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Abstract: A stochastic Petri net model was developed for
simulating the o2 stress circuit in E. coli. Transcription
factor 02 is the principal regulator of the response of E.
coli to heat shock. Stochastic Petri net (SPN) models are
well suited for kinetics characterization of fluxes in bio-
chemical pathways. Notably, there exists a one-to-one
mapping of model tokens and places to molecules of
particular species. Our model was validated against ex-
periments in which ethanol (inducer of heat shock re-
sponse) and o>%-targeted antisense (downward regula-
tor) were used to perturb the 32 regulatory pathway. The
model was also extended to simulate the effects of re-
combinant protein production. Results show that the
stress response depends heavily on the partitioning of
32 within the cell; that is, 02 becomes immediately
available to mediate a stress response because it exists
primarily in a sequestered, inactive form, complexed
with chaperones DnaK, DnaJ, and GrpE. Recombinant
proteins, however, also compete for chaperone proteins,
particularly when folded improperly. Our simulations in-
dicate that when the expression of recombinant protein
has a low requirement for DnaK, Dnad, and GrpE, the
overall 032 levels may drop, but the level of heat shock
proteins will increase. Conversely, when the overex-
pressed recombinant protein has a strong requirement
for the chaperones, a severe response is predicted. Inter-
estingly, both cases were observed experimentally.
© 2001 John Wiley & Sons, Inc. Biotechnol Bioeng 75: 120-129,
2001.
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INTRODUCTION

The induction of cell stress responses, including dfié

well studied, many of the details regarding the regulatory
pathways of thes>? protein have yet to be elucidated
(Blaszczak et al., 1995; Gamer et al., 1992, 1996; Georgo-
poulos et al., 1994; Herman et al., 1995; Jubete et al., 1996;
Muffler et al., 1997; Nagai et al., 1991; Neidhardt et al.,
1996; Neidhardt and VanBogelen, 1981; Strauss, et al.,
1987, 1989; Strauss et al., 1990; Tatsuta et al., 1998; Tilly
et al., 1989; Tomoyasu et al., 1998; Yura et al., 1993). In
particular, the dynamic response @f? and o**-mediated
proteins to the induction of recombinant proteins remains
relatively obscures®? is an unstable sigma factor with a
half-life on the order of 1 min (Strauss et al., 1987), and is
typically present at a basal level of a few molecules in
wild-type E. coli (Lesley et al., 1987). It is responsible for
the production of many chaperone proteins and proteases
necessary for the regulation of cell physiology (Georgo-
poulos et al., 1990, 1994; Gottesman, 1989; Gottesman and
Maurizi, 1992; Hendrick and Hartl, 1993; Kitagawa et al.,
1991; Parsell and Lindquist, 1993; Yura et al., 1993). A
complex ofa>? and RNA polymerase, referred to asrét
holoenzyme (&%), recognizes the genes of these chaper-
ones and proteases. Correspondingly, it binds to the pro-
moter/operator regions and transcribes mRNA. Under nor-
mal growth conditionso>? is outcompeted by another
sigma factorg’®, resulting in comparatively low levels of
o>2-mediated regulation. Under heat shock, the cellular con-
centration of these chaperones and proteases increases;
these proteins have been collectively referred to as heat

mediated heat shock response (Goff and Goldberg, 1985hock proteins (Neidhardt et al., 1996; Strauss et al., 1987,
and the stringent stress response (Andersson et al., 1996989).

Harcum and Bentley, 1993), have been shown subsequent to A variety of different stresses, such as heat shock, chemi-
the overexpression of heterologous proteins. Whereas thgal shock (ethanol, phenol, heavy metals, etc.), and overex-

o>%-mediated stress responseHscherichia colihas been

pression of recombinant protein, trigger thé*-mediated
stress response, resulting in an increase in heat shock pro-
teins (hsps). Although many of the same proteins respond to
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set, suggesting overlap but distinct regulatory pathways.
Under heat shock or ethanol shock, for example, both syn-
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1996). The half-life ofa®? may increase by as much as As noted earlier, the synthesis and/or accumulatias®éf
tenfold. The effect on synthesis and/or stability during ex-increases under heat shock and other stresses, including the
pression of recombinant proteins has received less attentioproduction of recombinant human interleukin-2 (hlL-2)
although the stability of>>was shown to be increased upon (DelLisa et al., 2000; Strauss et al., 1990). Also, under many
induction of human prourokinase (Kanemori et al., 1994). stress conditions, abnormal/misfolded proteins are formed
In this article we develop a stochastic model to probe th€Neidhardt et al., 1996). These misfolded proteins are be-
o2 regulatory pathway. Using a plasmid vector that syn-lieved to compete for the same chaperones that are required
thesizess>*targeted antisense mRNA, we previously per-for the degradation of*2. Consequently, the combination
turbed theo>? circuit and transiently observed the native of these mechanisms contributes to an observed tenfold in-
and antisense-modulated responses (Srivastava et al., 2006)ease in the half-life 0632 under stress (Kanemori et al.,
In this work, we compare the experimental results to thel994; Strauss et al., 1987) and its subsequent accumulation.
predictions of our stochastic model. Also, we incorporate aThe increased concentration @f? allows it to better com-
generic recombinant protein production pathway to simulatgete with others-factors for the available RNA polymer-
stress due to the expression of recombinant protein. Resul&ses.
indicate the partitioning 062 significantly influences the
response. Our results alsp de_rr_mnstrate bqth the apPProPRs - del Development
ateness and conceptual simplicity of modeling genetic cir-
cuits, such as>? using stochastic Petri nets. Ordinary differential equations are often used to quantita-
tively describe biochemical systems at the cellular and mo-
lecular levels. Such descriptions are valid when the amount
of the reacting species is large and fluctuations of individual
reactants do not contribute to the overall system behavior.
¢°? Metabolism However, when describing small quantities of reactants,

