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Abstract

Modern systems biology and synthetic bioengineering face two major challenges in relating
properties of the genetic components of a natural or engineered system to its integrated behavior.
The first is the fundamental unsolved problem of relating the digital representation of the genotype
to the analog representation of the parameters for the molecular components. For example,
knowing the DNA sequence does not allow one to determine the kinetic parameters of an enzyme.
The second is the fundamental unsolved problem of relating the parameters of the components and
the environment to the phenotype of the global system. For example, knowing the parameters does
not tell one how many qualitatively distinct phenotypes are in the organism's repertoire or the
relative fitness of the phenotypes in different environments. These also are challenges for
biomedical engineers as they attempt to develop therapeutic strategies to treat pathology or to
redirect normal cellular functions for biotechnological purposes. In this article, the second of these
fundamental challenges will be addressed, and the notion of a “system design space” for relating
the parameter space of components to the phenotype space of bioengineering systems will be
focused upon. First, the concept of a system design space will be motivated by introducing one of
its key components from an intuitive perspective. Second, a simple linear example will be used to
illustrate a generic method for constructing the design space in which qualitatively distinct
phenotypes can be identified and counted, their fitness analyzed and compared, and their tolerance
to change measured. Third, two examples of nonlinear systems from different areas of biomedical
engineering will be presented. Finally, after giving reference to a few other applications that have
made use of the system design space approach to reveal important design principles, some
concluding remarks concerning challenges and opportunities for further development will be
made.

Keywords

Power-law formalism; Biochemical systems theory; Global tolerance; Pharmacokinetics; Targeted
molecular imaging; Cellular biomechanics

Introduction

One of the grand challenges in biology today is elucidation of the relationship between the
information encoded in the genome and the context-dependent expression of that
information as manifested in the phenotypic repertoire of an organism.2 This also represents
a major challenge for bioengineers in their attempt to model, predict and control biological
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processes with the aim of developing effective therapeutic strategies or optimizing a
biotechnological process.

We now have a good idea of what is meant by the genotype, given the complete DNA
sequence for the genome of numerous organisms including humans. However, it is not very
clear regarding what is meant by the phenotype. At the level of the organism we have a
sampling of phenotypes such as hair color of cats, shape and size of flowers, height and
weight of livestock, not to mention disease states in humans. The difficulty in relating these
two levels of biological organization and function is hard to over-estimate. Moreover,
between the levels of genotype and phenotype of the organism there are many intervening
levels that form a rich hierarchy of cell and molecular subsystems. Although there are some
intuitive notions of what is meant by phenotype at the level of the organism, it is far from
clear what the term phenotype means at the level of the intervening systems and what the
phenotypic repertoire of any given system might be.

One approach to addressing these challenges involves the concept of a “system design
space” in which qualitatively distinct phenotypes can be identified and counted, their
relative fitness analyzed and compared, and their tolerance to global change measured.?> In
this context, consider the two fundamental challenges that need to be overcome in relating
genotype to phenotype in a given environment: (1) the task of translating the genome
sequence into the quantitative values for the parameters of the system, and (2) the task of
translating a model of the system into the phenotype of the system in the given environment.
The first task is the ongoing effort of experimental biology, and, whether considered from
the bottom-up approach of molecular biology or the top-down approach of high-throughput
technologies and computation, the magnitude of the problem is enormous.* The difficulties
of arriving at such a model involve issues of parameter estimation requiring model
reduction’ and sensitivity analysis.12 The second task, assuming that an explicit model or
suite of models is in hand, is also a daunting problem. Exploring the full phenotypic
potential of even a relatively small nonlinear model, say with 15 parameters, by analytic
methods is intractable. Furthermore, simulations that involve an empirical sampling of
alternative values suffer from a combinatorial explosion. (If one were to sample just 10
values of each parameter in all combinations it would require 1015 simulations, and one
might still have missed some important behavior beyond the sampled range, or between the
sampled points.)

This article addresses the second of these fundamental unsolved problems and shows how
complex models consisting of nonlinear differential equations can be generically partitioned
into a set of simpler sub-models expressed in a tractable canonical form. The conceptual
framework is manifested graphically in a “system design space” consisting of well-defined
regions in which specific constellations of parameters give rise to distinct behavior. In the
general nonlinear case, the “form” of the equations characteristic of the sub-models differs
from region to region, which provides the basis for defining “qualitatively distinct”
phenotypes. For example, in one region the form of the equations might lead to behavior
involving a square-root function, whereas in an adjacent region the form of the equations
might lead to behavior involving a cubic function. In this manner the system design space
relates the parameters of a model to its qualitatively distinct phenotypes. These concepts will
be motivated first by considering the intuitive notion of a dominant sub-system model. Next,
a simple pharmacokinetic model will be used to illustrate the steps in the generic
construction of the system design space and the various types of comparative analysis that
are facilitated by this approach. Two examples will then show areas of potential biomedical
engineering application, one suggested by problems in targeted molecular imaging and the
other by efforts to couple biochemical and biomechanical mechanisms in cell migration.
Finally, a conclusion will give reference to other recent applications of the system design
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space methodology and summarize existing challenges and opportunities for further
development.

Dominant Subsystems

A simple pharmacokinetic model illustrates one of the key features in the generic
construction of the system design space for more complex models. When a drug is
administered, here assumed to be by infusion, it becomes distributed with various
concentrations among the organs of the body as a result of transport and biochemical
reaction. Pharmacokinetic analysis utilizes compartmental models to predict this
distribution as a function of parameters that characterize the drug and the various transport
and reaction processes in the body.20 A simplified case involving two compartments is
represented in Fig. 1, with compartment 1 being nonspecific and compartment 2 being the
specific target for the drug.

What is the repertoire of qualitatively distinct phenotypes for this simple system? If we
could analytically solve for the steady states of this system, then we might be able to
characterize the fixed points and the local dynamics they represent as well as identify
distinct operating regimes from the structure of the solution.

Phenotypes from the Analytic Solution

In fact, we can solve for the steady-state behavior of this simple linear system. The
differential equations governing this system,

B po+pkaXn — ki Xy — kX

dt

PgF=haXy = plaXs = phiXa W

yield the following steady-state solution:

Xy = $ok2 +¢@okm
1= F ke ke ok + ke Ken
X,= ‘P(]i’l /p
=7 kikmtkeky thekm (2)

The solution is characterized by the relative volumes of the compartments (p = V,/V4) that
can be considered as fixed, two kinetic parameters representing transport (k; and k) and two
kinetic parameters representing excretion and metabolism of the drug (ke and k) that might
be subject to change with the design of a drug, and an infusion rate (gp) that is subject to
direct experimental manipulation.

