and regulation of LpxC occurs via
FtsH proteolytic cleavage.

UDP-3-0-N-acetylglucosamine deacetylase (LpxC) catalyzes the
second reaction and due to the unfavourable LpxA reaction, it
represents the first committed step in the biosynthesis of lipid
A (Barb and Zhou, 2008). The reaction involves hydrolyzing
UDP-3-0-(3-hydroxymyristoyl)-N-acetylglucosamine to UDP-3-
0-(3-hydroxymyristoyl) glucosamine and acetate (Young et al.,
1995).1tis known that very low levels of LpxC are detrimental to the
cell viability (Schakermann et al., 2013); however, very high levels
of this enzyme also appear to be toxic to the organism presumably
due to a build up of lipid A (Sorensen et al., 1996). Therefore, regula-
tion of LpxC is crucial for microbial survival. In Escherichia coli, LpxC
is regulated in a unique manner involving proteolytic cleavage of
the enzyme by the protease FtsH (Ogura et al., 1999). The activity of
the proteolysis is in turn thought to be dependent on the balance of
phospholipid to lipopolysaccharide molecules (Schdkermann et al.,
2013) but this has not been established experimentally. However,
to date no studies have investigated the combined activities of
the individual enzyme kinetic properties and subsequent regula-
tory mechanisms on the overall synthesis of LPS. Additionally, no
mathematical models exist which would be capable of testing our
current understanding based on published experimental research.
Such a model could substantiate the proposed mechanism of lipid
A synthesis as well as providing new insights into this complex and
important microbial pathway.

Here we provide a model for the first two reactions of lipid A
biosynthesis investigating the unfavourable reaction of LpxA and
the subsequent committed step catalyzed by LpxC. Our model util-
izes transcription/translation rates, enzymic rates and protein half
lives/degradation rates to investigate the flow of substrates through
this stage and interrogate the proposed regulatory mechanisms.

2. Methods

A simple model for the analysis of LpxA and LpxC in the biosyn-
thesis of lipid A could be represented as shown in Fig. 1. In this
paper, we provide a model for the first two reactions in the Lipid
A biosynthetic pathway in E. coli for a single generation/doubling
time.

The reactions were modelled by a simple enzymic reaction
whereby, the enzyme E binds to the substrate S, forming an
enzyme-substrate complex ES, which then dissociates to produce
the product P with release of free enzyme.

k k
E+S<ES<%P+E
k—l k,z

where k; is the rate constant of enzyme binding to the substrate to
form the ES complex, k_; is the rate constant for dissociation from
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Fig. 2. A simple model of gene expression: A schematic representation of mRNA
transcription and protein translation at a rate of vy and v; respectively. mRNA
degrades at a rate do whilst protein degradation occurs at a rate d;.

the complex, k is the catalytic rate constant and k_; the reverse
rate constant for formation of the complex.

This simple enzymic model is not applicable to all reactions
catalyzed by enzymes especially those involving more than one
substrate. However, the reactions involved in the first two steps of
lipid A biosynthesis involves more than one reactant. Prior kinetic
studies on LpxA (Anderson et al., 1993) indicated that this enzyme
followed a pseudo first-order process. Similarly, LpxC has as its sec-
ond reactant H, O, and given the abundance of water in the cell, this
could also be modelled as a first order reaction.

2.1. Estimation of transcription and translation rates of LpxA and
LpxC

A simple model for the transcription and translation of a gene
can be represented as in Fig. 2.

vo and v; are the rates of mRNA and protein synthesis respec-
tively, while dy and d; represent the rate of mRNA and protein
degradation respectively.

In our model, we made use of a generation time of 30 min
(1800s) for E. coli under optimum conditions (Plank and Harvey,
1979; Mackie, 2013). A mathematical model for estimating the
number of proteins produced over a given period for a two-stage
model of gene expression from information on available transcrip-
tion/translation rates as well as mRNA and protein degradation
rates have been proposed (Shahrezaei and Swain, 2008).