Theo32regulated stress proteins, Dnak, DnaJ, and GrpE, ir{Iuctuatlons can potentially play a significant role in deter-

addition to being chaperones for misfolded/aberrant pro—mInlng how reactions proceed. Regulatory molecules, in-

teins, have been shown to form a complex that biads cluding sigma factors, are generally present at low levels.

(Gamer et al., 1992, 1996; Strauss et al., 1989) WherlT'OW such molecules are regulated, as well as how they
(Gamer | this.l:omplelxaaz is’ presented to EtsH aﬁother carry out their regulatory duties, in the face of stochastic

o32-regulated stress protein, for degradation (Gamer et a/fluctuations, is not trivial. Modeling the molecular behavior

1996: Herman et al., 1995; Tomoyasu et al., 1995). Thi Jeterministically can be grossly misleading, especially if a
degré'ldation pathwa)./' is dep’icted in Figure 1 .,AIthoug.h theinetic trajectory lies close to a stable or unstable node for
exact sequence of events in the formation of the chaperoneIdDe sygte_m_. Flllucj[;:_t |on3 _?,a?] Iiggsto results not predicted
o>2 complex is unknown, based on in vitro studies it is eterministically (&di an . an, > )-

believed that the Dnad3? binding step is rate limiting Because there are relatively fexi” molecules per cell, a

(Gamer et al., 1996). The result of these interactions is gtochastic model, rather than a deterministic model, was
feedback control mechanism for maintaining the physi-used for quantitative description of thé” regulatory path-
ologically appropriate level 052 way. Stochastic models are better suited for quantitative

description of events in which a small number of discrete

entities are interacting (Arkin et al., 1998rdt and Tdh,
rpoH ” 1988; Kurtz, 1972; McAdams and Arkin, 1997, 1998,
(6% gene) o mRNA 1999). Specifically, a stochastic Petri net (SPN) modeling
formalism was employed. Petri nets have been used to
model biological systems (Chin and Willsky, 1989; Goss
and Peccoud, 1998, 1999; Ouchi and Tazaki, 1998; Reddy

BACKGROUND

62 protein

Eo? —» GroEL et al., 1993). SPNs are effective for modeling event-driven
@ e processes for continuous-time, discrete-space, distributed
\/ FtsH / l \ systems (Marsan et al., 1995). They are also isomorphic to
DnaK DnaJ GrpE hidden Markov chains. Because chemical reactions are in-
Degraded herently Markov jump processes, they are effectively mod-
032 eled with SPNs.
J-K-E An SPN is made up oplaces, tokensand transitions.

Places, denoted by large open circles in Figure 2, represent
the chemical species involved in a reaction. A place can

Figure 1. &2 Regulatory pathway. After the>? factor is synthesized, it hold tokens, where the number of tokens represents the
helps catalyze the synthesis of a number of other proteases and chaperone !

proteins, collectively referred to as heat shock proteins (hsps). Shown is guamlty F’f the Q'Ve” chemical species. For the reaction
small sample of hsps and how they participate in &7 degradaton ~ Shown (Fig. 2), if each token represents a molecule, there
process. exists two molecules of reactant A, three molecules of re-
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A appropriately updated. Because the tokens have then shifted
to new places, the weighting of the density functions is
recalculated. The time at which each possible reaction can

C occur is again randomly distributed, and the process is re-

i peated. The simulation is terminated when a predetermined

) criterion is met, such as the passage of certain time period.
It should be noted that this type of implementation of SPNs

