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Fig. 3. MurJ activity is required for ColM-
dependent cleavage of lipid Il in spheroplasts.
Cells lacking the ColM receptor FhuA and producing
the indicated MurJ variants were grown, labeled, and
treated with MTSES as for Fig. 1. Spheroplasts were
then prepared. In all but one case, spheroplasts were
pelleted and resuspended in ColM reaction buffer
with sucrose, and MTSES (0.8 mM) was added as
indicated. The lysis + sample was resuspended in
buffer lacking sucrose to lyse the spheroplasts. ColM
(100 pg) was added to the prepared spheroplasts as
indicated, and they were incubated for 15 min at
37°C. Lipid intermediates were detected by scintillation
counting after butanol extraction. Statistics are as for
Fig. 1. cpm, counts per minute.

at positions 29, 49, 263, and 269 rapidly induced
lysis, suggesting that MurJ function, and thus
PG synthesis, was inhibited (Fig. 2 and fig. S5).
In contrast, treatment of MurJ¥27>C cells with
MTSES caused cell shape defects and limited
lysis indicative of an incomplete PG synthesis
block due to partial MurJ inhibition. The toxicity
of MTSES labeling was suppressed in all five
strains by the presence of the wild-type murJ
allele (Fig. 2 and fig. S5). Thus, MTSES spe-
cifically and rapidly inhibits these single-Cys MurJ
variants. We chose MurJ*?°° (Fig. 2, and figs. S6
and S7) to assess the effect of MurJ inactivation
on lipid II flipping.

This chemical genetic method for MurJ inacti-
vation was compatible with the in vivo flippase
assay. MTSES treatment of MurJV" cells did not
affect lipid II processing by ColM (Fig. 1, B and
C, and fig. S1). Additionally, in the absence of
MTSES, MurJ“2€ cells behaved like MurJ™ " cells
(Fig. 1, B and C, and fig. S1). However, simulta-
neous addition of MTSES and CoIM to MurJA2°¢
cells failed to produce significant quantities of
the ColM-dependent product PP-M,¢;,4-G. In fact,
radiolabel in the lipid fraction increased in these
samples (Fig. 1, B and C, and fig. S1). Thus, when
MurJ** was inactivated with MTSES, lipid I
was protected from ColM cleavage, and label ac-
cumulated in the lipid fraction as observed pre-
viously for MurJ-depletion strains (4, 6).

The protection of lipid II from ColM cleavage
upon MurJA2°C inactivation suggests that either
lipid II is not flipped or that inhibiting MurJ*2%¢
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somehow interferes with ColM import or activity.
To investigate this, we performed our assay using
spheroplasting to remove the outer membrane
(OM) barrier (13) and provide ColM with direct
access to flipped lipid II. In the absence of
MTSES, ColM treatment of MurJ"" or MurJ***
spheroplasts reduced the amount of label in the
lipid fraction (Fig. 3), indicating that lipid II
was actively flipped and thus cleaved by ColM.
Although MTSES did not affect ColM activity
on MurJW" spheroplasts, it completely abolished
lipid II processing by ColM in MurJ*?C sphero-
plasts (Fig. 3). Moreover, lysis of MTSES-treated
MurJ*%°¢ spheroplasts restored lipid II process-
ing, indicating that the intact IM impeded the
access of ColM to lipid II. Thus, MurJ appears
to act as a lipid II flippase.

When MurJ*2°° was inactivated with MTSES,
flippase activity was reduced to a level that was
barely detectable and was incompatible with
life. This observation indicates that the essen-
tial function of MurJ is to translocate lipid II
and that other factors catalyzing lipid II flipping
are unlikely to exist in E. coli. Nevertheless, we
investigated the requirement of SEDS proteins
for flippase activity by depleting FtsW in a ArodA
strain. We found that lipid II flipping remained
robust in this background (figs. S8 and S9). Al-
though it is possible that residual FtsW in these
cells was sufficient for the observed activity, this
result suggests that SEDS proteins are not re-
sponsible for lipid II flippase activity in vivo.
Alternatively, the decrease in levels of PG lipid
intermediates upon FtsW depletion (fig. S9) sug-
gests that either synthesis of PG precursors or
recycling of undecaprenyl-P might be affected by
the loss of SEDS activity. From these data and the
fact that MurJ contains a central solvent-exposed

cavity that is essential for function (8), we conclude
that MurJ is the lipid II flippase in E. coli.
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GENETIC OSCILLATIONS

A Doppler effect in embryonic

pattern formation

Daniele Soroldoni,"?3* David J. Jorg,** Luis G. Morelli,"* David L. Richmond,*
Johannes Schindelin,"® Frank Jiilicher,* Andrew C. Oates>3+

During embryonic development, temporal and spatial cues are coordinated to generate a segmented
body axis. In sequentially segmenting animals, the rhythm of segmentation is reported to be
controlled by the time scale of genetic oscillations that periodically trigger new segment formation.
However, we present real-time measurements of genetic oscillations in zebrafish embryos

showing that their time scale is not sufficient to explain the temporal period of segmentation.