I'(a+n) b \"[1+be™\"
P"(r):F(n+l)F(a)(1+b) ( 1+b )
x2F1 (—n, —-a,1—-a-mn; %) @)

Eq. (1) gives the probability distribution of protein numbers (n)
as a function of time t where 2F1(aq, b, c; z) is the hypergeometric
function and I" represents the gamma function. Parameters a cor-
respond to the frequency of transcription burst relative to a protein
lifetime (vg/d;) while b is the mean number of proteins produced
per transcription burst (v1/dp) and t =td;. The rate of protein pro-
duction was modelled as a competition between ribosomes and
RNAse E binding to the mRNA (McAdams and Arkin, 1997).

In our model, vg=Rateans, v1=Rateys, do=Rategegm and
dy= Ratedegp

2.1.1. Estimation of Raterans, Ratey, Rateegm and Rategegy in
LpxA

It has been stated that the average number of transcription
bursts of a gene per generation time for E. coli is between 5 and
10 (Mackie, 2013; Golding et al., 2005). However, since enzymes
involved in LPS biosynthesis are constitutive (Raetz et al., 2009),
the transcription burst value for LpxA is likely to be in the upper
limit. As a result, our model assumes that LpxA transcription burst
number would be about 7 times per generation time. We there-
fore assigned Rateyrans to be 7/1800 s~ 1. The half life of some E. coli
mRNAs have been analyzed under generation times of 30 and



A. Emiola et al. / Computational Biology and Chemistry 47 (2013) 1-7 3

90 min (Bernstein et al., 2002). However, there was no available
data for LpxA. We estimated the half life (¢;/,) by taking the aver-
age half life from the available data of other mRNAs involved in the
LPS biosynthesis. Thus, LpxA was assigned a half life of 3.3 min and
the mean lifetime 7 =t;,/In2 was estimated at 286 s. This suggests
that an mRNA would be degraded on average every 286s, hence
Rategegm =1/286 s~1. It has been reported that the rate of protein
translation is about 20 amino acids per second (Alberts et al., 2002)
and would usually take about 2 s for ribosomes to bind to an mRNA
(Mitarai et al., 2008). Given that LpxA consist of 262 amino acids
(Coleman and Raetz, 1988), it would perhaps take 15 s for a protein
to be translated. In addition, since the stability of an mRNA is in part
due to its mean lifetime (Chen et al., 2008; Hoen et al., 2011), the
model assumes the production of 19 proteins per mRNA lifetime.
We therefore designated Rate to be 19/286s~!. On the other
hand, E. coli proteins associated with the cell membranes usually
possess half lives corresponding to the cell doubling time mainly
from dilution resulting from cell division (Akiyama, 2009). Conse-
quently, the half life of an LpxA protein was selected to be 30 min
and the mean lifetime was estimated to be about 43 min. Rategegp,
was therefore assigned to be 1/2597 s~ 1.