A+B C is equivalent to the First Reaction Method of the Gillespie

+b = algorithm (Gillespie, 1976).A stochastic Petri net based on
Figure 2. Sample stochastic Petri net (SPN). The depicted SPN show$h€ synthesis/degradation regulatory pathwayodt was
the reactionA + B — C,with a deterministic reaction rate constankoThe  constructed as shown in Figure 3. Becaus&synthesis is
large circles areplacesand represent the given chemical species. The of explicit concern, places for th632 gene, mRNA, and

number oftokens,shown by the smaller opaque circles within the places, protein were each included. To determine the impact of

are proportional to amount of chemical species present. tidresition, 32 . .
depicted by the rectangle, represents the given chemical reaction. A real -targeted antisense mRNA on the SyntheSIS(ra?-

tion is described by the direction of the arrowsancs between the places re|at€_'d proteins, a :?‘implified form of the GVPEL pathway
and the transition. was included. In this way, GroEL, a**mediated stress

response protein, can serve as an indicatar’éfmediated

transcription. That is, because GroEL has not been shown to
actant B, and zero molecules of product C. The transitionjmpact thea*? life cycle (Gamer et al., 1996), it can serve
denoted by a rectangle, represents a chemical reactioindirectly as an indicator of>-regulated transcription and
Chemical species that are consumed in a reaction have ahe stress response. Another model simplification was made
arrow or anarc pointing from their place to the transition. for the chaperones DnaK, DnaJ, and GrpE. In particular,
Reaction products have an arc pointing from the transitiorbecause the Dnad2*binding step is rate limiting for com-
to their place. The reaction depicted in Figure 2 is a singleplex formation (Gamer et al., 1996), one place for the chap-
irreversible reaction. Because there is only one transitiokrone complex was defined and is referred to as the J-
present, whenever such a reaction occurs, the stoichiometriggmplex. This J-complex is therefore a lumped constituent
number of reactant tokens used is destroyed and the stadf the actual system. Likewise, there are lumped reaction
chiometric number of product tokens is created in the prodrates (e.g., GroEL protein formation directly frognoEL
uct place. gene transcription), when appropriate, which enable simpli-

The occurrence of any given reaction is determined by dication.
weighted negative exponential probability density function,
and the weighting of the function is based on the determin-
istic rate parameter and the number of tokens (amount o
chemical species) available for the reaction. For a first orde
reaction of the form: Parameter values used are listed in Table I. It was assumed
. that a 1 ™M concentration of any given species was equal to
Al - B one molecule of that species (Arkin et al., 1998). One token
was set as equivalent to one molecule of any given chemical

wherek is the deterministic rate constant, and the stochasti§Pecies. To simulate the effect of*targeted antisense

rate constan(3, andk are equal. For a reaction of the form: Synthesis (Srivastava et al., 2000), the translation ras€of
was simply decreased. This presumes #fatantisense hy-

bridizes with its complementary mRNA, preventing ribo-

odel Implementation

k
A+BO - C somal translation of the mRNA (Daugherty et al., 1989;
Good and Nielsen, 1998; Murray, 1992). The antisense/
the stochastic rate constant is: MRNA duplex is degraded by RNases that degrade either:

(1) nonhybridized single-stranded mRNA,; or (2) a double-
K stranded portion of the duplex (Belasco and Brawerman,
B=—c— 1993). Because the stochastic model is based on the prob-
Na ability of a reaction occurring, and because the antisense
decreases the probability of translation occurring, the anti-
whereV is the cell volume andN, is Avogadro’s number sense-mediated downregulation was simulated by a reduced
(Gillespie, 1976; Goss and Peccoud, 1998; McAdams anttanslation rate. In this case it was necessary to utilize this
Arkin, 1998). simplified approach for simulating antisense downregula-
If more than one potential reaction can occur, the time ation, because the in vivo binding kinetics of thé? anti-
which each reaction will occur is determined randomly fromsense RNA, as well as the synthesis and degradation kinet-
the probability density function. The earliest reaction is al-ics, are as yet unavailable.
lowed to occur, and the number of tokens in all places is For simulating the effects of recombinant protein produc-
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Figure 3. SPN of thes? genetic regulatory circuit. All simulations were based on the SPN shown. The arcs made up of dotted lines were included only
for the recombinant protein simulations.

tion, the generic binding constant between the recombinargoftware package for modeling stochastic activity networks
protein and the J-complex was varied. In this way, predic{Sanders, 1995). ThelttRASAN software was kindly pro-
tions of ac*>-mediated stress response could be generatedided by Dr. Sanders (Center for Reliable and High-
Three scenarios were evaluated: low requirement for chag”erformance Computing at the University of lllinois at Ur-
erone mediation, equal requirement, and strong requiremeistana—Champaign).
for chaperone mediation, with their corresponding values The time duration used for simulations was 30 min. Ex-
shown in Table Il. Although the model of the® circuit  perimentally, we found that antisense reached a maximum
was in part lumped, we assumed that it could be modeled asithin the first 30 min postinduction, and most of the meta-
a Markov process, allowing SPN implementation. bolic activity occurred within this timeframe. Also, a 30-
min timeframe enables one to safely neglect the effects of
. . . . . cell doubling. Places were seeded with 1 to 15 tokens, and
Experimental Conditions and Simulation Details simulations were performed until a steady state was

