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In the photosynthetic evolution of oxygen, water oxidation occurs at a catalytic site that
includes four manganese atoms together with the essential cofactors, the calcium and
chlorine ions. A structural model and a determination of the manganese oxidation states
based on x-ray absorption spectroscopy are presented. The salient features, in both higher
plants and cyanobacteria, are a pair of di-p-oxo bridged manganese binuclear clusters
linked by a mono-p-oxo bridge, one proximal calcium atom, and one halide. In dark-
adapted samples, manganese occurs in oxidation states (I1l) and (IV). Data from oriented
membranes display distinct dichroism, precluding highly symmetrical structures for the

manganese complex.

The oxidation of water to O, is a charac-
teristic reaction associated with photosyn-
thesis in higher plants and cyanobacteria.
The oxygen-evolving complex (OEC) of
the photosynthetic apparatus that catalyzes
this oxidation contains a cluster of four Mn
atoms that acts as the locus of charge
accumulation. The OEC cycles through a
series of five intermediate states (S;,i = O to
4) driven by the energy of four successive
photons absorbed by the pigment Pgg, of
photosystem II (PS II) (1). The ions Ca?*
and Cl~ are essential cofactors that can be
replaced by Sr** and Br~, respectively.
The structure of the Mn complex, the
mechanism of charge storage, and the even-
tual oxidation of water to O, have been the
subject of much study (2-5). The discovery
of electron paramagnetic resonance (EPR)
signals associated with Mn in particular S
states, especially the multiline signal asso-
ciated with the S, state (6), and the appli-
cation of x-ray absorption spectroscopy
(XAS) to the study of Mn in the OEC (7)
have had an important influence on this
endeavor. A structural model for the Mn
complex based on our XAS studies is pre-
sented in this report.

The Fourier transform of the Mn ex-
tended x-ray absorption fine structure
(EXAFS) data of PS II samples from the
cyanobacterium Synechococcus sp. in the S,
state shows three well-resolved major peaks

(Fig. 1A) (8, 9). In this radial distribution
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about Mn, each of the Fourier peaks repre-
sents x-ray photoelectron backscattering
from the coordinating or neighboring at-
oms, and the EXAFS oscillations represent-
ed by the Fourier peaks are described by Eq.
1 (9). The least-squares residual between
the Fourier-isolated EXAFS waves and the
simulation of these waves with use of the
EXAFS equation defines the goodness-of-fit
parameter, which provides the criterion for
best fits and for the assignment of the
Fourier peaks (9).

1) The first Fourier peak (labeled I in
Fig. 1A) is best simulated by two shells of O
or N ligand atoms. The first shell is modeled
as ~2 O or N ligand atoms per Mn at ~1.82
A (9). The Mn-O bridging distances are
typically about 1.8 to 1.9 A in multinuclear

Fig. 1. (A) Fourier transforms of the k3-weighted
Mn EXAFS data (3.5 to 12.0 A-1) from Synecho-
coccus in the S, state. Peak | represents back-
scattering from bridging and terminal ligand N or
O at ~1.8 and 1.95 to 2.15 A. The goodness-of-
fit parameter improves by a factor of 2 to 10 for
a two-shell fit compared to a one-shell fit (8, 27).
Peak Il is attributable to Mn at 2.72 A (9). Peak IlI
fits to Mn or Ca or both at ~3.3 A. Fourier
transforms of EXAFS spectra from samples in the
S, and S, states from spinach and from the S,
state from Synechococcus are similar (8). The
apparent distance is shorter than the actual
distance to a given neighboring atom because
of the effect of the averaged phase of the EXAFS
wave. (B) Fourier transforms of the k3-weighted
Mn EXAFS data (3.5 to 11.5 A=) of oriented PS
Il membranes in the S, state from spinach. The
membrane normal was oriented 15° and 75° to
the polarization direction of the x-rays. The
changes seen in peaks |, I, and Il are repro-
ducible, but the other peaks are within the noise
level and could not be reproduced. The number
of scatterers at 2.7 and 3.3 A from four different
orientations (data from 45° and 55° not shown)
has been fit by the method described in (20).

Wy~ or p3-oxo bridged Mn complexes (10),
and we therefore assign this shell to O atoms
bridging between Mn atoms. The second
shell consists of two to four O or N ligand
atoms per Mn at distances between 1.95 and
2.15 A. This range of distances reflects a dis-
tribution of bond lengths in the Mn com-
plex similar to those of Mn—O and Mn-N
terminal ligands in multinuclear Mn com-
plexes (10). There has been some disagree-
ment about whether the best fit to the first
peak consists of one or two shells, but a

consensus is emerging that supports our

assignment to two shells (11).