2.1.2. Estimation of Ratetrans, Ratey, Ratejegm and Ratejegy in
LpxC

Due to the unfavourable equilibrium constant of LpxA, the
model assumed more LpxC molecules might be required to act
quickly on LpxA’s product before it reverses back to the initial sub-
strate. We therefore utilized a transcription burst number of 8 - just
one over that of LpxA; hence, Rateans was assigned 8/1800s~ 1. In
the absence of specific data as regards mRNA degradation rate for
LpxC, we employed similar method utilized for LpxA by assign-
ing a half-life of 3.3 min and subsequently a mean lifetime of 286 s
which resulted in Rategeg,, being assigned as 1/286 s~1.In addition,
given that LpxC consist of 305 amino acids (Beall and Lutkenhaus,
1987), this suggests that a protein would be produced approxi-
mately every 17 s which approximates to 17 translations over the
lifespan of an LpxC mRNA. The parameter Rate;,; was subsequently
designated as 17/286s~!. The abundance of LpxC is regulated via
FtsH cleavage (Sorensen et al., 1996) which has a direct effect on the
cell’s generation time. In experiments conducted by Schakermann
etal.(2013), they reported half life values for LpxC presumably due
to FtsH activity under conditions that results in different genera-
tion times. Their findings suggest that at high generation times, the
half life of LpxC is low. From their reported data, we can estimate
the half life of LpxC and the rate of FtsH cleavage under optimum
conditions. However, there was no data at doubling time of 30 min
at 37 °C. We therefore generated a non-linear regression curve of
available data at 37°C and interpolated for unknown half-life at
generation time of 30 min (Fig. 4A). Although, the experiments by
Schdkermann et al. (2013) were carried out using two different cul-
ture media, each with its distinct generation time, this would have
a negligible effect on our estimations because the half life of LpxC
under FtsH activity is a direct function of the generation time; the
higher the generation time, the smaller the half life. As a result,
the half life of LpxC under optimum conditions and at a generation
time of 30 min was estimated to be about 50 min. Hence, our model
assumed the rate of LpxC degradation Rategeg, to be 1/4329 s,

Eq. (1) proposed by Shahrezaei and Swain (2008) was reported
to be accurate in comparison with experimental data whenever the
ratio of dg/d; is >1 and is therefore is applicable to our model.

2.2. Estimation of kinetic parameters for LpxA and LpxC
When N-acetylglucosamine is used as substrate, the Michaelis-

Menten constant K;; and turnover number (k) of LpxA has been
reported to be 0.82mM and 7.17s~! respectively (Wyckoff and

Raetz, 1999). We were therefore able to calculate the rate con-
stant for LpxA binding to the substrate (k1 ), dissociation constant
from the enzyme-substrate complex (k_;) and the reverse rate
constant for the formation of complex from kp, =(k_1 +k,)/k; and
keq=(kq1 x k2)/(k_1 x k_3). We assumed the catalytic rate constant
(ky) to be 1% the dissociation rate constant of the enzyme-substrate
in order to favour the thermodynamically unfavourable equilib-
rium observed from experimental assays. Roberts et al. (2011) has
shown that assumptions of this kind are negligible as long as the
parameters k_; and k; correspond to the K;; value. On the other
hand, the K;; and turnover number for LpxC whilst utilizing UDP-
3-0-(3-hydroxymyristoyl)-N-acetylglucosamine as substrate was
reported to be 0.00019 mM and 1.5 s~ respectively (Hernick et al.,
2005). Enzymic reactions in which the rate at which the product
reverses back to substrate is much smaller than product synthesis
rate, k_, is negligible.

2.3. Estimation of amounts of substrate and enzymes

It has been reported that there are approximately 1 million
molecules of lipid A per E. coli cell (Raetz et al., 2009) and this prob-
ably is the concentration of lipid A just before the cell divides. The
stoichiometric ratio of UDP-N-acetylglucosamine and UDP-3-0-(3-
hydroxymyristoyl) glucosamine is 1:1; indicating approximately
1 million molecules of initial substrate would be consumed by a
single cell for the first two steps of the reaction. We therefore
assigned UDP-N-acetylglucosamine an initial value of 1 million
molecules. It is estimated that there are about 664 LpxA molecules
per E. coli cell (Ishihama et al., 2008) and this probably would be
the amount prior to cell division. From Eq. (1), we can estimate
the number of proteins translated per generation time and there-
fore determine the initial concentration of LpxA. Additionally, the
concentration of LpxC within an E. coli cell has not been experimen-
tally determined. However, it is reasonable to make estimations
from prior purification experimental data based on mass compo-
sition of the purified protein from cell lysates. When LpxC gene
from Pseudomonas aeruginosa was cloned via a plasmid vector in
an E. coli host (Hyland et al., 1997), it was reported to be over-
expressed between 900- and 1000-fold representing 3.7 mg (14%
yield) of 130 mg of total protein in membrane-free crude lysate. We
assumed that the protein was expressed 950 folds and were able to
estimate that LpxC comprise of about 0.02% of cytoplasmic proteins
given that there are about 1.9 million proteins present in the cyto-
plasm of E. coli (Sundararaj et al., 2004). This estimate was assumed
to be the concentration of LpxC prior to cell division indicating
that cleavage by FtsH has occurred. From information on amount
of proteins synthesized as calculated from Eq. (1) and the rate of
cleavage by FtsH, we can determine the initial amounts of LpxC at
time t=0.

