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Abstract

Harmonic Pulse Analysis (HPA) is a method to analyze
gene regulatory networks, which measures the plau-
sibility of gene regulatory networks. HPA is used to
predict gene regulatory networks. Generated networks
were analyzed by the harmonic pulse analysis. 7.3% of
systematically generated networks were within 5% mar-
gin of the harmonic pulse density of the benchmark net-
works.

Harmonic Pulse Analysis (HPA) (Maeshiro 2010) is a
method to quantitatively evaluate biological likeliness of
gene regulatory networks, and the method was evaluated
using known gene regulatory networks. A gene regulatory
network denotes a set of genes, where a gene may regulate
and be regulated by other genes, regulatory details, and sub-
stances that function as regulators.

Dynamic behavior of gene regulatory networks is im-
portant to understand biological phenomena, and we ob-
tain much more information than static analysis because ex-
pressions of most genes of an organism are continuously
switched on and off, controlled by binding of ligands that
function as activators or repressors, which are some specific
substance or products of other genes’ expressions. Static
analysis that treats network topology detects only control re-
lationships among genes, and temporal information is lost.
Network topology cannot clarify if multiple regulations (ac-
tivation or repression controls) acting on a gene are simulta-
neously operated or not.

HPA detects (i) Selectivity of expression control, (ii)
Propagation behavior of regulatory control and pulse life-
time, and (iii) Frequency domain property, which cannot be
analyzed by conventional static analysis.

Basic method of HPA is to inject single pulse to some
points in the gene regulatory networks, and observe how the
injected pulse travels over the network. Nodes in networks
to inject pulses are denoted “pulse injection points”. All sub-
stances that act as external inputs to the target gene regula-
tory network, and all genes that constitute the network are
pulse injection points. Any substance required to regulate a
gene in the target gene regulatory network, but not the prod-
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uct of these genes, is treated as an external input to the net-
work.

HPA mainly analyzes two aspects of gene regulatory net-
works. The first one is related to the pulse propagation,
which is the lifetime of the injected pulses, and the pulse
spreading behavior over the network. The second one is
the frequency domain behavior of the whole network. Both
analysis is based on the identical quantitative measure, but
the latter one has broader significance because various wave
transmission behaviors are observed by sweeping the fre-
quency of injected pulses.

The pulse propagation value of a network is calculated
as follows. First, for each pulse injection, total intensity for
each pulse duration is computed for predefined duration in
simulation framework. Then these values are collected to
calculate the average and variance values for each pulse
width, generating a vector of nondiscrete values. Then for
frequency domain analysis, this vector is calculated for each
injected frequency (duration of injected pulses) to generate
a three-dimensional graph, or a matrix, where the horizon-
tal plane (matrix row and column) consists of pulse duration
axis and frequency axis, and the vertical axis (matrix value)
is the cumulative pulse intensity.

Differing from the Pulse Flux Analysis we have pro-
posed before (Maeshiro 2009), HPA injects pulses of vari-
ous lengths and analyze the global behavior of the gene reg-
ulatory network. Analysis using single pulse type focus on
gene activation and repression patterns. Conversely, injec-
tion of varied pulse lengths (harmonic pulses) is equivalent
to analyze the response of gene regulatory network to the
expression duration. Therefore, HPA adds a new dimension
to the analysis, different from temporal dimension, which is
related to the pulse shape. HPA extracts global response to
the duration of stimuls to the network.

One pulse is injected into one injection point at a time. Si-
multaneous injection to multiple points is ideal, but the num-
ber of combination increases exponentially with the number
of injection points, and test of all combinations is realisti-
cally impossible. If a gene network has n injection points,
2™ combinations exist, which is not computationally feasi-
ble, since even a small gene regulatory network for the anal-
ysis has approximately 100 injection points. An advantage
of HPA is that the number of pulse injection tests is propor-
tional to the number of injection points 7.