2) The second Fourier peak (labeled II
in Fig. 1A) is best simulated by a single
shell of Mn. The best-fit parameters are
consistent with each Mn atom in the OEC
having ~1.25 Mn neighbors at a distance
of 2.72 A (9). Fitting analysis on the
EXAFS alone cannot distinguish between
Fe and Mn; however, Fe has not been
implicated in the OEC (2), and several
EPR studies have demonstrated that the
spectra are best simulated by a tetranuclear
exchange-coupled Mn cluster (2, 6). Exam-
ination of a series of multinuclear Mn (III)
and Mn(IV) complexes reveals that the
Mn-Mn distances range between 2.6 and
2.8 A in complexes in which two Mn atoms
are bridged by at least two w,-oxo (12, 13)
or two ws-oxo bridges (14, 15). An addi-
tional ,-carboxylato bridge does not
change the Mn-Mn distance significantly
(12). The distance decreases to 2.3 A when
the two Mn atoms are linked by three p.,-
oxo bridges (13) and to 2.53 A when linked
by two p,-oxo and a w,-peroxo bridge
(16). The important point is that there exist
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The polar plots show that the 2.7 A Mn-Mn vector is oriented at 60° = 10° to the membrane normal
and the 3.3 A vector is aligned at 30° = 10° to the membrane normal.
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two p,-oxo bridges between pairs of Mn
atoms in all reported complexes that have a
Mn-Mn distance of about 2.7 A (10).

3) The third peak in the Fourier trans-
form (labeled III in Fig. 1A) is well fit by a
combination of 0.5 Mn and 0.25 Ca inter-
action per Mn atom at ~3.3 A (9). The
peak can also be fit to a combination of Mn
and C contributions, but the fit quality is
better for the Mn and Ca atoms (also see Fig.
3 caption). Penner-Hahn and co-workers
(11) were the first to suggest that the 3.3 A
shell could also be fit with Ca. In complexes
that contain two ,-carboxylato bridges and
one p,-oxo bridge, the Mn-Mn distance is
greater than 3 A and, in some complexes, is
as large as 3.5 A (14,17, 18). In complexes
where the Mn atoms are linked by a single
p,-oxo bridge, as in the adamantane-like
complex, the Mn-Mn distance is 3.2
(18). Again, the important point is that a
Mn-Mn distance of 3.3 A is characteristic of
mono p,-oxo and p,-carboxylato bridges
between the Mn atoms (10).

The Fourier transforms of Mn EXAFS
data from oriented spinach PS II mem-
branes in the S, state (19) are shown in Fig.
1B. The membrane normal was oriented
15° and 75° relative to the polarization
direction of the x-ray photons. Fourier peak
II, which is characteristic of backscattering
from Mn at 2.7 A, exhibits clear dichroism
with a larger amplitude at 75° than at 15°,
which suggests that the 2.7 A vectors are
aligned approximately in the plane of the
membrane. Fourier peak I, which is domi-
nated by the Mn-O 1.8 A vector, also
shows dichroism similar to that of peak II.
This is expected for a model of w,-oxo
bridged units lying in the plane of the
membrane. The Fourier peak labeled III is
also dichroic, but the orientation depen-
dence is opposite to that exhibited by peaks
I and II (20), indicating that the resultant
3.3 A vector lies approximately along the
membrane normal.

Questions concerning the oxidation
state or states and symmetry of the Mn as
functions of S state have been addressed by
examination of the x-ray absorption near-
edge structure (XANES) region at the Mn
K-edge. Previous studies have shown that
Mn is oxidized when it advances from the
S, to the S state (21) and from the S, to
the S, state (8, 22), as evidenced by a shift
of the K-edge inflection point to higher
energy. By comparison of the inflection-
point energy of the Mn K-edge in the OEC
with that of various Mn complexes, the
oxidation state of Mn in the S, state was
assigned to (III), or (III),(IV), (7, 8, 22).
In addition to the position of the K-edge
inflection-point energy, the shape of the
K-edge can be informative. The shape of
the edge is characterized not only by the
oxidation state of the metal but also by the
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types of ligand atoms and bond distances to
the nearest neighbors (11, 23-25) (Fig.
2A). The second derivatives of the K-edge
spectra emphasize the structure and the
changes in the features of the spectra (Fig.
2B). We have found, in a study that includ-
ed over 20 model compounds of varying
ligand environment and nuclearity, that in
general, the ligand-induced changes in edge
shape below 6560 eV are secondary to the
changes produced by oxidation state (24).
Simulations of the second derivatives of
the XANES of the Mn in PS II by sums of
those of model compounds (Fig. 2C) show
that there is no Mn(II) in the S, state in the
OEC, a result that is consistent with the
Mn K-edge inflection-point studies (8, 22).
Also, the fit to Mn in the S, state when the
oxidation states (III),(IV), are used is clear-
ly better than that obtained with the oxi-
dation states (IIT),. Small differences are
still evident between the simulation con-