The model was run at a simulation time of 30 min using the
COPASI software (Mendes et al., 2009) and the cytoplasmic com-
partment volume of E. coli was set at 6.7 x 10716 L (Cayley et al.,
1991). The generated SBML file is found in the Supplementary
Material section.

3. Results
3.1. Estimation of number of LpxA and LpxC translated

From Eq. (1), we were able to estimate the number of proteins
produced over a period of 30 min by generation of a probability
curve. The expression of LpxA was estimated to result in 75 proteins
(Fig. 3A) while LpxC about 93 proteins (Fig. 3B).
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Fig. 3. Probability distribution curve for protein expression: probability distribution for (A) LpxA and (B) LpxC proteins expressed by a single E. coli cell at a generation time

of 30 min.

3.2. Estimation of the half life of LpxC under FtsH conditions

Schdkermann et al. (2013) reports that LpxC abundance is reg-
ulated by FtsH during slow growth conditions and from their data,
we estimated the half life of LpxC at 37 °C under a generation time
of 30 min by interpolation for unknown half life from the generated
non-linear regression curve (Fig. 4A). The half life of LpxC at 37 °C
under FtsH conditions was 50 min.

3.3. Estimation of kinetic parameters for LpxA, LpxC and FtsH

From the obtained Ky, and turnover values of LpxA and LpxC,
we approximated the rate constants for enzyme binding to sub-
strate k1, enzyme-substrate complex dissociation constant k;, and
reverse rate constant for formation of the complex k_,. For LpxA,
we assumed the catalytic rate constant to be 1% the dissociation
rate constant in favour of the thermodynamically unfavourable
equilibrium constant (~0.01). This resulted in assigning values of
883mM-1s-! to kq, 717s~! and 883mM~!s-! to K_;, and k_»
respectively. Our model assumes approximately 664 molecules of
LpxA per cell prior to cell division and given that about 75 molecules

>
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Fig.4. Catalyticefficiency of LpxCin the LPS pathway and its stability under different
growth conditions. (A) Half life of E. coli LpxC under different generation times. (B)
Formation of UDP-3-0-(3-hydroxymyristoyl)-glucosamine indicating that LpxC is
sufficient to overturn the effect of the unfavourable equilibrium resulting from the
first step of the LPS pathway.

of LpxA would be produced over the course of 30 min, the ini-
tial number of LpxA molecules at t=0 was set at 589. From these
estimates, we derived the rate constant from In(Eg/E;)=—kt and
hence, production of LpxA over the course of simulation occurred
with a rate constant of 7.0 x 10~° s~1. Similarly, the k; and k_; val-
ues of LpxC were 7973 mM~!s~! and 0.015s! respectively. Our
model estimates about 385 molecules of LpxC prior to cell divi-
sion and is assumed that proteolysis by FtsH has occurred at this
stage. From the calculated half life of 50 min for LpxC under FtsH
conditions at a generation time of 30 min, we approximated the
initial amount of LpxA at t=0 and the rate constant of cleavage
from N¢=Ny(1/2)!f112 and A=In2/ty,. This resulted in a cleavage
rate constant of 2.3 x 10~4s~! and initial LpxC molecules of 583.
Nevertheless, without FtsH activity, the probable number of LpxC
molecules after 30 min would probably remain 583 and given that
we approximated the expression of 93 molecules over this time
course, the initial number of LpxC molecules was set at 490 and
the rate constant of translation was subsequently derived. How-
ever, since the number of cleaved LpxC molecules by FtsH is greater
than the number of molecules translated over the simulation time
course, the net rate constant for production of new molecules was
in the negative, hence a value —9.6 x 10~> s~1, This negative value
was included for model fitting in order to attain about 385 LpxC
molecules after the simulation (Table 1).