The method consists on injecting single pulse of given du-
ration to all injection points of the target gene regulatory
network. The base pulse, denoted a-pulse, has intensity 1.0
and duration 7', so its frequency is 1/27, because single pe-
riod consists of active and silent parts each with duration
T. a-pulse with intensity 1.0 denotes gene expression and
therefore a gene regulated by single activator binding site.
The opposite is also valid, as an a-pulse also may repress
a gene regulated by single repressor site. HPA rely on the
use of pulses of various periods. Employed pulse types are
harmonics of a-pulse, with pulse durations 27, 47", 8T, . . .,
doubling the frequency. A predefined threshold intensity of
the a-pulse is defined as the minimum boundary to act as a
ligand on a gene with single binding site, and longer pulses
have stronger regulation (activation or repression) intensity.
A ligand that regulates a gene is interpreted as successful
in regulating if the cumulative input quantity of the single
pulse considered at that moment is greater than 7', a value
that is same as the area of a-pulse. Multiple ligand regula-
tion is evaluated based on the cumulative quantity of each
ligand and regulatory relationships among input ligands.

When multiple ligands act simultaneously, the gene ex-
pression, or the output, is calculated separately for each lig-
and and then integrated. For the simplest case of two ligands
A and B, the total quantities of A and B are calculated sep-
arately for time instances where both A and B are present
(intersection time). The gene is regulated if each area of lig-
ands A and B, that corresponds to their quantity, in inter-
section time is greater than 7', which is equal to the area of
a-pulse. Intersection is used because the AND relationship
requires simultaneous presence of both ligands A and B.
Constraints derived from a-pulse is the basic assumption of
HPA to define the valid regulatory threshold. Evidently the
gene is expressed or repressed depending on regulation type.
Separate calculation for each ligand is necessary because the
intensity of pulses may be different and not 1.0.

Some genes, for instance A repressor, have multiple bind-
ing sites for the same ligand (Ptashne 2004), and the gene
expression rate is proportional to the number of bound lig-
ands. This regulatory mechanism is simplified in our model,
and a single arrow represents for all cases of multiplicity by
a single ligand. The purpose of multiple binding sites to re-
cruite identical ligand is the quantitative regulation of gene
expression, and fulfillment of one of binding sites is enought
to regulate, mainly for gene activation. Therefore, the reduc-
tion from multiple to single ligand regulation still represents
the control (activation or repression) type, and ignores only
the quantitative aspect of the regulation result. This simpli-
fication is due to the fact that we focus on the pulse prop-
agation behavior over the network, and not on the detailed
quantitative analysis of individual gene expression. In our
model, output pulse that represents gene expression quantity
is fixed to a constant value, which justify the reduction of
number of controls. Such diminution is excluded when bind-
ing sites are for different ligands. Moreover, precise model
requires the incorporation of binding strength of ligands to
binding sites, but it is unrealistic because most values are
unknown.

Each pulse injection is analyzed based on ativation pattern
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of each gene in the network. Analyzed gene regulatory net-
works were selected from KEGG pathway database '. Ex-
ternal ligands that act on genes also exist, which consist of
outputs from external pathways, identified substances, un-
known activators and repressors. These networks are used
as benchmark networks. Artificial gene regulatory networks
were generated to evaluate the estimation performance of
HPA. Between | and 5 random modifications were intro-
duced to the benchmark networks, generating 200 networks
for each number of modifications. Introduced changes in
networks are addition, deletion and change of regulation
type and target genes. 2.4% of systematically generated net-
works were within 1% margin of the harmonic pulse density
of the Sea urchin early embryo network. 7.3% of networks
were within 5% margin, and 28.6% within 10% margin.
HPA evaluates more accurately the gene regulatory net-
work architectures than methods that consider only the static
topological network properties, since conventional methods
ignore many time related aspects of gene network behavior.
Inclusion of biological information such as protein function,
specie, cell type (lineage) and developmental stage, should
increase the accuracy of network evaluation. However, such
data is incomplete and there is no definite approach to in-
tegrate these data and employ for evaluation. Applications
to other biological networks such as metabolic reaction net-
works and signal transduction networks are also possible.
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