A second time scale, the rate of tissue shortening, contributes to the period of segmentation through
a Doppler effect. This contribution is modulated by a gradual change in the oscillation profile
across the tissue. We conclude that the rhythm of segmentation is an emergent property controlled
by the time scale of genetic oscillations, the change of oscillation profile, and tissue shortening.

egmental patterns are common through-
out nature. In animals from diverse phyla,
segmentation of the body axis occurs dur-
ing embryogenesis, and in most cases, seg-
ments are added sequentially, with a distinct

period as the body axis elongates. Recent findings
indicate that a common mechanism involving
genetic oscillations underlies this morpholog-
ical segmentation in vertebrates and arthro-
pods (7). We investigated how the time scale of
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genetic oscillations determines the timing of
segmentation.

In sequentially segmenting animals, the un-
segmented tissue exhibits patterns of oscillating
gene expression reminiscent of waves that travel
from the posterior to the anterior, where they
arrest. These waves are kinematic and emerge at
the tissue level from the coordinated output of
cellular genetic oscillators (2-5). This situation is
similar to news ticker displays in which a moving
pattern is caused by on-and-off switching of in-
dividual stationary lamps (6). The sequential
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arrest of the kinematic waves is thought to pre-
figure the position and set the period of segment
formation (7). During vertebrate segmentation,
the onset and arrest of these waves are controlled
by a complex genetic network that acts in the
unsegmented presomitic mesoderm (PSM). The
PSM gives rise to the somites, which are the pre-
cursors of adult segments (vertebrae, ribs, and
associated skeletal muscles). Since its discovery,
it has been generally assumed that this network,
termed the “segmentation clock,” resembles a
genetic clock with a single, well-defined period
(3). In this simplified picture, both the onset
and arrest of the kinematic waves happen with
the same period, which is identical to that of
segment formation (6-9). However, these fun-
damental assumptions have not been tested
systematically because it has proven difficult to
visualize oscillating gene expression in real time
and simultaneously quantify the timing of mor-
phological segmentation over a substantial time
scale (2, 4, 10).

To this end, we used a transgenesis approach
to generate a reliable reporter for the oscillating
gene herl, named Looping (fig. S1), and devel-
oped a multidimensional time-lapse setup de-
signed to systematically compare the periods of
morphological segmentation and genetic oscilla-

Fig. 1. Oscillations in the anterior and posterior presomitic
mesoderm (PSM) have different periods. (A) Mounting of
zebrafish embryos for multidimensional imaging. Each time-
lapse experiment consists of 20 xy positions with a z stack
(6 slices at 20 um intervals) to keep the PSM in focus. (B)
Snapshots from Looping, a transgenic reporter of the oscil-
lating gene herl, reveal that Herl::YFP (yellow fluorescent
protein) fusion protein is confined to the PSM. The white
arrowhead marks the most recently formed somite/segment
boundary. Scale bar, 100 um; LUT, high (white) to low (blue)
reporter intensity; BF, brightfield. (C) Multiple kinematic waves
(different colored arrowheads) emerge from the posterior
PSM (“P") and travel anteriorly (“A") till they arrest (white
arrowhead). (D) A region of interest (ROI) interpolator is used
to measure the average reporter intensity in the posterior
(inset, green circle) and anterior (inset, red circle) PSM. Both
regions oscillate but experience a different number of oscil-
lations (annotated with peak number). (E) Periods of mor-
phological segmentation (“S") and anterior (“A") oscillations
are identical, whereas posterior (“P") oscillations occur sig-
nificantly slower (~9%). Four independent experiments (N),
forty individual embryos (n), Whiskers min/max (t test, Welch
correction, ***P < 0.0001).
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tions in multiple zebrafish embryos (Fig. 1A).
Our imaging setup was sensitive enough to de-
tect reporter oscillations in real time and fast
enough to simultaneously record segment forma-
tion in a population of 20 embryos (Fig. 1B and
movie S1). Embryonic growth was not affected
by our mounting technique, which ensured that
wild-type and transgenic siblings developed nor-
mally (fig. S2). With this approach, we observed
that multiple kinematic waves (Fig. 1C, color ar-
rowheads, and movie S1) travel from the poste-
rior to anterior PSM at each point in time. As
expected, we found that the arrest of reporter
oscillations in the anterior PSM coincided with
the formation of every new segment (Fig. 1B,
arrowhead, and movie S2) (2, 7, 11). As the waves
travel along the tissue, their wavelength shortens
(Fig. 1C, arrows); thus, the wave pattern can be
characterized by the number of waves and by
their wavelengths.