In our previous work (Srivastava et al., 2000), we demon-reaChed‘ The number of tokens available at steady state was

strated that IPTG-induces? antisense mRNA mediated a cOnsidered the nonstressed state of the cell. These steady-

decrease inr2 sense MRNAg>2 protein, and GroEL pro- statg-level.concentrauons were sgbsequently used as the

tein. We further demonstrated that, in the presence“f starting point for all further simulations.

antisense, the activity level of a recombinant organophos-

phorous hydrolase was increased substantially. GroEL waRESULTS

monitored as a marker protein of tbé*related stress re-

sponse, as it has little if any direct impact 6% metabo-

lism. It provides, therefore, a basis for correlation betwee

simulations and our previous data as well as others (Gamer

et al., 1992, 1996; Strauss et al., 1987, 1990). When subjected to ethanol (4% v/, coli increaseds?
The 02 SPN simulations were run usingLthkaSAN, a  levels by over ten-fold (Srivastava et al., 2000). In simula-

Transient Analysis of Ethanol Shock and
omparison to Data
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Table I. 32 stress circuit rate constants.

Deterministic rate

Transition constant Reference

FtsH degradation 7.40 x 18 st Herman et al. (1995)

FtsH synthesis 441 x fqm syt Assumed to be same as

J-comp synthesis

GroEL degradation 1.80 x 18s* Kanemori et al. (1994)

GroEL synthesis 5.69 x fqM syt Kanemori et al. (1994)

J-disassociation 6.40 x 19t Kanemori et al. (1994)

J-production 441 x oM syt Kanemori et al. (1994)

Holoenzyme association 0.7%s Blaszczak et al. (1998)

Holoenzyme disassociation 0.13s Blaszczak et al. (1998)

a2 mRNA decay 1.4x1Ps? Adjusted to get 9 molecules
o2 under nonstress
conditions

o32-J-association rate 3.27 xIAM sy Gamer et al. (1996)

32 degradation 1.28 x QM s)* Tomoyasu et al. (1995)

o32-J-disassociation rate 4.4 xT6 Gamer et al. (1996)

o2 transcription 1.4x10s? Adjusted to get 9 molecules
o2 under nonstress
conditions

32 translation 0.0078 Adjusted to get 9 molecules
o2 under nonstress
conditions

Recombinant protein—J-association Refer to Table | Estimated based on Kanemori

et al. (1994)

Recombinant protein—J-disassociation 4.40 0" Estimated based on
Kanemori et al. (1994)

Recombinant protein synthesis 4.08s Estimated based on
Kanemori et al. (1994)

Recombinant protein degradation 9.99 x1§* Estimated based on

Kanemori et al. (1994)

@Derived from data.
bFitted to data.

tions, the transcription rate constant fef> mRNA was level 12-fold higher than at preinduction. After the first 3
increased by two orders of magnitude and there was nin, o°* decreased continuously to a level ten-fold higher
change in the concentration of any of the downstream spghan the preinduction level. However, whef” antisense
cies (data not shown). However, increasing the stochastisas induced simultaneously with ethanol stress, dfié
kinetic translation rate constant of? by as little as 10% levels rose only 2.5-fold over the preinduction value. This
resulted in substantial increases in af>-mediated stress was reached within 6 min and the’ level was steady for
response proteins. Hence, to simulate the effect of ethan@notherd12 min, after which it gradually declined to 2.4-
on a2, the translation rate constant was increased. Specifigold the preinduction level.

cally, increasing the translation rate constant from the nor- |n Figure 4B, the results fos>*regulated GroEL are
mal growth value, 0.007, to 0.15, resulted in a simulatedshown. Again, in both cases, the simulation and experiment
response that matched our experimental result with a higQyere in agreement. GroEL increased further in the case of
degree of accuracy (Fig. 4). ethanol stress without®? antisense. It is also noteworthy

Conversely, by raising the translation rate constant fromy, ;¢ only the translation rate constant«® was changed
0.007 to 0.02, antisense-mediated downregulation of th nd the effects on bott®2 and GroEL were predicted

et.?r?notl strﬁss was sim dU|a;?d; E;at S, aft_(:rr]_etr;anql sttress, butIt is important to highlight that this stochastic simulation
without antisense productio,™ rose within o min 10 a g generation of variance data for any given biochemi-
cal species. Hence, it is possible to determine a predicted

Table IIl.  Recombinant protein-J-complex association rate constants. distribution of the molecule within the cell population. In
Figure 4, mean + standard deviation data are depicted. In-

rghafr’:;:’gr?t Rate constant terestingly, throughout the ethanol stress experimert,

i was predicted to be widely distributed among the cell popu-
Iéow | 134227 x 11%% Sg’i lation. For the antisense production case, the variance was
qual .27 x sy : ; .

