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CONSTRUCTION OF BIOCHEMICAL COMPUTER MODELS

David GARFINKEL
Philadelphia, Pennsylvania, USA

This paper described methods for constructing (digital) computer modeis of biochemical systems when the main
object is to investigate the system itself, and not fo fit experimental data (e.g., from tracer kinetics) to a set of equa-
tions. The author describes model-building as an art which is difficult to communicate, but nevertheless gives valuable
tips on the conceptual and practical aspects, from his own considerable experience.

1. Reasons for building biochemical models

The biochemistry of systems of physiological sig-
nificance (multi-enzyme systems, intact cells, etc.) is
inherently very complex, as many reactions or pro-
cesses are occurring simultaneously. The behavior of
such systems must often be examined by indirect
methods, requiring the manipulation of large amounts
of data, which often cannot conveniently be done
with pencil and paper. Kinetic data in particular may
lead to large numbers of nondinear differential equa-
tions. A natural response to this situation is the utili-
zation of computers.

The behavior of a physiologically significant bio-
chemical system is often not readily decomposible
into the sum of the known Denavrors of its Pdrlh, both
because of considerable interaction among the parts,
and because the parts are commonly studied separately
under conditions radically different from those pre-
vailing in the composite system. The properties of
even a single multi-enzyme system may look quite
different from the sum of the properties of the con-
stituent enzymes in two recent hlIIlUlleOI“lS UI gry‘co-
lysis by the author [1,2] only one of a dozen glyco-
lytic enzymes seemed to be behaving as indicated by
the literature. It has recently been shown [3,4] that
the conditions under which many enzymes function
in the cell invalidate some of the traditional simplify-
ing assumptions of enzyme kinetics, especially the
one that a substrate is present in amounts much larger
than its enzyme

Experiments to determine the behavior of com

mplex
oy

biochemical systems may be straightforward to de-
scribe, but auzuucuuy wusury that improved d methods
of designing experiments would be helpful (e.g., it
may require weeks to work up all the enzyme and
intermediate determinations from a perfused-organ
experiment). Furthermore, the resulting data may be
quite difficult to interpret (e.g., radioactive tracer
data from a complex metabolic pathway [5])
bUIllPUlCI 4»151.4119: Wll.ﬂ pl'UDlCIIlb OI urebe lypes
often takes the form of an appropriate model. Al-
though physical analogs of biochemical systems are
possrble, complex systems often lead to mathematicai
models of sufficient complexity to require computer
manipulation. Such models are constructed to quan-
titatively account for a body of data regarding the
system being studied. They can then be used to pre-
dict its behavior in a variety of ways (such as seeing
how one variable affects another when the actual
experiment cannot be performed). The act of con-
struction may also be valuable, as in showing that two
pieces of experimental data are actually contradictory
when this is not otherwise evident. In particular, con-
structing a model requires expressing a large volume
of data in a compact and unambiguous form.
Biochemical models may be considered part of a
sequence extending from genetic models on the one
hand to physiological models on the other. One may
model the three-dimensional structure of an enzyme
[6], the way it is synthesized in the cell [7], its con-
trol mechanisms {8,9], and their physioiogical signifi-
cance [8,9] ; or one may construct a model of a com-
plete cell [10}. Much of the philosophy involved in
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building and using these models is quite similar
throughout, even though the detailed methodology
differs from one area of subject matter to another. In
particular, the “biochemical”” models described here
are quite applicable to membrane transport, as many
of the equations for transport are quite similar to
their counterparts in enzymology, many of the prob-
lems currently being investigated have their biochemi-
cal counterparts, and even the economics of the situa-
tion may be the same (some transport experiments
are sufficiently long and tedious that assistance in
designing them would be worthwhile).

It may reasonably be claimed that biochemical
models have reached a stage of maturity where they
are beginning to provide useful biochemical informa-
tion, and are likely to become the best way of obtain-
ing certain types of biochemical information. This will
be particularly important as biochemistry, having de-
composed important systems into constituent parts
and studied their properties, now starts to see how the
parts fit together. Biochemical models should be even
more useful in manipulating complex biochemical
systems, as when one tries to get a pathway to make
a product it was not intended to make (e.g., for indus-
trial purposes). Direct experimentation here may lead
only to unexplainable failure; failure of a model can
be accompanied by a detailed written report of exact-
ly how and why it failed.

2. Conceptual aspects of building biochemical models

The process of building a model consists of assem-
bling a collection of ideas and approximations repre-
senting the appropriate subject matter, and when this
proves to be inadequate (as it almost always does at
the first try), adding additional ideas and finding bet-
ter approximations. Models tend to grow by accretion,
and to become more refined and sophisticated with
the passage of time, but will not necessarily come to
fit the data more accurately. In the author’s experience
this process has been limited by either the generation
of new ideas or the acquisition of additional experi-
mental data.

