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Signaling pathways relay information about changes in the exter-
nal environment so that cells can respond appropriately. How
much information a pathway can carry depends on its bandwidth.
We designed a microfluidic device to reliably change the environ-
ment of single cells over a range of frequencies. Using this device,
we measured the bandwidth of the Saccharomyces cerevisiae
signaling pathway that responds to high osmolarity. This proto-
typical pathway, the HOG pathway, is shown to act as a low-pass
filter, integrating the signal when it changes rapidly and following
it faithfully when it changes more slowly. We study the depen-
dence of the pathway’s bandwidth on its architecture. We measure
previously unknown bounds on all of the in vivo reaction rates
acting in this pathway. We find that the two-component Ssk1
branch of this pathway is capable of fast signal integration,
whereas the kinase Ste11 branch is not. Our experimental tech-
niques can be applied to other signaling pathways, allowing the
measurement of their in vivo kinetics and the quantification of
their information capacity.
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For a signaling pathway to carry accurate information about its
environment, the output of the pathway must closely follow the

input. Pathways measuring stimuli that change more rapidly with
time need to carry more information. The information capacity of
a pathway, i.e., how much information can be transmitted through
the pathway per unit time, is proportional to the bandwidth of the
pathway (1). The larger the bandwidth of a signaling pathway, the
shorter its response time and the more accurately it can follow a
rapidly varying signal. Bandwidth measurements are routinely used
to characterize communications systems. In this article, we present
an experimental technique combined with a microfluidic device
that allows measurement of signaling-pathway bandwidth. We use
this technique to measure the in vivo bandwidth of the hyperos-
molar signaling pathway (HOG) in the yeast Saccharomyces cer-
evisiae (Fig. 1A).

Signaling pathways consist of cascades of proteins where each
protein activates the next (2). A signaling cascade is triggered when
a receptor is activated by an external stimulus. Often, the signals are
transmitted through kinase-dependent phosphorylation (Fig. 1A).
Information about the environment is then transmitted through the
pathway, resulting in a response from the cell. The bandwidth of
the pathway can be determined by measuring the response of the
pathway to the input signal fluctuating at different frequencies. At
frequencies up to the bandwidth, the pathway responds faithfully to
the input stimulus. To understand how a signaling pathway re-
sponds to excitation over a range of frequencies, we numerically
studied (3) the three-level branched signaling cascade shown in Fig.
1B and described in Box 1. When the input stimulus to this pathway
oscillates at frequencies lower than the bandwidth �b, the output of
the cascade measured by the levels of the activated enzyme X3

�

follows the input faithfully. When the input oscillates at frequencies
higher than the bandwidth �b, the pathway integrates and, hence,
averages over the input (Fig. 1C). Thus, the concentration of X3

�

shows a response to the mean level of the input and no response to
the input oscillations. The pathway acts as a low-pass filter with a
bandwidth �b (Fig. 1D). This model pathway can faithfully convey
information about fluctuations in its stimulus that happen on time

scales slower than �b � 1/�b. For a linear pathway, the bandwidth
�b is dominated by the slowest time scale in the cascade. Thus, all
activation and deactivation rate constants in this cascade must be at
least as large as �b for the cascade to respond faithfully to the inputs
oscillating at frequencies lower than �b. For a branched pathway,
the activation rate constant of the slower branch does not affect the
bandwidth. However, the deactivation rate constants of both
branches have to be at least as fast as the bandwidth.

To measure signaling pathway response in vivo over different
input frequencies and, hence, the bandwidth, as it is usually done
in engineering, we developed a microfluidic device that allows for
rapid periodic changes in media (Fig. 2). Rapid changes in media
are exceptionally difficult to achieve in conventional microfluidic
devices. Our device has two fluids entering through different inlets
of a Y-shaped flow chamber, as shown in Fig. 2A. The region of
lateral diffusion and, hence, mixing scales as �Dx/u, with D
representing the diffusion constant of the media, u the speed of the
laminar flow, and x the distance from the point of union of the two
fluids, measured along the direction of the flow. Near the point
where the two fluids meet, mixing is minimal. By changing pressure
difference between the fluids by using a computer-controlled
switch, we can sweep the separation line across the width of the flow
cell. This allows us to rapidly switch the conditions to which the cells
in the flow chamber are exposed. The media can be changed as
frequently as twice a second, i.e., at 2 Hz (Fig. 2) without perturbing
cell adhesion. Appropriate alignment is achieved by observing the
separation line in real time by using phase contrast microscopy [see
supporting information (SI) Text and Movie S1 and Movie S2].

We used this device to measure the bandwidth of the hyper
osmolar glycerol (HOG) pathway in S. cerevisiae single cells (Fig.
1A). This MAP kinase pathway (4) is used by S. cerevisiae and other
fungi (5, 6) to sense osmolar pressure in the environment and
maintain water homeostasis. Although the HOG pathway is well
documented, its transduction kinetics and in vivo reaction rates have
been only roughly estimated, and its filtering properties are un-
known. The SLN1 (7, 8) and SHO1 (9, 10) branches, shown in Fig.
1A, are redundant for cell survival under conditions of moderate
osmotic stress. However, the SLN1 branch seems more important
for pathway response to low and very high osmotic stress (11–13).
Additionally, it is known that in an ssk2� ssk22� strain, the maximal
phosphorylation of Hog1 is delayed from 1 min to �3–5 min (11,
14). Once phosphorylated, Hog1 localizes to the nucleus (15–17),
where it is recruited to target promoters and activates several
transcription factors.
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