Fig. 2. (A) The K-edge spectra of Mn(ll), Mn(lll),
and Mn(IV) complexes. (B) Corresponding sec-
ond derivatives. There is a dramatic change in
shape as well as in inflection-point energy as
the oxidation state increases. The complexes
are Mn(ll)(acac),(H,0),, Mn(lll)(acac);, and
Mn(IV)(sal),(bipy) (acac, acetylacetonate; bipy,
bipyridine; and sal, salicylate). By comparing the
edge shape of model compounds with differing
nuclearities and bridging environments (24), in-
cluding a series of oxo- or carboxylato-bridged
bi, tri, and tetranuclear complexes, we found that
the nature of the immediate ligand affects the
region above ~6560 eV (where multiple scatter-

taining the oxidation states (III),(IV), and
the S, state, perhaps because the Mn com-
plex in the OEC contains more O ligands
and fewer N ligands than the Mn complex-
es used for the simulations. The use of
multinuclear model complexes containing
oxo and carboxylato bridges does not
change the conclusions regarding the oxi-
dation states of Mn in PS II samples (24).

The Ca?* cofactor, which is essential for
O, evolution, can be replaced by Sr** (26).
Replacement of Ca by Sr decreases the
steady-state rate of O, evolution, but yields
of flash-induced O, evolution have shown
that all of the centers are active in Sr-
reconstituted samples (27). The S,-state
multiline EPR signal changes markedly
when Ca®* is replaced by Sr?*, indicating a
structural perturbation of the Mn complex
(27). It has been postulated that Ca®* or
Sr?* is in the immediate vicinity of the Mn
complex and is possibly even bridged to one
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ing and EXAFS effects become manifest) but that the overall shape, especially below this region,
correlates well with oxidation state. We used combinations of simple mononuclear complexes to
compare with the PS Il Mn K-edge data in (C). Second derivatives were generated by analytical
differentiation of a third-order polynomial fit to the data over an interval of £2.75 eV on each side of
a data point. (C) The second derivative of the Mn K-edge of PS Il particles in the S, state is shown
as a solid line. Dashed lines are the second derivatives of the Mn K-edge spectra created by
weighted sums of spectra of the model complexes in different oxidation states (11), (Ill), or (IV) shown
in (A) and (B). The sets of oxidation states for the simulations were chosen to produce a
conventional EPR-silent ground state; a prerequisite from studies which show that the OEC in the S,
state is EPR silent (7, 38). The particular combinations of oxidation states used in the simulations
are, for curve 1, (I)(lll),; for curve 2, (I)(II1),(1V); for curve 3, (ll),; and for curve 4, (ll),(IV),. The
combination (Il)5(IV), is the most similar to PS Il in the S, state.

Fig. 3. Fourier transforms of the k3-weighted Mn
EXAFS data (3.5 to 12.0 A=) of Ca2*-depleted
samples reconstituted with Ca2* (solid line) or
with Sr2+ (dashed line). Peaks | and Il are similar
between the two preparations and closely re-
semble the Fourier transforms of the EXAFS from
untreated samples (Fig. 1A). Peak Ill, however,
exhibits a markedly increased amplitude for the
Sr2*-reconstituted preparation. Depletion of
Ca2* was carried out by the method of Ono and
Inoue (28). It is generally more difficult to obtain
unique fits for peaks at distances greater than 3