High 711 % 16 (M o) much smaller, suggesting a much closer clustering of cel

lular 02 to the mean level. At present there are no data
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can act in a buffering capacity so that the concentration of
140 { A o2 available for transcription of stress-related genes is not
fg‘ 12.0 / S F(OH - shocked dependent solely on the synthesis and degradation path-
b . s ocke ways. Also, because our model predicts that only a small
E 100 1 T amount ofo?is complexed with the RNA polymerase, it is
L I further suggested that only a very small amount of4s
2 60 | needed to effect the*-mediated stress response. Thus,
= under a stress response, orcd synthesis is increased the
='='=b 40 t ability to complexo>? with chaperones becomes saturated
20 o and the remaining free>? is available to formo>%
0.0 holoenzymes. Even a slight increase in fs€&holoenzyme
0 5 10 15 20 25 30 results in rapid production af*>mediated stress proteins,
Time post-stress (min) resulting in increased®? buffering capacity, which, in turn,
increases the capacity fer’?> degradation. The principal
B result, therefore, is a rapid increasedr followed by a
@ 25 rapid poststress decrease. This underscores the agreement
g E1OH - shocked with the role of¢®? as a rapid initiator of the heat shock
5 20 response. The metabolic direction of the cell is altered
= s within minutes, which would otherwise be difficult to ac-
% ’ complish based on synthesis and degradatiom®6falone.
ST
% 05 ‘;“‘g}z"“}“c"*‘-“ Stress Response to Overexpression of
& antisense Recombinant Proteins
0.0 o : o 15 20 5 a0 The effect of recombinant protein expression on this circuit
was simulated in two ways. The first method, which directly
Time post-stress (min) interrupts the distribution af*2 was effected by altering the

requirement of the recombinant protein for the J-complex.
Figure 4. Ethanol stress response dynamics with and without antisenserhiS complex is the most effective and most active of the

(A) o2 simulation results (thick solid line) + standard deviation (thin five chaperone svstems for mediatin rotein agar tion
dotted lines) compared with experimental data (points with error bars). (B) e pero Sy s 1o e gp ggregatio

GroEL simulation results (thick solid line) + standard deviation (thin dotted Under stress_ (Mogk et al., 1999). C_orrespondingly, itis rea-
lines) compared with experimental data (points with error bars). In allsonable to simulate the sequestration of the chaperone com-

simulations there were 9 tokens @f? and 217 tokens of GroEL initially. plex away from its natural functions to the modulation of
recombinant proteins by lowering the associated “affinity”

. i . . L . binding constant. A substantial impact on the dynamics of
available for confirmation of this prediction. The impor- ;32\, -« tound (Fig. 5). In cases where there is a strong

tance of distribution data is discussed later. In summary, th?equirement, a twofold transient peak was observed within
model proved to be remarkably accurate via comparison tQ ) min. Wheno32 antisense was simultaneously induced, a

available transient (_1ata. I;or t_he situation in_ whiehcoli  gimilar trajectory was predicted, but only after a slight de-
was stressed, but with no* antisense, a transient peak was lay, due to the attenuation of2 synthesis. Figure 6 shows

both predicted and found experimentally (Srivastava et alh5t the vast majority af*2was in the free form, regardless

2000; Strauss et al., 1987). of whether antisense was produced. In both cases, after the
first 6 min, there was ne? associated with the J-complex.
Predicted o2 Distribution Thus, the stabilization ofr> was predicted, potentially
leading to ar**~mediated stress response. Also, simulations
The 032 regulatory pathway (depicted in Fig. 2) was sim- suggest that a steady state in the distributiors®t was
plified in this work by distinguishing three distinct pools; reached within 10 min. The distribution dynamics of the
that is,o>2 exists either as a freely suspended protein, as aqual “affinity” case were similar, except that thé? tra-
complex with RNA polymerase, or as a complex with heatjectories increased to a steady-state level monotonically
shock proteins DnaK, DnaJ, and GrpE. Under nonstress andata not shown).
stress conditions, the vast majority of thé? (>99%) was When the requirement of the recombinant protein for the
predicted to be complexed to the heat shock proteins, and-complex was lower than that o a much different
only a very small amount was free or in the form of the response was predicted. Notably, the overall levebdt
holoenzyme (not shown). Consequently, 8#8-J-complex  decreased (Fig. 5), and the decrease was more rapid in the
pool provides a potential reservoir @f that can be readily presence ofs>? antisense mRNA. Once again, this was
tapped for gene transcription without a corresponding inprobably due to the lack of new’? translation. Simulation
crease inr>? synthesis. In this way, DnaK, GrpE, and DnaJ results for the low requirement case are depicted in Figure
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Figure 5. Dynamics for (A)o®2 and (B) GroEL following induction of Figure 6. Partitioning ofo durlng recombinant protgm eﬁ:?rgssmn in
recombinant protein with varying affinity for DnaK, DnaJ, and GrpE. H the case of strong J-complex requirement. The pools into twere