3.4. Simulation results

The model was run at a simulation time of 30 min and the
initial number of UDP-N-acetylglucosamine molecules was set at
106 whilst setting initial values of LpxA and LpxC as 583 and 490
molecules respectively. After 30 min, approximately all substrate
molecules were converted to UDP-3-0-(3-hydroxymyristoyl) glu-
cosamine (Fig. 4B) indicating that LpxC was sufficient to regularize
the effect of the unfavourable equilibrium constant of the first
reaction catalyzed by LpxA. We next investigated the proposed
regulatory mechanism by FtsH protease and its capacity to nor-
malize excessive production of end-product by cleavage of LpxC.

Table 1

Kinetic parameters used for simulation.
Reaction Rate constants Source?
O— O+LpxA 0.00007 s K
LpxA+S—ES 883 mM-1s! K
ES— LpxA+S 717s71 K
ES— P+LpxA 717571 E
P+LpxA— ES 883 mM-1s! K
Q— Q+LpxC 0.000096 s~ K
LpxC+P — EP 7973 mM-1s~! K
EP — LpxC+P 0.015s~! K
LpxC — degrade 0.00023s! K
EP — P2 +LpxC 15571 E

2 E=experimental; K=from our kinetic model.



A. Emiola et al. / Computational Biology and Chemistry 47 (2013) 1-7 5

2500000 — Normal 2500000
A optimum FtsH B
@ 2000000 10fold FisH 2000000
2. [J — 100foldFtsH =
§1 00000 A~ — 1000fold FtsH 3 1500000
£ 100000  — 10000fMFH B,
e g g °
= 500000 £ 500000
04< T T T J 04= T T
] 500 1000 1500 2000 0 500 1000

Time ()

Time (s)

— Normal — Normrel
optimumFtsH 20000 C — optinumFtsH
10 fold FtsH 2000000 10 fold FsH
— 100foldFtsH 8 — 100fold FtsH
— 1000foldFtsd  § 4500000 1000 fold activity
— 1300fodFisH B
« 1000000
o
o
€ 500000
2600 12800 500 1000 1500 2000

Time (s)

Fig. 5. FtsH activity under conditions of an extreme increase in LpxC concentration: amount of end-product produced when initial substrate and LpxC concentrations were
doubled and the FtsH trigger set at (A) 15 min, (B) 5 min, and (C) 20 s. FtsH cleavage rate was increased from its optimum level to higher folds until the levels of end-product

attained normal levels prior to its doubling time (30 min).

In order to perform this analysis, we simulated a two-fold increase
in LpxC molecules (Fig. 5). As a result, we also increased the num-
ber of initial substrate by two-folds in order to estimate the build
up of excessive product under these conditions. Since there is nei-
ther experimental data nor appropriate means to estimate the
exact concentration and exact time at which FtsH activity is trig-
gered, simulations using differential trigger times were performed.
We initially set the FtsH trigger at about 15 min (half doubling
time) (Fig. 5A). This indicates that after 15 min, FtsH would be
activated to increase its rate of cleavage in order to attain the opti-
mum end product after 30 min. Under these conditions, FtsH was
unable to regulate the formation of excess end-product even with
an increased cleavage rate of 10,000-folds. This could suggest that
FtsH is activated at an earlier time. A second simulation was per-
formed by setting the trigger time at about 5 min (Fig. 5B). However,
under these conditions FtsH required an increase in cleavage rate
by 1300-fold in order to regulate the formation of end product to
optimum. This again indicates that FtsH could be triggered at an
earlier time. A third simulation was performed by setting the acti-
vation time at about 20 (Fig. 5C). Again FtsH required a 1000-fold
increase in cleavage rate in order to normalize product formation to
optimal during the generation time of 30 min. It is noteworthy that
at this time of 20 s, approximately 2.8% of the required optimal end
product is formed and still required a 1000-fold increase in FtsH
activity for regularization at the end of the simulation time. This

may indicate that FtsH is either extremely sensitive to activation
by downstream feedback or an alternative activation mechanism
is being employed.