The solution in Eg. (2) suggests six qualitatively distinct phenotypes based on the
dominance of terms in the numerator and denominator of each expression. By dominance,
we mean that, in each component of the solution, there is one term in the numerator that is
larger in value than the other terms while there is one term in the denominator that is larger
than the others; there is no dominance if there are terms that contribute equally to the
numerator or denominator. However, two of the six in this case are invalid because the
conditions for dominance cannot be satisfied (if the first term in the numerator of X, is
dominant over the second, then it is impossible for the third term to be dominant over the
second in the denominator; conversely, if the second term in the numerator of X is
dominant over the first, then it is impossible for the second term to be dominant over the
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third in the denominator). Thus, four qualitatively distinct phenotypes can be identified for
this system.

Case LX; ~ f—? and Xo » ,fT[,),,’

for kypy>k» and  ke.<k; (3)

~ 8 ~ 2ok
Case2X; ~ e and X, x~ e

for ky, >k, and k.>ky (4)

Case 3X;| ~ % and X; ~ l%,
for ky,<k, and  kokr<kiky (5)

~ $0 . $oki
Case 4X; ~ T and X, ~ s

for ky<ko and  k.ko>kiky,. (6)

An example to illustrate the physical meaning of dominance in this case is the following.
The concentration of drug in the specific compartment (X,) is the same for Cases 1 and 3
(determined by the volumes of the compartments and metabolism of the drug in
compartment 2); whereas that in the non-specific compartment (X;) is less for Case 1
(determined by the transport from compartment 1) than that for Case 2 (which is also
determined by the transport from compartment 2 being greater than the metabolism in
compartment 2).

This provides an attractive approach to the identification of molecular phenotypes when an
analytic solution is available. However, such a solution is seldom available for the more
complex nonlinear systems that are characteristic of nearly all biomedical engineering
systems of interest.

Phenotypes from the Differential Equation

Might the same approach, based on the identification of dominant terms, be applied to the
differential equation without having an analytic solution? The answer is yes, as shown
below.

Examination of Eq. (1) suggests potentially eight qualitatively distinct phenotypes based on
dominance among the positive and negative terms. However, four of these are invalid
because the conditions for dominance cannot be satisfied. The remaining four cases are the
following:

Case It v g — ki Xy and  p%2 ~ kX — pknX>
for kpy>kr and k.<k; (7)
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Case de% ~ o —keX; and p‘% ~ k1 X, — pknX>
for ky,>k, and k.>ky (8)

Case 3% x pngg - k1X1 and p% x kIXl —pkng

for ky <ks,ko<ky and k.ky<kiky (9)

Case 4‘% ~ o —keX; and p‘% ~ ki X| — pkaXo
for ky<ko and k. >k;. (10)

Case 3 is rank deficient and requires a different treatment as discussed in the following
paragraph. Thus, four qualitatively distinct phenotypes can be identified for this system.
This method of selecting one dominant positive term and one dominant negative term
generates a local S-system, 2122 which for more complex systems is a specific class of
ordinary nonlinear differential equations within the power-law formalism, that in steady
state reduces to a linear system for which there is an explicit steady-state solution. The
steady-state solutions of Eqgs. (7), (8), and (10) are obtained by setting the derivatives to zero
and solving for the dependent variables, and the results are seen to be exactly the same as
those in Egs. (3), (4), and (6).

Case 3 exhibits a singularity that is removed when placed in the context of the full system,
and it is actually composed of two sub-cases. This situation arises because there is a
dominant rapid equilibrium between X; and Xy, which causes the other terms, representing
fluxes into or out of these pools, to be neglected. This leads to a linear dependency in the
solution that dictates a constraint between Xq and X. In effect, the rapid equilibrium causes
these pools to behave as an aggregate of the two pools in the context of the complete model,
thereby creating a virtual branch point with a single influx (¢p) and two effluxes (loss from
either the X, or the X, pool). The selection of a dominant loss term from the virtual branch
point yields an additional dominance condition. The constraint relation between X; and X,
together with the steady-state equation that results from the choice of a dominant loss term,
yields the steady-state solution. For this solution to be valid, it must satisfy all of the
dominance conditions (the original ones plus the additional one associated with the virtual
branch point).

The first sub-case of Eq. (9) is

Case 3‘% X pk’_?Xg - k1X1 and p%:(po —pkaQ
for km<ko, and k.ko<kiky

which has a steady-state solution that is identical to that of Case 3 determined from the
analytic solution [Eq. (5)]. The second sub-case, is the following:

Case 3’:% ~ ¢o — kX, and pd(%:lel — pka X>
for ko.<k; and k.kr>kiky
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which has a steady-state solution that is identical to that of Case 4 [Eq. (6)]; thus, it also can
be considered as a sub-case Case 4.

Thus, after this situation with sub-cases is taken into account, both methods—the one based
on the analytic solution and the other based on the differential equations—generate exactly
the same set of four cases. The method involving dominance among positive and negative
terms in the differential equation has several advantages. First, solving for the steady state of
Egs. (7)—(10) is much simpler than solving for the full analytic solution. Moreover, as we
shall see shortly, the steady-state solution of the differential equations resulting from
dominant terms can be obtained for more general cases, including systems that have no
corresponding analytic solution. Second, having the differential equations based on
dominant positive and negative terms means that we also have access to the local dynamic
behavior for each of the cases.?1:22 However, can this method tell us how many distinct
phenotypes the system is capable of exhibiting? By integrating all the information from the
steady-state solutions and their corresponding boundaries, we can address this question in
the context of the system design space.9:25

Phenotypes in System Design Space

The conditions that must be met to justify dominance among the positive and negative terms
can be expressed in terms of the ratios kn/ko and ke/k1, and summarized as follows:

Case L’,‘;—T>l and

Case 2 ]};—T> 1 and
Case 3 ’1‘\—““> ,’:—l and
Case 4 ’;‘—"<f‘—l and

I>J,~|E»F|$*1‘*|F
AV
—_

e
A
N

The result is a set of boundaries delimiting regions that define qualitatively distinct
phenotypes of the system. These regions can be visualized graphically in the system design
space as shown in Fig. 2.