, so contour plots were constructed of the
goodness-of-fit parameter as a function of the
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number of Mn-C, Mn-Mn, and Mn-Ca (or Mn-Sr) scatterers. In each case, the contours showed a
minimum at one Mn-Mn and one Mn-Ca or Sr contribution to the third peak. The minima in the
contours were better defined for the Sr plots than for the Ca plots, which is to be expected because
Sr is a better backscatterer and produces a greater contribution to the EXAFS spectrum.
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Mn (28). The Mn EXAFS studies in which
Ca’*-depleted S,-state samples are recon-
stituted with Sr’>* show an increase in the
amplitude of peak III in the Fourier trans-
form (Fig. 3), thus providing evidence for
the close proximity of this element to Mn.
The increase in amplitude is consistent
with replacement of Ca?* by Sr?*, which is
a more effective backscatterer. Simulations
of the EXAFS spectra from both the Sr?*-
reconstituted sample and the Ca?*-recon-
stituted sample show that the first two peaks
in the Fourier transform are similar to those
in the native S; sample. The major differ-
ence is in the fitting parameters to the
third peak from the Sr**-reconstituted sam-
ple; it shows an increased amplitude and is

best fit by 0.5 Mn and 0.25 Sr (instead of
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d2(Fllp)/dE?

depleted

6525 6575

X-ray energy (eV)

Fig. 4. The second derivatives of the Mn
K-edge spectra of a Ca?*-depleted sample
and samples reconstituted with Ca?* or Sr2* in
the S, state. Arrows point to areas where the
greatest changes in shape occur in the spectra
of the Ca2*-depleted sample. Second deriva-
tives were generated according to the proce-
dure described in Fig. 2 caption.

Fig. 5. Proposed model for the Mn complex in
photosystem Il (34).

Ca) backscatterer at ~3.3 A (9) (Fig. 3).

Depletion of Ca?* by NaCl wash (26) or
by a low-pH treatment (28) results in an
S,-state multiline EPR signal that is stable
in the dark, which differs from the signal
obtained from preparations containing ei-
ther Ca?* or Sr’* (29-31). The Ca?*-
depleted samples do not advance beyond
the S; state, and this S; state is character-
ized by a g = 2 EPR signal, which has been
assigned to a histidine radical interacting
with the Mn cluster (29-31). Inhibition of
O, evolution and the modification of the
multiline EPR signal upon Ca?* depletion
suggest that the Mn cluster is perturbed.
Small changes in the shape of the Mn
K-edges in the Ca?*- and Sr’*-reconstitut-
ed samples can be seen in Fig. 4, as well as
the dramatic changes in shape in the Ca?™-
depleted S, state. Similar changes have
been reported by Ono and Inoue (28). Such
a large change in edge shape is a clear
indication that removal of Ca®* perturbs
the structure of the Mn complex.

The CI™ cofactor is also essential for O,
evolution and can be replaced by Br~ with
retention of activity, but F~ is an inhibitor
of O, evolution (5). The activity of Br~-
reconstituted samples is reported to be 80 to
100% of that in samples containing Cl~ (5,
32). In our trials, the activity of Br~-
reconstituted samples is 95% or higher
compared with that of control samples (8).
The requirement of C1~ or Br~ for activity
has led to the postulate that a halide ion is
a ligand to one or more of the Mn atoms in
the cluster (32, 33). We have grown the
thermophilic cyanobacterium Synechococ-
cus sp. on medium containing only Br™, a
more efficient backscatterer in the XAS
experiment. Only subtle differences in the
Mn EXAFS data between Cl™- and Br~-
grown organisms were found. Fits to the
data preclude the existence of two halide
ligands or a halide bridging ligand but
cannot exclude one halide backscatterer per
four Mn atoms (8).

In this same context, we have examined
the XAS features of a spinach preparation
inhibited with 25 mM F~. Fluoride binds at
the same site as does the tightly bound Cl~
and Br~ (32). The second peak in the
Fourier transform of these data is best sim-
ulated by the inclusion of two Mn-Mn
distances, one at 2.68 and another at 2.84
A. The fit quality improves, and the good-
ness-of-fit parameter improves by a factor of
2.5 on the inclusion of the second distance.
When forced to fit to a single distance, the
Debye-Waller parameter is larger than that
obtained for the control samples. These
results suggest that F~ binds to one of the
di-p-oxo bridged binuclear centers, thereby
perturbing one of the Mn-Mn distances,
and provide evidence supporting our assign-
ment of pairs of di-p-oxo bridged binuclear
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Mn moieties as the central constituents of
the cluster.