It is perfectly plausible that a two-fold increase in both sub-
strate level and enzyme concentration is not physiologically likely
under standard conditions but may well occur during protein over-
expression or in cases involving cell division in which the enzyme
pools have been asymmetrically distributed. In order to model what
may occur under standard environmental conditions, we ran simu-
lations in which the concentration of LpxC was gradually increased
by 1.1, 1.2- and 1.4-folds. Again, we set the trigger of FtsH at dif-
ferent time points of 15 min, 5 min and 20s. When LpxC amounts
were increased by 1.4-fold and the trigger for increased FtsH activ-
ity set at 15 min, the requirement of FtsH activity from its optimum
was greater than a 1600-fold to bring about an optimal produc-
tion of end-product (Fig. 6A). Similarly, at an FtsH trigger time of
5min, a 600-fold increase in FtsH was required for optimal end
product synthesis (Fig. 6B). However, just a 400-fold increase in
FtsH was sufficient for the regularization of end-product at the
end of simulation at an activation time of 20 s (Fig. 6C). An incre-
ment in LpxC concentration by 1.2-fold resulted in an increased
cleavage requirement by FtsH of over 1000-fold at an activation
time of 15 min (Fig. 6D) and a 300-fold increase when activated at
5min (Fig. 6E). However, at an earlier trigger time of 20s, a 250-
fold increase in proteolytic rate was required for regularization of
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Fig. 6. Activity of FtsH under conditions of gradual increment in LpxC concentration from its optimum levels: number of end-product molecules produced after 30 min when
initial substrate concentrations were doubled and initial amounts of (A, B, C) LpxC increased by 1.4-folds and FtsH trigger set at (A) 15 min (B) 5 min, and (C) 20s. (D, E, F)
initial amounts of LpxC increased by 1.2-folds and FtsH trigger set at (D) 15 min (E) 5min, and (F) 20s. (G, H, I) Initial amounts of LpxC increased by 1.1-folds and FtsH trigger

set at (G) 15min (H) 5min, and (I) 20s.
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end-product (Fig. 6F). The FtsH requirement at a 1.1-fold increase
in LpxC amounts was much less. At a trigger point of 15 min, an
increased cleavage rate of 1000-folds was required for normal-
ization (Fig. 6G). Reducing the trigger time to 5 min reduced the
rate requirement of FtsH to about 250-folds (Fig. 6H). A further
trigger reduction time to 20s resulted in an increased cleavage
requirement rate of 200-folds (Fig. 61). At this trigger point, about
1.4% of the required optimal end-product is made, yet required a
200-fold increased proteolytic activity to bring down the levels of
end-product to optimum.

4. Discussion

Despite its obvious biological significance, biosynthesis of Lipid
A and importantly its regulatory mechanisms are poorly under-
stood. The complete Lipid A pathway in E. coli consists of nine
enzymes in length and involves nine intermediates (Raetz et al.,
2007).1Itis not surprising perhaps that experimental work is incom-
plete and whilst this forms a very useful framework, it is unable to
generate predictions involving the behaviour of the whole pathway
under variable conditions. Such information would be invaluable
for the fields of bacteriology, immunology and of course drug dis-
covery.