Enumeration of Phenotypes

Accuracy

The primary function of the system design space is to precisely define boundaries between
regions of qualitatively distinct phenotypes. In retrospect, these phenotypes can be seen to
agree with our intuition for this simple system; there are four distinct phenotypes as depicted
in Fig. 3. Case 1: There is an essentially irreversible flux through pool 1 into pool 2 and out
of pool 2 (lower right-hand quadrant). Case 2: There is an irreversible flux into and out of
pool 1 and a smaller essentially irreversible flux into and out of pool 2 (upper right-hand
quadrant). Case 3: There is a small irreversible flux into pool 1 matched by an irreversible
flux out of pool 2 and a rapid quasi-equilibrium flux between pools 1 and 2 (lower portion of
the lower left-hand quadrant). Case 4: There is an irreversible flux into and out of pool 1 and
a small equilibrium flux between pools 1 and 2 (upper left-hand quadrant), or a small
irreversible flux into and out of pool 1 and a large rapid equilibrium flux between pools 1
and 2 (upper portion of the lower left-hand quadrant).

Clearly the approximate solutions and the actual solution will only agree quantitatively in
regions far removed from the boundaries; by definition, there is no dominance at the
boundaries. A plot of the system design space with the z-axis representing the differences
between the actual values of X1 and X, and their approximate values in each region (Fig. 4)
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shows that the maximum error occurs along the boundaries (the vertical and horizontal axis
and the diagonal line). Discrepancies will occur in the neighborhood of the boundaries,
which are intended to identify changes in qualitative phenotype, and so care needs to be
exercised in evaluating the situation near the boundaries.

Another pharmacokinetic application, perhaps the more common, involves the periodic
administration of a drug as a bolus rather than as a constant infusion. In this case, the input
to the Xq pool is a bolus, assumed to mix rapidly, that raises the concentration
instantaneously from X1 wmin t0 X1 pmax, and there is loss from the pool for a period At until
the next bolus is administered (Fig. 5).

The differential equations that govern the system from one bolus to the next, tj <t <t; + At,
for Case 1 (kg > ke and kq, > ko) are the following:

X X
‘—1 X —k1X1 and pl—2 X lel —pkaZ.
dt dt

The solution for X;(t) is a simple decaying exponential function whose final value before the
next bolus is given by

X X, v €Xp(—k AL).

1. Min =

The average value of X4(t) is given by

1+ At -
VX e 1 dt X
X1 (1)) = t; i _ 1,max 1- ;klAr.
X1(0) - klm[ e hi]
If the bolus is defined as AX1 = X1 max — X1,min, then
XLmax _ki At 1
Xi()y=——|1-e"%=——AX].
X0 klAr{ e ] oAt (11)

The corresponding average value for X5(t) is given by

k
L (X,(1).
p m (1 2)

X)) =
The averages for the other cases are obtained in a similar fashion. Thus,

1 k
AX; and  (Xa(r)) =—— (X, (1))

Case 2 (X;(1)) =
! keAt Pk (13)
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Case3<X1(f)>=LAX1 and (Xz(f))=ﬁf%(X1(f)>

kAt (14)

Case 4 (X (1) =

k
AXy and  (Xa(D))=—— (X,(1)).
k2

keAt (15)

It should be noted that AX1 is not the actual bolus in Case 3, instead it is less by the fraction
pkol(kq + pko) because of the rapid equilibrium between the two pools.

If the parameters and the constant infusion rate locate the operating point in a particular
phenotypic region of the system design space, then the same operating point would be
established on average with frequent small boluses. From the Eqgs. (11)-(15), one can see
that there is a tradeoff between the dominant rate constants and the period between boluses.
In Case 4, if ke can be made small then At can be large and the concentration of X (t) will be
maintained with small fluctuations about its average. For example, suppose the aim is to
maintain an average concentration of X; = 95 units and stay between a maximum
concentration of 100 and a minimum of 90. This could be achieved with a dose of 10 units
every 12 h provided the first-order rate constant for excretion of the drug ke is approximately
0.211 per day, or every 4 h if kg is ~0.632 per day.

This is consistent with existing strategies in which one aims to design a drug that has the
preferred distribution (pool X, vs. X1) and slow decay, generally ke < kq and ky, < ko,
thereby allowing for long periods between doses.

Evaluating Phenotypes

The performance of the system represented within each of the phenotypic regions can be
assessed and compared according to both local and global criteria.

Local Performance—The local performance in each of the phenotypic regions can be
readily compared on the basis of relevant quantitative criteria, since the system
representation within each phenotypic region is in general a simple but nonlinear S-system
within the power-law formalism for which determination of local behavior reduces to
conventional linear analysis.22:21 Thus, the behavior involving local (small) variations is
completely determined and there are criteria that can be defined and evaluated to
characterize performance of the system. These criteria are quantified using logarithmic
gains, parameter sensitivities, and response times.

Logarithmic gains in concentrations and fluxes in response to changes in value for an
independent variable are defined by the relative derivative of the explicit steady-state
solution. For example, using the concentration X1, metabolic flux ¢y, and independent
infusion rate ¢, representative logarithmic gains for the system in Fig. 1 are:

_dLog Xi _ 90X ¢o
L(Xl ’ ‘FO)_ l‘)LOg @0 - fj(ﬁ() Xl )
y_ OLog ¢y _ 0Pm Yo
L(‘Pms ©o)= dLog 9o 090 Om "
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Parameter sensitivities of such state variables in response to changes in value for the
parameters that define the structure of the system (e.g., the independent rate constants) are
defined by the relative derivative of the explicit steady-state solution. For example,

< _OLog X\ _ 9X; k.
"s(Xl’k_l)_()Logk_l ok, X,
N\ 0Log we _ Ope ka
S (@es k)= G057, = 36 oo

Response times are determined by the inverse of the real part of the dominant eigenvalue.

Comparisons of Local Performance—The local performance of designs in the various
phenotypic regions can be readily compared on the basis of relevant quantitative criteria. For
this didactic example, let us postulate the four criteria in Table 1. Criteria 1-3 are relevant
for maximizing the steady-state fraction of drug in the specific compartment (compartment 2
in Fig. 1); Criterion 4 is relevant for persistence of the drug in the specific compartment
following a bolus of input. The comparative results are summarized in Table 2.

All the phenotypic regions are equivalent with respect to the logarithmic gain in the
concentration of the target pool, X, with respect to a change in the input, ¢q (Criterion 1).
Phenotypic regions 1 and 4 are best with respect to robustness (Criterion 3). There is a
tradeoff between phenotypic regions 1 and 4 with respect to the ratio of the target pool, X5,
to the nonspecific pool, X; (Criterion 2) and response time (Criterion 4): when region 1 is
better than region 4 with respect to Criterion 2, region 4 is better than region 1 with respect
to Criterion 4, and vice a versa. Thus, phenotypic regions 1 and 4 exhibit the best
performance, with a tradeoff between Criteria 2 and 4. This implies the following
relationship among the parameters: 1 > ky/ko > ko/kq when the tradeoff favors Case 4, and
Km/ko > 1 > Ko/kq when it favors Case 1.