b s
denotes that the recombinant protein has a stronger or “higher” requiremefi@"tifioned were free*(s32), complexed to RNA polymerase (Es32), or
for the J-complex than®2, whereas, for L, the situation is reversed. For E, cOMPlexed with DnaK, DnaJ, and GrpE (s32-J). (A) Without antisense

o2 and the recombinant protein require equally the J-complex for folding.prOd“Ctiognz' (B) With antisen33e2 production. Initially, th%rze were seven to-
kens ofc>“-J, one token of &%, and one token of free>~.

7. In the induced case without antisense, an initial increaselose agreement with literature data (Strauss et al., 1990). In
in J-complex-associated®* was found. Interestingly, an the presence of recombinant protein production, few reports
increase in freer®® was also found, but was only twofold have appeared (Gill et al., 2000; Jurgen et al., 2000;
over a 12 to 15-min period. In the induced/antisense casdRamirez and Bentley, 1995) that measured the levels of
no initial increase in J-complex-associatéd was found;  GroEL or DnaK transcription and/or translation after pro-
however, after 3 min the predictions were similar to the caseein induction. After the expression of chloramphenicol
without antisense. Hence, in both casesg®&-mediated acetyltransferase (CAT; Gill et al., 2000; Ramirez and Bent-
stress response could result, which was substantiated byley, 1999), there was no significant change in either GroEL
gradual increase in GroEL (Fig. 5B). The predicted re-or DnaK transcription or translation within the first 30 min,
sponse was effected in this case by the increase iroftée  but a gradual increase in GroEL over 8 postinduction. These
which could bind to the holoenzyme. The holoenzyme levekesults are entirely consistent with the low requirement
was predicted to drop to zero, which indicates that eaclsimulations in Figure 7. Although neither CAT/GroEL nor
holoenzyme is active for a short time, disassembled, an€AT/DnaK immunoprecipitation experiments were per-
then theo>? rapidly reassigned. formed, it is conceivable that CAT would have a limited

Although little is known regarding the in vivo levels of need for these chaperones to fold properly. CAT is an en-
DnaK and GroEL after the induction of recombinant pro- dogenous bacterial protein, very stable and typically active
teins, substantial data exist regarding levels after heat shoclg a variety of cells, and, because of these properties, CAT
which is similar to ethanol addition (Ellis and Hart, 2000; is widely used as a reporter. Hence, the induction of CAT is
Houry et al., 1999; Mogk et al., 1999). Both DnaK and likely to result in a rapidly synthesized, properly folded
GroEL were observed to increase two- to threefold aftefprotein. Furthermore, its siz&/( 27 K) is on the low end of
heat shock (which is consistent with Srivastava et althe reported in vivo substrates for both GroEL (20 to 60 K;
[2000]), after ethanol addition and with current simulations[Houry et al., 1999]) and DnaK (primarily occupied with
(Fig. 4B). Likewise, as noted earlier>? predictions are in  >90 K proteins under stress [Mogk et al., 1999]).
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with experimental results of boih*? and GroEL. With this

9 Q Induced Rec. Prot. - low requirement A model, various hypotheses were confirmed and experimen-

8 A B0%%-J tal results were validated. Specifically, we proposed that
w '® N § NEG™ downregulatingo>? would result in the secondary down-
E N N N o™ regulation of GroEL. As a consequence, the model also
a 5 N N demonstrated that the regulatory pathway and feedback
@ + ] OH B regulation ofo>? as indicated was sufficient to account for
© 3§ N N R the transient peak ia*? levels under stress, and under stress

2 § 3 § attenuated by>2 antisense RNA. Also, it has been hypoth-

1 g—] ﬂ H H HE HE § E E esized that the overproduction of recombinant proteins

0 4 0 = ALMUE could induce as>*mediated stress response (Gill et al.,

8 6 9 1215 18 21 24 27 30 2000; Goff and Goldberg, 1985; Ramirez and Bentley,
Time post-stress (min) 1995). Although the induction of hsps after overexpression
of abnormal proteins has been widely reported (e.g., Goff
8 and Goldberg), there have been no kinetic predictions of the
5 Induced Rec. Prot. - low requirement iy specific mechanisms leading to this response. The prevail-
Q N & o2 antisense . .. .
R HoieJ ing hypothesis is the sequestration of chaperones and pro-
6 § WEG® teases from normal metabolic functions to the targeting and
g 5 N N w Oc% degradation of foreign recombinant proteins (Baneyx,
R 3 1999). The model shown here provides some insight into
S N N this process by predicting that key control points in &7
ab 3 stress response system are the translatierPomRNA and
2 § SMUSHE association of the DnaK—DnaJ-GrpE complex with the ma-
SRR jority of ¢°2. In agreement, the increased synthesis ¢
] ] s e e
0 E NUNUNTINTIN § E . was shown to be primarily translationally regulated (Cha et
0 3 6 9 12 15 18 21 24 27 30 al., 1999). Also, the ability of DnaK—DnaJ-GrpE to buffer