On the basis of the foregoing observa-
tions and interpretations, we propose a
model for the Mn cluster (Fig. 5) (34):

1) EXAFS analysis supports at least one
Mn-Mn vector at a distance of 2.7 A and
0.5 Mn-Mn vector at 3.3 A per Mn atom in
the cluster. We propose that there are
minimally two di-p,-oxo bridged Mn binu-
clear structures with a Mn-Mn separation of
2.7 A, which in turn are linked with a 3.3

separation by mono-p-oxo and mono- or
di-carboxylato bridges. The dichroism stud-
ies are consistent with an alignment of the
2.7 A vectors approximately parallel to the
plane of the membrane. The arrangement
of Mn atoms that we propose is based on a
straightforward interpretation of the avail-
able data, but we cannot rule out, for
example, a structure in which the two 2.7

vectors are aligned trans to the 3.3
Mn-Mn vector (in the structure shown,
they are aligned cis with respect to the 3.3

Mn-Mn vector) or a structure that con-
sists of a 2.7 A bridge between a 2.7 and 3.3

vector, whereas the structure in Fig. 5
shows a 3.3 A bridge between two 2.7
vectors. The presence of about one Mn
backscatterer per Mn atom at 2.7 A pro-
vides conclusive evidence against the sym-
metric cubane clusters proposed by Brudvig
and Crabtree (35) and the “butterfly” tet-
ranuclear clusters proposed by Christou and
Vincent (36) as possible candidates for the
Mn complex in the OEC. The number of
Mn backscatterers at 2.7 A are 3 and 0.5
(average per Mn) for the symmetric cubane
and the butterfly structure, respectively. A
symmetric cubane-like structure is also in-
consistent with the dichroism of the XAS
data; however, we cannot rule out a highly
distorted cubane-like or trigonal pyramidal
structure (15).

2) The Mn K-edge results are best sim-
ulated with oxidation states of (III),(IV),
in the S, state and (II) (IV); in the S, state
(24). The assignment of (III),(IV), to the
S, state is consistent with an EPR-silent
ground state. We propose that in the S,
state, one of the di-p-oxo centers is in the
(III),, the other is in the (IV), oxidation
state, and each of the binuclear centers is
antiferromagnetically coupled, as are all
known di-p-oxo bridged models (10). The
two centers are also coupled to each other
antiferromagnetically, leading to an S = 0,
EPR-silent ground state (37, 38).

3) Perturbation of the Mn K-edge upon
Ca?™" depletion and the increase in amplitude
of the third Fourier peak on replacement of
Ca?* with Sr2* provide evidence that Ca®* is
located near Mn; in Fig. 5, we show them
bridged by a carboxyl group. Other possible
bridging ligands are oxo or phenoxy (tyrosine-
derived) groups or histidine.
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4) XAS data show that F~ perturbs one
of the di-p-oxo bridged Mn-Mn distances,
presumably by binding to one of the di-p.-
oxo centers. Fluoride is known to be a
competitive inhibitor of CI~ (32). As de-
scribed above, there is EXAFS evidence
against a halide bridging between two Mn.
On the basis of these results, we show CI~
as a terminal ligand to Mn in Fig. 5 (8).
Furthermore, EPR studies show (8, 39) that
replacement of CI~ by F~ changes the
S,-state EPR signal fromag =2, S = 1/2
ground state to a g = 4.1, S = 5/2 ground
state. We postulate that ClI~ or F~ modu-
lates the magnetic coupling between the
two di-p-oxo moeities so that it is antifer-
romagnetic in the case of ClI~ and ferro-
magnetic in the case of F~; in the first case,
it leads to a S = 1/2 ground state and the
multiline EPR signal, and in the second
case, to a S = 5/2 ground state and the g =
4.1 EPR signal (37, 40). We therefore place
the halide ligand in a position trans to the
mono-p-oxo bridge, linking the two di-p-
oxo bridged binuclear clusters, a position
well suited for the modulation of the cou-
pling between the two di-p-oxo bridged
moeities (37).

5) Finally, we append a histidine to one of
the Mn as a terminal ligand (Fig. 5). This
assignment is based on our observation of the
difference in the electron spin echo envelope
modulation (ESEEM) of the S,-state multiline
EPR signal of Synechococcus grown in N and
BN. A feature at about 5-MHz ESEEM in
samples from the lighter isotope is absent from
the ’N-grown samples (41).
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Reversal of Left-Right Asymmetry: A Situs
Inversus Mutation

Takahiko Yokoyama, Neal G. Copeland, Nancy A. Jenkins,
Charles A. Montgomery, Frederick F. B. Elder, Paul A. Overbeek*

A recessive mutation was identified in a family of transgenic mice that resulted in a reversal
of left-right polarity (situs inversus) in 100 percent of the homozygous transgenic mice
tested. Sequences that flanked the transgenic integration site were cloned and mapped
to mouse chromosome 4, between the Tsha and Hxb loci. During early embryonic de-
velopment, the direction of postimplantation turning, one of the earliest manifestations of
left-right asymmetry, was reversed in homozygous transgenic embryos. This insertional
mutation identifies a gene that controls embryonic turning and visceral left-right polarity.