Global Tolerance—Large changes in parameters and independent variables can change
the qualitative character of the phenotype, in some cases from one that is physiological to
one that is pathological. In order to characterize such large changes we need a global
equivalent of local robustness, which is defined as insensitivity to local changes. We call
this concept global tolerance and define it as the value of a parameter at the boundary
between adjacent phenotypic regions relative to the normal operating value within a region,
or the inverse if the normal value is greater than the value at the boundary.> We will use the
expression “[Tp, T ]” to describe the global tolerances, where T = tolerance to a fold
decrease and T, = tolerance to a fold increase (since boundaries can be crossed either by
decreasing or increasing the value of a parameter).

For purposes of illustration, let us assume operating points in each of the four regions
depicted in Fig. 2. In phenotypic region 1 we shall assume the nominal values are Log(Km/
ko) = +2 and Log(ke/k1) = —1. Although the global tolerances for each of the parameters and
independent variables will require a calculation in general, the geometry of the system
design space in Fig. 2 is so simple that one can determine the global tolerances from the
boundaries by inspection. In this case, the results are shown on the first line of entries in
Table 3; similar results are shown on subsequent lines for the other regions and assumed
operating points. These results make evident a number of symmetries in this system. Since
the assumed operating points were all well removed from the boundaries, it is not surprising
that the tolerances are all large fold changes, which is in contrast to the values for local
robustness, which are often manifested as percentage changes.
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The criteria for effective performance will vary depending upon the system of interest, but
the types of calculations needed to characterize the local and global behavior typically will
be the same. However, the details of the calculations will become more complex for realistic
systems. Examples can be found in the following sections and in the references cited in the
“Conclusion” section. Although the entire analysis and plotting in this case could be
accomplished analytically, for more complex systems this becomes impractical. A Matlab
Toolbox has been developed to assist in the construction and analysis of the system design
space.? Its use will be illustrated in the following examples of more realistic applications.

Targeted Molecular Imaging

In the search for agents that can be specifically targeted to tumors for their localization and
destruction, extensive in vitro testing is used to identify lead compounds. However, in vitro
success does not always correspond to in vivo success for reasons that are not always
understood; as a result, many compounds with favorable in vivo characteristics may be
overlooked. Gagnon et al.10 have addressed this issue by developing a method for high-
throughput in vivo screening of targeted molecular imaging agents based on the one-bead-
one-compound (OBOC) library approach,111% fast and efficient solid-phase radiolabeling,
13,26 and in vivo imaging with microPET.18:27 This approach allows promising compounds
that might have escaped detection during in vitro screening to be identified much earlier in
the development process (i.e., providing a go or no-go decision to be made sooner). An
example of the imaging results for a mouse with two tumors, one targeted (termed the
positive tumor in the original studies) and the other non-targeted (termed the negative tumor)
by the specific test peptide is shown in Fig. 6. In some cases, counterintuitive results are
obtainedl(\)/vhen compounds with high affinity give poorer results than compounds with lower
affinity.

The effectiveness of targeting can be analyzed using compartmental models. Although a
fully developed realistic model will not be attempted here, a simplified model (Fig. 7) that
illustrates features of the system design space approach, without performing a full analysis,
will begin to address the method developed by Gagnon et al.10

Phenotypes from the Differential Equations

P21

P51

The set of differential equations governing the system represented in Fig. 7 is

=@otk12021X2+k15051Xs — ke1 X1 — k21X1 — ks1X)

=ka1 X1+ko3031X3+ko4pa1Xs — knpp21X2 — k12021X0 — k30031 V2 X2 T3r — kaopa1 Va2 XoT s

=k3oVaXo T3t — ko3 X3

=kaoVaXoT4s — kos X4

=ks1 X1 +kospe1X6 — kmsps1Xs — ki5ps51Xs — keoper Vs XsTef

=keoV5X5T 6t — kosXe (16)

where the relative volumes pjj = Vi/Vj, single-site binding is assumed for each target, and the
concentration of total target for each type Tj is conserved (i.e., the concentration of free
target Ti; = the concentration of total target T; — the concentration of bound target X;). The
corresponding set of steady-state equations is the following:
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O=@o+k12021X>+k15051 X5 — ke1 X1 — ko1 X1 — k51X,

0=k21 X1 — kn2p21X2 — k12021X>

0=k3o V2 XoT3¢ — ko3 X3

0=kaoV2XoT s — ko4 X4

0=ks1X1 — kmsps1Xs — k15051 X5

0=keo V5 X5T st — kosXe

0=T3 - X5 - T5

0=T4 — X4 — T4

O:T5 - X6 - T6f. 17)

A bound on the total number T of qualitatively distinct phenotypic regions is given by the
number of combinations involving the number of positive P; and negative N; terms in the n
equations:

n
T:]—[(P,» « N,).
i=1

Inthiscase, T=(3*3)(1*2)(L*1)(1*1)(1*2) (L *1)(1 *2)(1 *2)(1 * 2) = 288.
Assuming nominal values for the parameters based on data from Gagnon et al.10 yields the
system design space in Fig. 8 with only four valid regions. Moreover, in steady state

_ ksi (kmo+ki2)
VsXs = ky %_(”\;;/n?k 15) V2Xo
X'3 — 3vaAal

L3272 LX) X = TeVsXs
T (K342 X0)? 47 K+ X0)° 6~ (Ko +V5Xs)

where the equilibrium dissociation constant for the bound targets is Kj = Kpi/kio.

Discrimination Ratios

We assume that the positive tumor has the same non-specific targets as the negative tumor,
and that the total amount of bound target is the product of the concentration of bound target
and a corresponding volume. If we make the further simplifying assumption that the initial
peak values are represented by a large value of ¢ (in region 25), and that a quasi-steady
state is established, which slowly transitions with time from region 25 through region 28 to
region 32, then the following trend in discrimination would be as follows.