Experimental research has identified LpxA as the first step in the
LPS biosynthetic pathway and due to its unfavourable equilibrium
constant (Anderson et al., 1993), LpxC is thought to be the first com-
mitted enzyme (Barb and Zhou, 2008). No experimental data are
available to clarify whether such a large unfavourable equilibrium
constant could be capable of providing the number of intermediary
metabolites required for the synthesis of LPS. It has been postulated
that reactions with such highly unfavourable equilibrium constant
may not actually existin vivo (Lunn etal., 1990). However, our simu-
lations (using known kinetic parameters for LpxA and LpxC) suggest
that the catalytic activity of LpxC is indeed sufficient to overturn
the unfavourable equilibrium constant proposed for LpxA (Fig. 4B).
This analysis confirms experimental observations that LpxC rep-
resents the first committed step in LPS biosynthesis. Additionally,
our model suggests that the rate at which LpxC forms a complex
with its substrate is nine-fold greater than the rate at which LpxA
catalyzes the reverse reaction.

Recent studies have identified FtsH as being an important
regulatory protease involved in the LPS biosynthetic pathway
(Langklotz et al., 2011). This protease is thought to modulate levels
of LpxC by a cleavage mechanism following its own activation by an
unknown metabolite. Unfortunately, there are no experimentally
derived kinetic parameters for this protease. However, we were
able to establish a proteolytic rate by regression analysis from a
recent study Schdakermann etal.(2013). Using these parameters, we
investigated the capacity of FtsH to normalize product formation
under two environmental conditions; extreme increment in LpxC
levels (as may occur during protein over-expression) and moderate
increases in LpxC concentrations.

Under extreme LpxC increments, the simulations indicated that
FtsH is required to be activated very early following increased
metabolic activity and furthermore, that its cleavage rate was
required to be increased in the 10,000-folds in order to lower the
concentration of the build up of toxic metabolites. However, this
increased rate was still insufficient to lower the concentration of
end-product to its optimal concentrations. This analysis implies
that there may be alternative and/or additional mechanisms regu-
lating LPS synthesis under these extreme conditions. Under slight
increment in LpxC amounts, we found that increased activity of
FtsH by 200-fold (Fig. 61) was sufficient to return the output of
the pathway to normal levels of metabolites. Whilst this is within
the limits of other known allosterically activiated enzyme activities

(Hardie, 2011), it has not been established experimentally for FtsH.
Under such modest increases in LpxC concentrations, only a small
percentage of the optimal end product is formed at the point of FtsH
activation which implies that this protease is either extremely sen-
sitive to its activator or that the cleavage of LpxC plays only a minor
role in the regulatory process of LPS production. It is known that
FtsH also cleaves a secondary enzyme within this pathway (KDtA)
(Katz and Ron, 2008), whilst other enzymes are also under differ-
ing regulatory mechanisms. However, the fact that LpxC is cleaved
points to some important regulatory process. We have established
that cleavage of LpxC will result in lowering the flow or flux of sub-
strate into LPS synthesis, as LpxXA activity is highly unfavourable.
Therefore, any reduction in LpxC will result in a larger pool of ini-
tial substrate which the cell can use for other metabolic processes
such as peptidoglycan biosynthesis (Anderson and Raetz, 1987).
An additional reason for the cleavage of LpxC could be in cases of
asymmetrical cell division. When the bacterial cell divides, usu-
ally each daughter cell gets about half the amount of components
from the parent cell. However, it has been reported (Ventura and
Sourjik, 2011) that some daughter cells could receive more than
the required amounts, while others receive less. Again, a quick
activation of FtsH could be vital in regulating substrate flow in
instances where the cell has excess amount of LpxC immediately
after cell division. We therefore, propose that LpxC cleavage by FtsH
is important in order to switch the flow of the pathway under slow
growth conditions and additionally to modulate enzyme levels fol-
lowing cell division and not necessarily to regulate the levels of LPS.

In order to clarify the role played by FtsH during LPS metabolism
we are currently constructing and conducting simulations involv-
ing the entire pathway along with their regulatory components.
By conducting such studies it may be possible to identify the
metabolite which is most likely to trigger the activation of FtsH and
importantly uncover the main regulatory processes contributing to
the synthesis of this biologically important molecule.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.compbiolchem.
2013.06.001.
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