To quantify the timing of onset and arrest of
kinematic waves, we locally measured the re-
porter expression in the anterior and the
posterior PSM (Fig. 1D, circles). From previous
studies, it was unclear whether the posterior
PSM oscillates (2, 12). We found that both re-
gions oscillate, although with different report-
er amplitudes (Fig. 1D, bottom diagram). We

. 1305
ROl interpolator =) o‘:ff . *kk
3100, 10s 18s { Ns
-+ |
5 =1
< k:
& - 5
b=} A o
3
< A ™ )
...................................... p N=4
mod———e— 1 golN=40
S A P
1 10 18
1 9 16
¥
0 120 240 360 480 600 720
Time [min]
11 JULY 2014 « VOL 345 ISSUE 6193 223



RESEARCH | REPORTS

Corrected 14 July, 2014; see full text.

Fig. 2. The wave pattern in the PSM changes continu-
ously as the tissue length decreases. (A) A LOI inter-
polator is used to measure the reporter intensity along the
entire PSM and construct a kymograph that captures the
trajectories of slowing, kinematic waves (tilted white
ridges) and demonstrates the substantial decrease in
PSM length. (B) Wavelet transformation. Each vertical line
of the kymograph (white dotted line) is used to translate
amplitude into phase information and construct (C) a
phase map that is independent of local amplitude fluctua-
tions. (A) and (C) show a single representative embryo.
Yellow horizontal lines in a phase map yields the number of
kinematic waves at a given time point, which (D) decreases
with increasing segment number. The local wavelength
(distance between purple ticks) also decreases over time.
Data are from two independent replicates (N), 18 embryos (n).
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observed that within the same time interval, the
number of oscillations in the posterior was
smaller than in the anterior: during nine pos-
terior oscillations, 10 oscillations occur in the
anterior (Fig. 1D). Consequently, oscillations in
the posterior are slower, with an average offset
of about 9% (8.8 £ 0.52%, P < 0.0001) (Fig. 1E).
This finding is not consistent with a single, well-
defined period for the segmentation clock. Next,
we directly compared the periods of genetic
oscillations and segment formation, focusing
on the trunk segmentation where the segmen-
tation period is known to be constant (13). We
found that the period of anterior oscillations is
the same as segmentation (Fig. 1E). Thus, the
period of segmentation matches the period with
which kinematic waves arrest in the anterior
but is significantly faster than the period of
genetic oscillations in the posterior (Fig. 1E):
During nine posterior oscillations, 10 segments
are formed.

To understand this paradoxical period offset,
we aimed to obtain a comprehensive picture
of reporter expression throughout the PSM. To
this end, we generated kymographs that dis-
play the average reporter intensity along lines
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of interest (LOIs) throughout the entire PSM
(Fig. 2A). Each horizontal line of pixels in this
kymograph represents a LOI at a specific time
point, and its length corresponds to the PSM
length. Obvious features of all kymographs are
the trajectories of kinematic waves and the sub-
stantial shortening of the PSM over time (aver-
age total shortening is 60% after 13 segments).
This implies the relative motion of the anterior
end of the PSM, where the waves arrest, toward
the posterior end. As a consequence, the anterior
end moves into the approaching kinematic waves,
shortening the time interval between their on-
set and arrest. This is reminiscent of the Doppler
effect, in which an observer moving toward a
sound source perceives an increased sound fre-
quency as compared with what an observer at
rest perceives.

In the presence of a Doppler effect, the num-
ber of kinematic waves decreases as the tissue
shortens (supplementary text). To test this ex-
pectation, we analyzed the spatio temporal prop-
erties of kinematic waves for a population of
embryos by generating phase maps from the
intensity kymographs (Fig. 2, B and C; fig. S3;
and supplementary text). These phase maps

No. segments

capture the spatial and temporal dynamics of
oscillations while being independent of local
amplitude variations (Fig. 2B). A horizontal line
of pixels in the phase map captures the profile
of phases at a specific time point (Fig. 2C, yel-
low line); a phase increment of 2t along a
horizontal line corresponds to one Kinematic
wave, and the distance covered by this increment
is the local wavelength (Fig. 2C, pink ticks, and
movie S3). Therefore, the number of kinematic
waves can be determined by the antero-posterior
phase difference divided by 2. These phase maps
can be used to determine whether the number
of kinematic waves changes over time with a
subinteger resolution exceeding that of simple
peak counting in a kymograph. We found that
the average number of kinematic waves decreases
with the number of formed segments (Fig. 2D and
movies S4 and S5). Consistent with this analysis,
a decrease in the number of kinematic waves can
also be observed from snapshots of endogenous
oscillating genes in wild-type siblings at succes-
sive developmental times (fig. S4). These findings
confirm the presence of a Doppler effect.