Worst-Case Discrimination—In the Case 25 region of Fig. 8, all the targets are
saturated. Thus,

X3=T3, Xy4=T4, Xe=T¢
and the discrimination ratios are

1%
3X3+E:5+1:L+1 ~ 1
ViXy V4 Ty 1.5 x 10°

D3j4=
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and

ViXs V3T; 10 10 3
=33 B8 27x1078,
VeXs VeTs 10°1.5x 10°

Intermediate-Case Discrimination—In the Case 28 region of Fig. 8, only the T3 targets
are saturated. Thus,

T4 Te
X3=T3, X4=— VX5, Xeg=—V5X.
3 3 4 K4 242 6 KG 5A5
and the discrimination ratios are
§§§;+1>DS/4>§—3V§;2+1>%+1
].7>D3/4>1

and

D V& ViTs Re VT
316 T VeXe ™~ Vs Te VsXs~ Ve T

7% 1072>D36>7 x 1075,

Best-Case Discrimination—In the Case 32 region of Fig. 8, all the targets are
unsaturated. Thus,

T Ty Te
=2V X, Xu=2VoXs, Xe=-2ViXs
UKy Tk, ke 7

and the discrimination ratios are

ViXs V3 T3K 10 1073
D3,4_33+—3—34 _

= = +1= +1~1.7
VaXy Vi T4K3 1.5x10° 1078

and

D _WX5 V3 T35 K kot (ks +k15)
3/6 T VeXs Ve Te K3 kst (kma k12
VaT3Ke _ 10 _ 10 10— 7 % 10‘3

~ V6 T6 K3 10° 1.5x10° 1078

A plot of the ratio between the peptide bound to the positive target, X3, and the negative
target, X4, is shown in Fig. 9a. These results, with the parameters having the values assumed
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in Fig. 8, suggest marginal ability to discriminate between the positive and negative tumor
and only at very low values of the input (gy < 1077).

The discrepancy between these results obtained from the design space analysis and those
from the solution of the original equations are the largest along the diagonal border between
regions 28 and 32 and regions 25 and 29, as can be seen from the difference plotted in Fig.
9b. Everywhere else, the results are nearly identical, and can be obtained much more easily
from the analysis of the S-system approximation in each region. If we assume a low nominal
value for the input (¢g = 10719) and compare the discrimination ratio in response to variation
in each of the parameters, then the results can be summarized as follows. There is essentially
no change in discrimination ratio for changes in parameters related to tissue B in Fig. 7 (k15,
Ks1, Kms, Vs, Kos, Keo, Te), for parameters related to the common part of tissue A (kq2, K1,
km2, V), and for the parameters of the central pool (ke1, V1). Discrimination is improved
only in response to an increase or decrease in value of the remaining parameters. An
improvement is observed for any increase in the parameters kgq and T3, and for an increase
in k3g up to a saturating value of 1000. Alternatively, an improvement is observed for any
decrease in the parameters kg3, kag and T4. Of these, the off rates (kg and ko4, the rate
constants for dissociation of targets bound with labeled material) and the number of targets
are probably the most significant parameters in practice.

A plot of discrimination as a function of the off rates for the specific and non-specific targets
in tissue A (Fig. 10) suggests an explanation for the counterintuitive observation that
compounds with high affinity for the specific target occasionally yield poorer discrimination
than compounds with lower affinity.10 By comparing values of discrimination for the
nominal compound (as shown in Fig. 10a with off rates of kg3 = 1078 and kg4 = 1073) with
those for related compounds having alternative values that are assumed to be proportional
(diagonal line in Fig. 10a), one can see that discrimination increases for compounds having
lower affinity and decreases for those having higher affinity. This counterintuitive effect is
eliminated when the input is much lower (gy = 10719), as shown in Fig. 10b.

Dynamic Discrimination

The dynamic responses that are the analog of the quasi-steady-state analysis in the previous
section are show in Fig. 11. Before time zero the system is assumed to be in a steady state
established with an input flux of peptide ¢p = 100, and at time zero the infusion is stopped
(or equivalently, at time zero there is an injection of a large bolus that is sufficient to
saturate all targets). The labeled material then slowly leaves the system. The results with the
nominal parameter values are shown in Fig. 11a. The dynamic discrimination at some
intermediate time is better than expected on the basis of the quasi-steady state analysis, and
is related to the large differences in off times for the specific and non-specific targets. These
results are roughly comparable to the results of Gagnon et al.19 reproduced in Fig. 7, which
show improved discrimination at 180 min after a bolus of peptide.

All the results in this section depend on the choice of parameter values, which can only be
guesses at this point. The order of magnitude for the nominal values used above were
estimated from data of Gagnon et al.1%; more realistic values will require experiments
specifically designed for the purpose. Indeed, the goal of modeling and analysis in this case
is to make predictions that can guide experimental determination of the critical parameters.

The results are very sensitive to the concentration of non-specific targets, T4, as shown in
Fig. 11b. If the concentration of non-specific targets is increased by a factor of two, then the
discrimination is nearly abolished at 180 min. The volumes V3, V4, and Vg have no influence
on the steady-state discrimination ratios because they do not appear in the steady-state
equations. The dynamic discrimination between the positive and negative tumors in tissue B
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is not influenced by changes in the volume of targets in tissue A, Vg. The logarithmic gain of
dynamic discrimination in response to a change in the volume of the targets for the positive
tumor, V3, is +0.1. For example, a 30-fold increase in volume results in an ~3-fold increase
in discrimination between the positive and negative targets. The logarithmic gain of dynamic
discrimination in response to a change in the volume of the targets for the negative tumor,
Vy, is —1. For example, a 10-fold decrease in volume results in an ~10-fold increase in
discrimination between the positive and negative targets.

The most sensitive parameters are the equilibrium dissociation constants (kgji/kip) and the
total amount of targets (concentration T; times volume V;). Thus, the results from both the
steady-state and dynamic analyses can be roughly summarized in the following relationship
for the best-case discrimination between positive and negative tumors:

_ kskos V3T

D3y~ .
7 kakosVaTy

These results are consistent with the well-known tradeoffs associated with targeted
molecular imaging. Higher input of targeting peptide yields the worst discrimination; lower
input yields the best discrimination, but lower input means lower signal to noise ratio. At
intermediate discrimination, the relative binding constants play a significant role. In some
cases, a compound with a high binding constant for the specific target can yield the
counterintuitive result that it provides less discrimination than a compound with a lower
binding constant.1? As seen in Fig. 10, this can occur when a compound with tight binding
to a few specific targets also has a marginal binding constant for many non-specific targets.
The net result is an interplay among target sizes, binding constants, transport among pools,
and metabolic clearance (proteolysis). With more accurate experimental estimates of the
relevant parameters, and with corresponding model refinement, there is the possibility of
making significant improvements in targeted therapies.

Membrane Protrusion of Migrating Cells

An application of a different type is based on the study of Welf and Haugh.3® These authors
formulated a conceptual model for the dynamics of membrane protrusion in migrating cells,
proposed differential equations to represent the underlying processes, and performed
stochastic simulations of the model behavior. Although mathematical modeling of the
biomechanical aspects of cell adhesion and migration has received considerable attention,
1,8,16,17 few models have addressed the regulation of cell motility by coupling the
mechanical aspects with the biochemical signaling pathways.42% The following is an
abbreviated summary of the conceptual model (Fig. 12) proposed by Welf and Haugh® in
addressing this coupling.