The establishment of embryonic axes is
essential for vertebrate development, but
the molecular factors that define vertebrate
embryonic polarity remain unknown. Left-
right asymmetries are the last to appear in
embryonic development and are reflected in
the position and structure of the visceral
organs such as the heart, stomach, spleen,
and liver. Mutations that result in a mirror-
image reversal of left-right visceral asymme-
try have been described in mice (the inver-
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sus viscerum or i mutation) (I, 2) and in
humans (3, 4), but these mutants reverse
left-right polarity only approximately 50% of
the time. This suggests that these mutations
produce an indeterminate condition of lat-
erality (5) or random determination of po-
larity (2). Here, we report a recessive inser-
tional mutation that results in situs inversus
in 100% of homozygous transgenic mice.
The transgenic family OVE210 was gen-
erated by microinjection of the Ty811C
tyrosinase minigene into one-cell-stage em-
bryos of the inbred albino mouse strain
FVB/N (6). At birth, transgenic mice can
be identified by the presence of pigmenta-
tion in their eyes; hemizygous adult mice
have light brown fur pigmentation. South-
ern (DNA) hybridizations to tail DNAs
revealed that the OVE210 mice have a
single site of transgene integration with a
low copy number (one to two copies per
genome) (7). When hemizygous transgenic
OVE210 mice were mated together to gen-
erate homozygous mice, no viable adult
homozygotes were obtained. Inspection of
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newborn mice revealed that some of the
mice had stomachs located on the right side
instead of the left side of the abdomen (Fig.
1A). These mutant mice exhibited severe
jaundice (7), did not increase in size or
weight after birth (Fig. 1A), and did not
survive beyond 7 days of age. Dissection of
the mutant newborns revealed that they
had a common pattern of situs inversus;
each had its stomach and spleen (Fig. 1B)
located on the right side instead of the left
side of the abdomen. Orientations of the

_ heart (Fig. 1B), lungs, and liver were also

mirror-image left-right inversions.

To determine the percentage of embryos
with situs inversus, we mated hemizygote
OVEZ210 mice and terminated the pregnan-
cies between embryonic day 16 (E16) and
E19. The fetuses were assayed for ocular
pigmentation and visceral orientation. Out
of a total of 74 fetuses, 16 (22%) were
albino with normal polarity, 41 (55%) were
pigmented with normal polarity, and 17
(23%) were pigmented and had situs inver-
sus, which suggests that insertion of the
transgene had caused a recessive mutation.
Fifteen of the situs inversus mice were
examined in detail. All 15 had left-right
reversal of their abdominal visceral organs,
one had polysplenia, and one had normal
cardiovascular  orientation  (levocardia)
even though the abdominal viscera were
inverted (a condition termed heterotaxia).
Histological examination of the visceral
organs revealed that the mutant mice had
significant kidney pathology with dilated
tubules and abnormal glomeruli (7). When
assayed by Southern hybridization, the fetus
with heterotaxia was found to be homozy-
gous for the transgenic insertion.

Kartagener’s syndrome (3) is an autoso-
mal recessive disorder in humans character-
ized by situs inversus. The syndrome is
associated with chronic sinusitis and pul-
monary disease, in addition to infertility in
males. Patients with Kartagener’s syndrome
exhibit defective dynein arms in their cilia
(8). To assess whether the transgenic mice
with situs inversus might have a similar
defect, we collected tracheae from mutant
and control mice and examined the trache-
al cilia by electron microscopy. No defects
in the dynein arms were observed in the
transgenic mutants (9).

To begin molecular characterization of
this new insertional mutation, we con-
structed a genomic library of OVE210 DNA
(10-13). Four overlapping clones contain-
ing the transgenic integration site were
obtained (Fig. 2A). One clone (clone 4)
contains the entire transgenic insert (two
tandem copies of the transgene). A 2.0-kb
Hind III fragment (p3.2H) (Fig. 2A) that
contained single-copy genomic sequences
was used as a probe in Southern hybridiza-
tions to verify that the mutant mice were
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