A model should be kept as simple as possible; the
more complex it becomes, the fuzzier the conclusions
obtained from it will be. However, the other side of
this coin is that it must not be so simple as to over-
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simplify the system represented. There is no need to
have all parts of a model of equal simplicity; in par-
ticular one might very well wish to examine something
in great detail, and have the other parts of the same
system (acting as an “‘environment”) much less de-
tailed.

If the subject area being modelled is clearly divided
into sub-systems (e.g., a multi-enzyme system) these
may be separated and modelled separately, which is
probably easier than modelling the composite system
in its entirety. It is possible to make fairly standard
sub-system models that need be done only once and
are usable repeatedly, even being exchangeable among
different users, although it should be cautioned that
these will not necessarily meet everyone’s needs.

The uniqueness of models is a continuous source
of concern. Often two or more alternative models may
be constructed for a given system, each representing
the statistically best-fitting version (among an infinite
number of variants) of a given collection of ideas and
approximations. Some method of choosing among
them (or combining them) is necessary. Choosing the
simplest (“Occam’s razor™) is a possibility, as is choos-
ing the one that explains the most facts. Choosing the
best-fitting to the data probably is not desirable if the
fit is only slightly better (it should be significantly
better). Preferably the choice should be made on other
than statistical grounds, especially by designing a criti-
cal experiment, as by finding the conditions where the
differences between the consequences or predictions
will be the greatest.

3. Limitations of biochemical models

It should be kept firmly in mind that a successful
model, which is equivalent to a quantitative theory,
does not constitute a final proof of anything. Final
proof, as far as it is possible, must come from experi-
ment (often experimental and theoretical develop-
ments may alternate for a long time before a given
problem is finally settled). However, an unsuccessful
attempt to build or fit a model can be a disproof;if a
given theory cannot be successfully modelled, then it
is unlikely to be correct. Often such disproof can be
very rapid; it has been the author’s experience that if
one cannot obtain approximately the right behavior
of a model after adding a new idea in half a dozen or
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so tries, where the parameters involved may be varied
over rather wide ranges, then it is unlikely that suc-
cess will be obtained by the insertion of other numeri-
cal values. (This generalization is based only on accu-
mulated experience; there is no semblance of a formal
proof for it and doubtless many exceptions exist).
Since models inherently suggest, confirm, or disprove
possibilities rather than offering conclusive proof,
there is often difficulty in publication: they are un-
popular with biochemical editors who prefer to print
communications that appear to conclusively prove
things.

It should be stressed that model building cannot
be done in isolation from experiment; nor will it
tolerate a lack either of familiarity with the subject
matter being modelled, or of the appropriate experi-
mental data. The quality of the model will be no bet-
ter than the quality of the data on which it is based.
This is not quite so stringent when a relatively theo-
retical question is investigated, when minimal interac-
tion with experiment may be sufficient to keep the
investigation going in the right direction. It is possible
for a person with experience primarily in model-
building to subsequently learn the appropriate subject
matter, as well as the reverse.

A model is built with a computer, but not by a
computer. The computer will tell the user what the
properties of a given model are and it can be made to
systematically manipulate the model, as by adjusting
parameters. At the present state of technology the
computer will not automatically build a model or any-
thing of the sort. This may perhaps change somewhat
in the future, especially when an appreciable library
of models has been constructed and one may search
it for analogies. A partial step in this direction is to
automatically test assumptions in some situations
involving missing data where the desired behavior of
the model is known by having the computer calculate
the simulation input on the basis of these assumptions,

and then doing the simulation and seeing how it works.

4. Methodology and technology of constructing bio-
chemical computer models

This is actually something of an art and in part
must be learned by experience. The author has not
yet discovered any straightforward method of describ-
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ing how it is done, and has found communication
regarding it rather difficult, even with a person of suit-
able background with whom communication is other-
wise easy. The formal discipline that perhaps best
serves as preparation for it is chemical engineering, as
constructing a model is not very different from de-
signing a chemical process or its equipment.

Biochemical models may be constructed with
either analog or digital computers. The analog has the
advantages of simplicity, lower initial cost, and ease
of operation, and is often faster for this type of work.
Indeed, the first biochemical simulation was performed
with an analog computer 25 years ago [11], long be-
fore digital computers existed. On the other hand most
analogs are strictly limited in size (leading to serious
over-simplification of many biochemical problems)
and also less amenable to comparison of experimental
and calculated results. The capacity of the larger digi-
tal computers now in common use is easily sufficient
for the most complex models now being studied. The
author generally recommends that an analog computer
be used when this is both possible and convenient. A
hybrid computer (analog + digital) might be even bet-
ter when available; this combines the flexibility of the
digital with the speed — and size limitations — of the
analog.