Nascent adhesions (n) foster the activation of the small GTPase Rac (r). Active Rac in turn
enhances the rate of protrusion of the cell's leading edge (v), which enhances the rate of
nascent adhesion nucleation as a function the extracellular matrix (ECM); this feedback
mechanism represents the core protrusion cycle. Nascent adhesions either turn over, at a rate
that depends on the protrusion velocity, or they mature to form stable adhesions (s) under
the influence of myosin (m) and a feedforward mechanism mediated by Src. Stable
adhesions antagonize the rate of protrusion, so as to allow transient protrusion at higher
densities of ECM, and disappear from the control volume either by disassembly or by
rearward convection (which depends on protrusion velocity). Welf and Haugh show that the
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“buffering of inhibition” mechanism, coupled with the core protrusion cycle, is capable of
tuning the frequencies of protrusion and adhesion maturation events.

Phenotypes from the Differential Equations

The nonlinear differential equations proposed by Welf and Haugh30 for the system
represented in Fig. 12 are

Bkan[ 1+ Env] = kaal 1+ CovIn = kas [ 1+ Es 5| n
g,—jzk(,.s | L+ Es s | n = kas[14+Csvls

ﬁ:kd.m(s —m)

kg Ken — kg Kox — kgxx

T=kar(x—r) (18)
where

K.r
p=
(1+K,r)(1+1;s)

The corresponding steady-state equations can be recast into the following system of
generalized mass-action equations in the power-law formalism 22:24:25;

O0=kan+kanEnXe — kanX1 — kd.nCnXlXG - X10
0=X10 — ka.sX2 — kasCsX2Xs

0=X> — X3

0=K,X; - K:X4— X4

0=X4 — X5

0=Xe — K, X5 X7 ' X!

0=X7-1-K,Xs

0=Xg-1-1,X»
0=Xo — 1 - I,X,
0=X10 — kasX1 — kn.sEsXIXSX‘g_l (19)

where X1 =n, Xo =5, X3 =m, X4 =X, X5 = r, and Xg = v (protrusion velocity) are the
fundamental variables in the original model, and X7 through X;q are auxiliary variables
introduced in the recasting step by the following definitions:

X7=1+K, X5, Xg=1+[,X>, Xo=1+IX4, Xio=kas {1+E n.

_m
S(1+1,x)

A bound, T, on the total number of qualitatively distinct phenotypic regions in this case is
384 (or 192 when K, = 1.0, as in Welf and Haugh,3C and the fourth of Eq. (19) is written as
0= Xl - 2X4).

Welf and Haugh30 estimated the model parameters based on experimental evidence where
possible and systematically varied parameters to determine their effect on protrusion and
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adhesion dynamics. Assuming their nominal values for parameters yields the system design
space in Fig. 13 with only seven valid regions.

The regions associated with three Case numbers have the signature of hysteretic bistability
(see also Savageau and Fasani23:24). In these regions there are two stable steady states and
one saddle-point instability. For clarity, the Cases representing saddle-point instability are
shown as isolated regions in Fig. 14.

Local Analysis of the Steady States in a Region of Overlapping Cases

The ease with which one can analyze the dominant S-system equations will be illustrated in
the treatment of a region with overlapping cases. The following makes use of well-
established methods for analyzing the local behavior of nonlinear S-system equations.22:21
The system design space methodology?® yields the dominant S-system equations for each of
the cases. Except for three cases in Fig. 14, all of the cases exhibit a locally stable steady
state. An example of the three cases that overlap in a given region is the following.

Case 70 Case 155 Case 160

dn } dn dn 1 -1
—=kay —0.01Esnm  —=100ky, — 2n  —=10kgs,s™ — 0.2ns
dt dt dt

1 1 1s

& 0.01Emm —0.1s =220.01n - 105 —=0.01Esnmx" — 1
dt dt dt

dm dm dm

—=4s5—4m —=45 —4m —=45 —4m

dt dt dt

Ix Ix Ix

& —10n - 20x S oton-20x  ZE=10n-20x

dt dt dt

ﬁ:é].x —4r d—r=4.\‘ —4r d—r=4.\‘ —4r

dt dt dt

The steady-state solutions for values of ky, = 1 and Eg = 50 (within the region of
overlapping cases) are obtained in general by a logarithmic transformation and solution of
the resulting linear equations.

Case 70 Case 155 Case 160
n=2x=10/E,=0.2 n=2x=50k,,=50 n=2x=10k,,/0.2=50
5=m=500ka/Es=10 s=m=0.001n=0.05 s=m=100/(2E;)=1
r=x=n/2=0.1 r=x=n/2=25 r=x=n/2=25
v=0.000900 v=0.641 v=0.0874

The pseudo first-order rate constants for the linearized equations are given by
Case 70 Case 155 Case 160
F1=0.5nm/n=5 Fi=2n/n=2  F;=0.2ns""/n=0.2

F>=0.1s/s=0.1 F»>=10s/5=10 F>=1/s=1
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Fiy=dm/m=4  Fi3=4m/m=4

F4=20x/x=20 F4=20x/x=20 F4=20x/x=20

Fs=4r/r=4

Fs=4r/r=4

Fs=4r/r=4

The linearized S-system equations are then

Case 70
duy .
—=F{[-u; —u
r 1[—ur — u3]
dir

—=Fs[uy — ur+u
0 2[uy — ux+us]
dus Fil |
—=F3|u—u
T 3l 3
duy Fil |
—=F4lu; —u
o 4l 4
dus Fo |
—=Fs[ug—u
dr S5LH4 5

Case 155 Case 160

duy Fil ] duy Fil ]
—=F[-u —=I1[-u

dt ! ! dt ! !

dun Py ] dun Falu+ 1
dr =rial U] 175) dr =0\ Uy TU3 g
dus Fil | dus Fil |
—=F3|i—u —=F3|i—u

ar 3l 3 ar 3l 3
duy Fil | duy Fil ]
—=F4lu; —u —=F4lu; —u

ar 4l 4 4l 4
dus Fo | dus Fs |
—=Fs[ug—u —=Fs[ug—u

dr S5LH4 5 dr S5LH4 5

The characteristic equations follow directly from the linearized S-system equations.

Case 70

(A+F)A+F ) [ AP +(F | +F2+F3)A2+(FFo+F F3)A+F| F2F3]=0.

Application of the Routh criteria for stability shows that there are no roots with positive real
part, no matter what the values are for the F-factors. Thus, this subsystem is locally stable

throughout the region.

Case 155

(A+F)(A+F2)(A+F3)(A+F4)(A+F5)=0.

By inspection, this subsystem also is stable, no matter what the values are for the F-factors,
and thus is stable throughout the region.