Such a Doppler effect would not occur if the
wave pattern scaled (supplementary text). Scaling
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Fig. 3. Doppler and Dynamic A Classical Doppler effect

Wavelength effects modulate the o[ T — S —
period of segmentation. (A) In E ‘~--~~_‘_~ Tteelll Tl
the classical Doppler effect, an Fia] | ' rest  JURSEEERRAE Waveleng;t‘r; -
observer moving toward a sound .9_\ “-~-‘_\ "“\}‘fﬂ\ A
source perceives an increased sound 0 T S S T
frequency as compared with what an 5| "ol IR

observer at rest perceives. This is -;" i ~IAPeriod-‘ Tl

indicated by the larger number of 7‘ Sl T

wave peaks (crossing dashed lines) bl YN el

that an observer in motion (red) ~§-~_ \“‘\-_\ -
experiences compared with an AV TTteeell -

observer at rest (green) during the Space

same time interval. (B) A dynamic

change of the wavelength at the

" O 1| — " -
position of an observer at rest (red) F1RRE Obscrver MNRENEN . =~ 4 Observer
can cause a change of the observed Flo | SIEE el at rest
period compared with an observer at s 7" Wavelength 2
rest at a different position (green). " = N =t 3
(C) In the zebrafish PSM, in which the P N,
anterior end acts as an observer that D 1% R
is moving relative to the kinematic R it LR TTesl 5
. 7 Period L N
waves, and the wavelength is R RERUN RO s
dynamically changing, these two R Tl S
effects combine and regulate the K3 2N e ey
anterior period (Fig. 2, phase map, Space -

in comparison).

Anterior end
-~ ) in motion

Posterior

means that the wave pattern shrinks proportion-
ally with the length of the tissue. Such a scaling
of the wave pattern has been recently reported
in in vitro-cultured mouse PSM explants (5) and
requires that the number of kinematic waves
visible along the PSM remains constant in time.
The change in number of waves observed here
supports the presence of a Doppler effect and rules
out scaling of the wave pattern in zebrafish.
Can we conclude that a Doppler effect alone
accounts for the observed decrease in Kinematic
wave number and the measured period offset?
In a classical Doppler effect with only the ob-
server in motion, the wavelength of the sound
waves remains constant in time (Fig. 3A). In
our analogy, this would imply that the anterior
end of the PSM (observer) is in motion while
the local wavelength remains constant, result-
ing in a shortened anterior period. However,
from our phase maps we determined that the
local wavelength is not constant but decreases
over time (Figs. 2C and 3B, figs. S5 and S6, and
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supplementary text). This dynamic change of
the wavelength tends to prolong the anterior
period (Fig. 3B, fig. S7, and supplementary text)
and thus opposes the Doppler effect. Hence, the
period of segmentation is modulated through
the combination of these two opposing effects,
the Doppler effect and the dynamic wavelength
(Fig. 3C and fig. S7). Although the relative con-
tribution of these effects varies during develop-
ment, the experimentally observed offset between
anterior and posterior period is due to the larger
average magnitude of the Doppler compared with
the Dynamic Wavelength effect (fig. S7 and sup-
plementary text). The Dynamic Wavelength effect
discovered here is a general principle, and there
is no reason to assume that it is restricted to
the zebrafish PSM. An analogous effect would
arise in a wave-carrying medium from a space-
and time-dependent change of refraction.
Traditionally, genetic oscillations in the poste-
rior PSM have been viewed as the pacemaker for
the segmentation process, which is emphasized

in the term “segmentation clock.” Our findings
show that the clock metaphor is insufficient to
understand the timing of segment formation. In
addition to the time scale set by the genetic net-
work controlling the oscillations, the change in
length of the PSM and the change of the Kkine-
matic wavelength must be included to under-
stand the period of segmentation observed in
vivo. The biological mechanisms by which the
tissue length and kinematic wavelength change
remain open questions. Our work highlights
the need to go beyond descriptions of embryonic
segmentation that are based on steady-state or
scaling conditions and reveals the consequences
of the spatial features of the wave pattern for
the timing of segmentation.
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