a2 further explains the ability of the cells to regulate tight
control of over theo®*-mediated stress response, even
Figure 7. Partitioning ofo2 during protein expression in the case of a th‘?Ugh a potentially large variance exists among the popu-
low requirement for J-complex. The pools into whief? were partitioned lation.
were freec®?, complexed with RNA polymerase ¢, or complexed One of the major benefits of using a stochastic Petri net
with DnaK, DnaJ, and GrpEof-J). (A) Without antisense Prr‘;dslé?ion- (B) over other modeling formalisms was the ease by which it
With ant|se225e production. Initially, tf;zere were seven toke J, one was possible to translate the pOStulﬁa regulatory path-
token of B5*4, and one token of free><. . . . .
way directly to the SPN modeling paradigm. An inherent

benefit of such a method is that gross errors in the regula-

tory pathway should quickly be revealed in the simulations.

Subsequently, changes made to the proposed pathway are
geasily incorporated into the SPN. Furthermore, the stochas-
Aic nature of the model provides the added benefit of gen-
significant quantities of both DnaK and GroEL protein in e_ratmg variance data. To assume a homogeneou_s d|st_r|bu-
the insoluble aggregate fraction, suggesting binding of thdion of protein across a cell population can be n_‘nsleadmg
chaperones to the-glucosidase. This is confirmatory of our (Imapaka qnd Aiba, 198,1)' It may b,e that the variance gnd/
simulations with a high-“affinity” constant, where, upon or distribution of a particular species may have a critical

induction, the recombinant protein sequesters the chapefPact on metabolism (Arkin et al., 1998; McAdams and
ones, which in turn are less likely to associate wit¥, Arkin, 1998, 1999) and bioreactor performance (Bentley

enabling a rapid increase in holoenzyme and a rapid stre'd QUiroga, 1993). Our simulations indicate this was the
response. case for freer=, wherein the DnaK—-DnaJ-GrpE-mediated

o°2 degradation/“buffering” pathway, as suggested here,
might have evolved to provide rapid transients in level sig-
DISCUSSION naling the need for response.

The simulation results further suggest that the strength of
The mapping of regulatory pathways in biochemical systhe o°2 response is dependent on a number of factors, in-
tems correlates strongly with the Petri net formalism. Ascluding the relative overall abundance @1* and the dis-
such, the Petri net is a natural method for modeling metatribution of 032 among the three complexes considered. In
bolic systems. The Petri net developed here was particularlgddition, the relative rate of recombinant protein synthesis
useful because a change in one rate constanothrans-  was important. In Figure 7, by the end of the simulation,
lation rate constant) provided simulations that agreed welhlmost noos>? was bound to the J-complex. Yet the stochas-

Time post-stress (min)

According to Jurgen et al. (2000);glucosidase of yeast
was overexpressed as insoluble aggregateg&.ircoli
RB791. A rapid and dramatic increase in dnaK and ibp
transcription was observed. Importantly, they also foun
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tic constant for binding of the recombinant protein wasBlaszczak A, Zylicz M, Georgopoulos C, Liberek K. 1995. Both ambient
much less than that a2 However. the probability of a temperature and the DnaK chaperone machine modulate the heat shock

. . response ifEscherichia colby regulating the switch betweer® and
reaction occurring was greater when there was a Iarge num 32 factors assembled with RNA polymerase. EMBO J 14:5085-5093.

ber of reactants, in this case recombinant proteins. On Bha HJ, Srivastava R, Vakharia VN, Rao G, Bentley WE. 1999. Green

per-molecule basisy®? was initially more likely to bind fluorescent protein as a noninvasive stress probe in reEsnberichia

with the J-complex (based on the rate constant), yet the coli cells. Appl Environ Microbiol 65:409-414.

abundance of the recombinant protein (approximateiy 700@hin T™, Wil.lsky A.S. 1989. Stophastic Petri ngt modeling of wave se-

tokens at the end of 30 min) made it far more Iikely that the  duences in cardiac arrhythmias. Comput Biomed Res 22:136-159.
_ | Id encounter the recombinant protein Daughgrty BL, Hotta K, Kumf'ar C, Ahn.YH, Zhu JD, Pestka S 1939.