Case 160

(A+F)(A+F4)(A+Fs)[ A2+ F31 — F2F3]=0.

This subsystem has one positive real root, which indicates asymptotic instability. Again, this
is true for all values of the F-factors, and thus it is true throughout the region.
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Comparison of Results

Welf and Haugh showed that the interplay between Src-mediated inhibition of adhesion
maturation (Is) and adhesion-mediated inhibition of protrusion (l,) controls protrusion/
adhesion dynamics. With I, > I, the full diversity of their dynamics was reproduced at low
ECM density (kan), but not at high density. One can display any of the system properties
region by region on the z-axis in the system design space. Figure 15 shows two examples
that can be compared with the analogous results in Fig. 16 from Welf and Haugh (personal
communication). In both cases, there are sustained stable adhesions at high density of ECM
(kan > 1) and high values of adhesion maturation (Eg > 10), and with only rare transient
protrusions in the stochastic simulations. It should be emphasized that Fig. 15 represents the
results from the deterministic equations, whereas Fig. 16 represents the results from
stochastic simulations based on the same equations. In addition, there is some ambiguity in
the coloring of regions with overlapping cases in Fig. 15; although the values for the
unstable steady state are not represented, one must decide which of the two stable steady-
state values to plot.

The location of the bistability region in Fig. 16, which is obtained from conventional
bifurcation analysis, differs from that in Fig. 15, which is obtained from the design space
methodology. This is not surprising, given the aim of design space analysis, which is to
identify, enumerate, and characterize the qualitatively distinct phenotypic repertoire of a
model. It is not expected to accurately represent the quantitative behavior. Some of the
boundaries in the system design space correspond to conventional bifurcations, but many of
the others do not. Moreover, the boundaries representing the region of hysteresis typically
overestimate these regions, as in this case as well as in the case of the classic lactose gene
circuit,23 so interpretation of the situation near these boundaries requires special care.

In contrast to the results shown in Figs. 15 and 16, when I, = 1 and I5 = 10 the full diversity
of protrusion/adhesion dynamics was reproduced at both low and high ECM density.30 The
results for protrusion velocity are very similar to those in Figs. 15a and 16a with a band of
high protrusion velocity centered around values of kg, between 0.3 and 1.0; however, the
results for stable adhesions corresponding to Figs. 15b and 16b show essentially a vertical
boundary with low values to the left of kg, values between 2 and 20 (data not shown).
Similar results were found when I, = 10 and I = 100, showing that it is the ratio of the
inhibition of adhesion maturation (ls) to the adhesion-mediated inhibition of protrusion (Iy)
that is important for tuning the system to achieve appropriate transient protrusions even at
high density of ECM.30

Conclusions

We have used the example in Fig. 1 to introduce the concepts of system design space and
qualitatively distinct phenotype at the level of a molecular system. This simple example
exhibits some of the subtle issues connected with the construction of the system design
space. For example, this case leads to a singular S-system with a particular case of
dominance. With appropriate care, these cases can be resolved by reformulating the original
equations, as we have seen. In other cases one can on occasion obtain a completely blank
space because of a unique set of nominal values for the parameters. This is analogous to
being on a boundary (knife edge). In these cases, one can simply add an infinitesimal value
to the parameters and the issue is overcome. These two types of issues are understood and
relatively easy to resolve. Nevertheless, the system design space methodology is still
undergoing development and there could well be other issues that might arise in future
applications.
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The utility of these concepts is not restricted to simple systems such as that in Fig. 1. In
general, the repertoire of qualitatively distinct phenotypes is much larger and the system
design space is accordingly more complex, as was seen in the example of the previous
section. The examples of biomedical engineering interest are intended to suggest strategies
for qualitative analysis using the system design space methodology without performing a
full analysis, which would be beyond the space of this review.

The system design space has been constructed for other examples of elementary motifs
found in metabolic networks, including pathways,2°> moiety-transfer cycles,>:6 and branch-
points.2> System design spaces also have been constructed for gene circuits involving
local?3 as well as global?® regulators, recombination events in gene duplications,® and the
developmental switch in a temperate virus.24 In each case, when the local analysis of all
regions is taken into account, one obtains a fairly complete characterization of the
qualitatively distinct repertoire. For example, the local characterization of overlapping
regions that reveals hysteretic bistability provides insight into global behavior as well.
However, in general, large-scale dynamic behavior—that which involves transit through
several regions—is still an open question. It certainly can be explored computationally by
doing piecewise continuous simulations through the regions. This is one of the areas that are
still being explored.

In general, the boundaries in the system design space are always straight lines (hyper planes)
in logarithmic space and the slopes are rational functions of the exponents in generalized
mass action models. Algebraic geometry provides the theoretical foundation for this type of
analysis and there are opportunities for automating much of the analysis based on this linear
theory. Indeed, a set of algorithms have been developed and assembled into a Matlab
application called Design Space Toolbox,? and there is the potential for further automation.
For example, establishing dominance is a standard mathematical problem in linear algebra
that is solved everyday for problems of enormous size (e.g., scheduling in the airline
industry), so that solving each case is not a problem. Nevertheless, scale up becomes an
issue because of the large number of potential phenotypes, which is determined by the
number of combinations of terms in the original equations, many of which will be invalid
but still must be checked. This is an obviously parallizable problem yet to be implemented.
As should be clear from these conclusions, the analysis of system design space is in its
infancy and there are still abundant challenges and opportunities for further development.
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m

FIGURE 1.

Two-compartment pharmacokinetic model. A drug is infused into the blood stream at a
constant rate gg. The drug has concentration X in compartment 1, which represents the
blood with volume V1, is excreted by a first-order process with rate constant ke, and is
transported to compartment 2 with a rate constant k;. The drug has concentration X5 in
compartment 2, which represents the target organ with volume V5, is metabolized by a first-
order process with rate constant kp,, and is transported to compartment 1 with a rate constant
ko. The relative sizes of the compartments is given by p = Vo/Vy.
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FIGURE 2.

System design space for the model in Fig. 1. Case 1 (Purple): the same dominant flux into
pool 1, between pool 1 and pool 2, and from pool 2 by metabolism. Case 2 (Blue): a
dominant flux into pool 1 and from pool 1 by excretion; a second dominant flux into pool 2
and from pool 2 by metabolism. Case 3 (Green): rapid quasi-equilibrium between pools 1
and 2; an influx to pool 1 and an equivalent efflux from pool 2. Case 4 (Red): rapid quasi-
equilibrium between pools 1 and 2; an influx to pool 1 and an equivalent efflux from pool 1
by excretion. See Fig. 3 and text for discussion.
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Xt
Kk, pk,

FIGURE 3.