If a digital computer is used, it may either be a
large central batch-processing computer *, or one hav-
ing reactive interactions with the user, as by time-
sharing *. The latter arrangement is definitely prefer-
able; some people [12] feel that it is almost mandatory
and that one cannot do good simulation work with a
batch-processing machine, although this is probably
too pessimistic. In particular, since constructing a
model is very often a trial-and-error process, it is help-
ful to be able to see the progress of each trial, so as to
be able to change it or stop it if it is unsatisfactory.

Programs are available both to construct biochemi-
cal models on large digital computers and to perform

* A batch-processing computer processes many jobs together
in a batch; these are received from and returned to the user
by the computer operators, so that the user has no direct
contact with the computer. Most university computers are
presently of this type. A time-sharing machine is able to
interact with a user (usually at his own remote console) in a
conversational fashion, by rapidly alternating its attention
among many users. Some computers presently function in
both modes.
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some of the incidental calculations needed in the
process. There exist many general-purpose simulation
languages [13,14] which are applicable to this type
of problem, but they usually have the disadvantages
of requiring the user to write his own differential
equations and of sacrificing efficiency for the sake of
generality. In addition there are specialized languages
(often available for distribution to interested users)
intended primarily for constructing biochemical mod-
els [15—18]. The author’s contribution to this group
[18] is a machine-independent program intended to
permit the user to describe his model in biochemical
language (and to exchange such models with other
users) while the computer handies the mathematics.

Attempts are being made [19,20] to establish a
standard form of what a model should be like, how
it should be described and documented, as well as to
find out how efficient different computers are in
computing its behavior. This is intended in part to
facilitate communication of information about mod-
els, which may be difficult owing to their complexity.
In building a model one has to keep track of why one
made the decisions one did, what mistakes were made,
what was learned along the way, etc. It may be desir-
able in describing a model to also include its unsuc-
cessful predecessors, and the reasons for their failure
to fit the data or other inadequacies.

The mathematics involved in computing the behav-
ior of a biochemical model is not particularly exotic,
often consisting primarily of the solution of non-linear
ordinary differential equations as a function of time.
However, these equations display the troublesome
property called “stiffness” (which slows computation),
usually as a result of the very large numerical values
for naturally occurring rate constants that must be
inserted into them. There is no easy solution for this
difficulty, but it may sometimes be alleviated by rep-
resenting the velocity of an enzyme by the appropriate
algebraic rate law and thus eliminating from the sys-
tem the differential equations which are causing the
most difficulty.

It should be noted that simulating biochemical
systems is rather different from simulating situations,
the subject area where the art is most advanced. Busi-
ness situations usually involve discrete rather than
continuous events, input numbers are more accurately
determined, often with no experimental error, and the
object of the simulation is usually some kind of opti-
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mization, either by maximizing efficiency or by in-
creasing profit, rather than to understand how the
system being simulated is in fact organized and con-
trolied.

Some of the non-computing aspects of construct-
ing a model also deserve comment. For instance, one
often has relatively few experimental points, but a
large amount of background material (such as the
activity of a given enzyme in a given organ under cer-
tain conditions), usually obtainabie from the literature,
which relates these experimental points and provides
a setting for them. This situation has not been well
analyzed statistically and there is no standard proce-
dure for it. Here in particular expert knowledge of the
subject matter is required.

5. Probable future developments of biochemical
models

The use of this technique now appears to be enter-
ing a period of exponential growth, as more and more
people become interested in it. In particular economics
presently seems to favor its further growth, as the cost
of doing a given computation is rapidly decreasing,
whereas the cost of doing a given experiment is per-
haps slowly increasing. It is even possible that in the
foreseeable future the cost of the computer time
needed to build a given biochemical model will de-
crease by several orders of magnitude (although this
will doubtless be partially compensated for by in-
creasing complexity of models).

It seems probable to the author that some of the
rapidly increasing amount of quantitative biochemical
information available will probably come to be
grouped and organized in standard models for impor-
tant tissues, such as mammalian liver and heart, yeast,
E. coli Ky,; once constructed these will continue to
be added to and refined for an appreciable period of
time, and hopefully will be widely used.

It is hoped that this technique will become a stan-
dard technique of biochemistry, of special value for
handling complex situations.

Written during the tenure of a Research Career Develop-
ment Award (E3-GM-5469) and primarily supported by grant
FR-15, both from the National Institute of Health.
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