J-complex wou a2 ; p ’ Antisense RNA: Effect of ribosome binding sites, target location, size,

Another key aspect of the®“-mediated stress response  and concentration on the translation of specific mMRNA molecules.

simulation was the speed by which it was allocated to the Gene Anal Tech 6:1-16.

various partitions. In the high-affinity scenario, as soon adelisa MP, Valdes JJ, Bentley WE. Mapping perturbation-induced quo-

the Chaperone-boumnsz was degraded or disassociated, it rum (Al-2) signaling links stress-mediated transcription circuits in

. . . 32 recombinaniEscherichia coli.J Bacteriol 183:2918-2928.
was replaced with recombinant proteiss? was therefore

. . . Ellis RJ, Hart FU. 2000. Folding and binding: Problems with proteins. Curr
unable to compete with the recombinant protein and was iy struct Biol 10:13-15.

forced into the other two partitions where it quickly accu- grdi p, Tath J. 1988. Mathematical models of chemical reactions: Theory
mulated. In the low-affinity casey®? was better able to and applications of deterministic and stochastic models. Princeton, NJ:
compete with the recombinant protein for the J-complex. Princeton University Press.

The result was that the®? degradation pathway was not Gamer J, Bujard H, Bukau B. 1992. Physical interaction between heat

. shock proteins DnaK, DnaJ, and GrpE and the bacterial heat shock
entirely shut down, but the strength of the stress response transcription factor2 Cell 69:833-842.

was substantially mitigated. Eve_n in the low-affinity condi- gamer 3, Multhaup G, Tomoyasu T, McCarty JS, Rudiger S, Schonfeld H,
tion, a stress response was predicted based on GroEL levels. schirra C, Bujard H, Bukau B. 1996. A cycle of binding and release of

Note, however, that the present model does not account for the DnaK, DnaJ and GrpE chaperones regulates activity oEsoh-

the stress-mediated induction of protein degradatlon erichia coli heat shock transcription facter2. EMBO J 15:607—617.

(Ramirez and Bentley 1999) In this case although theGeorgopoqus CD, Ang D, Liberek K, Zylicz M. 1990. Properties of the
’ ’ ! Escherichia coliheat shock proteins and their roles in bacteriophage

32 ; ; ;
o 'med.lated rESponse_ was increased due tO. p_rot_em over- growth. In: Motimoto RI, Tissieres A, Georgopoulos C, editors. Stress
expression and saturation of the chaperones, it is likely that proteins in biology and medicine. Cold Spring Harbor, NY: Cold
the protein would have been targeted for degradation via Spring Harbor Laboratory Press. p 191-221.
Lon, ClpB, or other stress-induced proteases. This, in turnGeorgopoulos CD, Liberek K, Zylicz M, Ang D. 1994. Properties of the
would have attenuated the overall response. As a result heat shock proteins dEscherichia coliand the autoregulation of the
even thouah the predictions of GroEL increas.ed within 30 " heat shock response. In: Motimoto RI, Tissieres A, Georgopoulos C,
] g9 p ) i editors. The biology of heat shock proteins and molecular chaperones.
min after CAT expression, we previously observed no  cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. p
change in GroEL until 4a 8 h postinduction. It might have 209-249.
been the case that, early in the postinduction period, CATIll RT, DeLisa MP, Shiloach M, Holoman TR, Bentley WE. 2000. OmpT
was partially degraded and this attenuated the stress re- expression and activity increase in response to recombinant chloram-

. e - . phenicol acetyltransferase overexpression and heat shdekdali. J
sponse until sufficient CAT was synthesized that it saturated |, " i S o oes 280

the buffering cgpacny from the J-complex. \N_e did ObserVeGiIIespie DT. 1976. A general method for numerically simulating the sto-
CAT degradation products throughout (Ramirez and Bent-  chastic time evolution of coupled chemical reactions. J Comput Phys

ley, 1995). Such results emphasize the importancef 22:403-434.

partitioning and provide direction for further experimenta- Goff SA, Goldberg AL. 1985. Production of abnormal proteindZincoli

tion stimulates transcription of lon and other heat shock genes. Cell 41:
' 587-595.

Good L, Nielsen PE. 1998. Antisense inhibition gene expression in bacteria
by PNA targeted to mRNA. Nat Biotechnol 16:355-358.

Goss PJ, Peccoud J. 1998. Quantitative modeling of stochastic systems in
molecular biology by using stochastic Petri nets. Proc Natl Acad Sci
USA 95:6750-6755.

Andersson L, Yang S, Neubauer P, Enfors SO. 1996. Impact of plasmicﬁz‘oss PJ, Peccoud J. 1999. Analysis of the stabilizing effect of Rom on the
presence and induction on cellular responses in fed batch cultures of ~ 9€netic network controlling ColE1 plasmid replication. Pac Symp Bio-
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