System design space for the model in Fig. 1. In each phenotypic region the pools associated
with the variables X; and X are represented graphically. The relative thickness of the
arrows suggests the dominant fluxes for each pool. See legend for Fig. 2 and text for
discussion.
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FIGURE 4.

Accuracy of representation within system design space for the model in Fig. 1. (a) X1 and
(b) X,. Differences between the values determined by the analytic solution and by the
approximate solution within each phenotypic region are shown as a heat map on the z-axis.
Error is measured as fold difference relative to the actual value. See text for discussion.
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FIGURE 5.
Concentration in pool 1 for the model in Fig. 1 when the input ¢y(t) is a periodic bolus. See
text for discussion.
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60 min 180 min

FIGURE 6.

MicroPET images obtained from one of the most promising lead peptides obtained from
high-throughput screening. Arrows indicate location of positive and negative tumors at 60
and 180 min following injection of the test peptide. The animal is oriented supine and the
o Be-positive tumor is on the right side of the mouse. From Gagnon et al.10
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FIGURE 7.

Six-compartment model. Compartment 1 represents the blood with volume V; and free
peptide concentration X;. Compartment A represents the tissue type in which the tumors are
transplanted. Compartment 2 represents the non-tumor tissue with volume V, and free
peptide concentration X,. Compartment 3 represents the positive-tumor with volume V3 and
bound-peptide with concentration X3. Compartment 4 represents the negative-tumor with
volume V4 and bound-peptide concentration X4. Compartment B represents an aggregate of
all other tissues in the body. Compartment 5 represents this aggregate with volume Vs and
free peptide concentration Xs. Compartment 6 represents non-specific targets within this
aggregate with volume Vg and bound-peptide concentration Xg (See text for discussion).
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FIGURE 8.

System design space for the system in Fig. 7. The x-axis represents the various levels of
peptide input, ¢,, and the y-axis represents the equilibrium dissociation constant for binding
to the positive tumor, Kyz/kzg. The nominal values of the parameters in arbitrary units are
assumed to be the following: kq2 = ko1 = ki5 = kg1 = 1300, V4 = 104, V, = 103, V3 = V4 = 10,
V5 =104 Vg =103 T3=10, Ta = Tg = 1.5 x 10%, k3o = kag = keo = 1, ko3 = 1078, koa = kog =
1073, Km2 = kms = 1072, ke1 = 10°, and gy = 10°. The numbering of the regions and the
corresponding color are indicated in the sidebar. The plot was generated by using the Design
Space Toolbox.°
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FIGURE 9.

Discrimination and accuracy in system design space. (a) Discrimination between peptide
bound to positive and negative tumors. The function Log1o(V3X3/(V4X4)) is plotted as a heat
map on the z-axis. Red corresponds to high discrimination and blue to low. (b) Accuracy of
X3 determined from design space analysis. The function [X3 approx — X3 Actuall/X3,Actual 1S
plotted as a heat map on the z-axis. See legend for Fig. 8.
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FIGURE 10.

Discrimination as a function of equilibrium dissociation constants. The function
Logy0(V3aX3s/(V4Xy)) is plotted as a heat map on the z-axis for different values of the
equilibrium dissociation constants kgs/ksg on the y-axis for the specific target and kga/ksg on
the x-axis for the non-specific target. Input (a) ¢o = 107° and (b) ¢y = 10710, The black dot is
the location of the operating point with the nominal values of the parameters given in Fig. 8.
The diagonal line is the locus of alternative equilibrium dissociation constants if the values
of the specific and non-specific constants of the test compound are proportional. See text for
discussion.
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FIGURE 11.

Time course for the concentration of peptide bound to specific and non-specific targets
associated with positive and negative tumors. (a) Discrimination with the nominal
concentration of non-specific targets (T4 = 1.5 x 106). (b) Discrimination with twice the
nominal concentration of non-specific targets (T4 = 3.0 x 10°). See text for discussion.
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FIGURE 12.

Conceptual model integrating biomechanical and biochemical aspects of membrane
protrusion and cell migration. The spatial reference point for the model is the leading edge
of a protruding region of the cell, and the modeled control volume represents the region
directly behind the protruding edge, encompassing the lamellipodium and a portion of the
lamella. See text for discussion. From Welf and Haugh.30
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FIGURE 13.

System design space for the system in Fig. 12. The x-axis represents the density and
character of the extracellular matrix, kan; the y-axis represents the enhancement of adhesion
maturation by myosin, Es. The nominal values of the parameters are the following: kgn = 1,
Kan=0.1,kas=0.01, kgs = 0.1, kg x = 10, kg r = 4, kgm = 4, En = 100, C;, = 20, E5 = 100, C;
=100,K,=1,K,=1,1,=10, Is=1.
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FIGURE 14.
Regions representing saddle-point instability. (a) Case 150, (b) Case 160, and (c) Case 128.

See legend of Fig. 13 for details.
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FIGURE 15.

Steady-state values of protrusion rate and stable adhesions from the deterministic model. (a)
Protrusion rate, v, and (b) stable adhesions, s, represented as a heat map on the z-axis of the
system design space. In the region of overlapping cases, the values are plotted for the steady
state with the largest values. See legend of Fig. 13 for details.
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FIGURE 16.

Mean lifetimes of protrusion and stable adhesion events from the stochastic model.3° (a)
Protrusion, v, and (b) stable adhesions, s, represented as a heat map on the z-axis. At high
density of ECM (kg = 1) and myosin-mediated maturation of adhesions (Es = 50), sustained
stable adhesions were observed with only rare transient protrusions. The dashed lines
represent the region of hysteretic behavior as revealed by bifurcation analysis. From Welf
and Haugh (personal communication).

Ann Biomed Eng. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Savageau

TABLE 1

Criteria for the local performance of the system in Fig. 1
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Criterion number

Definition

Calculation

A wN

Maximize the gain in concentration X, in response to changes in input flux ¢
Maximize ratio of X, to Xy
Maximize robustness of concentration X, to variations in parameters p;

Maximize response time

Max L (X3, ¢o)
Max (XZ/X1)
Min Zi[S(Xz, pi)l

Max 7/, (Max 1)
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Comparison of local performance in the four phenotypic regions of Fig. 2

Criterion@
Phenotypic region 1 1P 21 38 41
1 1 ka/(pkm) 2 1/k,
2 1 kf(km) 4 Lk
3 1 kq/(pko) 4 1/ke
4 1 kq/(pks) 2 1/Km

aThe criteria are described in the text and their quantification is defined in Table 1.

To improve the performance according to the definitions in Table 1, one must have either a high (1) or a low ({) value for the associated

criterion.
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