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In Situ Detection of B-Galactosidase in Lenses of
Transgenic Mice with a y-Crystallin/lacZ Gene

D. R. GORING, J. RossANT, S. CLAPOFF, M. L. BREITMAN,
L.-C. Tsu1

Transgenic mice carrying the y2-crystallin promoter fused to the coding region of the
bacterial lacZ gene were generated. The offspring of three founder mice expressed
high levels of the enzyme solely in the central nuclear fiber cells of the lens as measured
by an in situ assay for the detection of B-galactosidase activity. These results suggest
that y2-crystallin sequences between —759 to +45 contain essential information
required for appropriate tissue-specific and temporal regulation of the mouse y2-
crystallin gene. In a broader context, this study also demonstrates the utility of B-
galactosidase hybrid gene constructs for monitoring the activity of gene regulatory
elements in transgenic mice.

THE Y-CRYSTALLINS COMPRISE A
family of closely related polypeptides
found exclusively in the terminally
differentiated fiber cells of the lens in the
mammalian eye (I, 2). Individual y-crystal-
lin genes are differentially regulated during
development, resulting in a non-uniform
spatial distribution of these proteins within
the lens (3, 4). In recent studies, we have
shown that sequences immediately 5’ of the
y-crystallin genes are at least in part respon-
sible for their tissue-specific expression
within the lens (5, 6). However, these stud-
ies in vitro do not allow us to define the
sequences responsible for temporal regula-
tion. To gain insight into the elements

regulating developmental expression of
these genes and to identify the cells within
the lens in which individual vy-crystallin
genes are expressed, we have generated
transgenic mice containing the 5’ flanking
segment of a mouse y2-crystallin gene (se-
quences —759 to +45 relative to the tran-
scription initiation site) coupled to the /lacZ
gene of Escherichia cols.

Two hundred and fifty-six fertilized eggs
from CD-1 mice were microinjected with a
4.5-kb DNA fragment containing mouse
¥2-crystallin sequences from —759 to +45
joined to the coding sequences of a #rpS—
lacZ fusion gene (7) (Fig. 1A). Southern
blot analysis of restriction enzyme—digested
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Fig. 1. (A) Restriction maps of the injected y2-crystallin—B-gal fragment and its integrated forms in the
five transgenic mice. The 4.5-kb Xba I-Bam HI fragment microinjected into fertilized eggs is shown at
the top (16). Indicated segments of the hybrid gene are: sequences —759 to +45 of the mouse y2-
crystallin gene (5) (black), the /acZ fusion gene described by Hall ez al. (7) (white), and the SV40
polyadenylation signal contained in SV40 sequences 2669 to 2534 (stippled). Restriction maps of the
integrated DNA were derived from the data in (B). B1 and B5 carry single, apparently intact copies of
the hybrid gene; B3 carries a head-to-tail dimer with a 3’ deletion; B4 carries a head-to-tail dimer with a
3’ deletion in the second copy; B2 contains two insertions, one corresponding to a head-to-tail dimer.
Abbreviations are H, Hpa I, and S, Sac I. (B) Detection of y2-crystallin—B-gal sequences in transgenic
mice by Southern blot analysis (17). The 3.7-kb Hind III-Bam HI fragment spanning the lacZ fusion
gene (A) was used as a probe. Lanes 1-3, 4-6, 7-9, 10~12, and 13-15: DNA samples from transgenic
mice Bl, B2, B3, B4, and B5, digested with Pst I, Sac I, and Hpa I, respectively. The sizes of Hind III-
digested A DNA are indicated on the left, in kilobases.
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DNA from the tails of 69 live-born animals
revealed that five contained integrated
copies of the hybrid gene. Two of these mice
(B1 and BS5) carried a single, apparently
intact, copy of the injected sequences (Fig.
1A and Fig. 1B, lanes 1-3 and 13-15,
respectively). One mouse, B3, carried a sin-
gle copy with a deletion at the 3’ end (Fig.
1A and Fig. 1B, lanes 7-9); B4 carried two
copies in a head-to-tail dimer with a 3’ end
deletion in the second copy (Fig. 1A and
Fig. 1B, lanes 10-12); B2 contained three
copies integrated at two discrete sites, one
corresponding to a head-to-tail dimer (Fig.
1A and Fig. 1B, lanes 4-6).

To investigate the regulation of expres-
sion of the hybrid gene, we assayed bacterial
B-galactosidase (B-gal) activity in situ in
individual cells by enzymatic cleavage of the
indigogenic substrate, 5-bromo-4-chloro-3-
indolyl-B-D-galactoside (X-gal) (8). Gl
progeny of the original transgenic mice car-
rying y2-crystallin-lacZ sequences were sac-
rificed and cryostat sections were examined
for B-gal activity. High levels of B-gal activi-
ty, as evidenced by intense staining, were
present in the central nuclear fiber cells in
lens sections from three of the transgenic
lines: B1, B2, and B4 (Fig. 2). No activity
was detectable in other tissues from these
animals (including brain, heart, kidney, liv-
er, and spleen), even though low levels of
endogenous B-gal activity could be detected
with appropriate assay conditions (9). For
transgenic lines B3 and B5, no B-gal activity
was detectable in any of the tissues exam-
ined, including lens. Inability to detect the
bacterial enzyme in mouse line B3 is consist-
ent with the deletion found in the coding
sequence of the single integrated copy of the
hybrid gene (see Fig. 1). The reason for the
lack of activity in line B5 remains unclear. It
is possible that the injected sequence had
become incorporated into a region of inac-
tive chromatin or that it had sustained an
undetectable sequence alteration.

The similarity of the staining pattern in
the lenses of the three expressing lines is
striking. In each case, dark blue cells were
localized only in the nucleus and not in the
cortex or epithelial cells at the anterior of the
lens. In the lenses of B1, the darkly staining
core was surrounded by a halo of lighter
staining cells. Such variations between trans-
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Flg. 2. In situ assay of bacterial B-gal activity in
cye sections prepared from transgenic mouse lines
(18). (A) Transverse section of the eye of a 6-
week-old mouse. The section was air-dried and
stained with hematoxylin and ecosin. Abbrevia-
tions are Co, cornea; C, cortex; N, nucleus; AH,
aqueous humor; VH, vitreous humor; and R,
retina. (B) Transverse section of the eye of a 6-
weck-old mouse from line B4. Blue staining was
confined to the dense central nucleus of the lens.
A similar pattern was observed for line B2. (C)
Transverse section of the eye of a 6-week-old
mouse from line B1. A halo of light blue cells
surrounds the darkly staining lens nucleus. It was
difficult to avoid stress fractures in the sections
because of the hardness of the lens.

genic lines may be due to chromosomal
position effects resulting in differences in the
level or timing of expression of the hybrid
gene. The absence of B-gal activity in the
epithelium is consistent with immunocyto-
chemical observations that the latter cells do
not contain any of the y-crystallins (10).

The spatial distribution of the hybrid
gene product within the lens can be inter-
preted in terms of temporal regulation of the
¥2-crystallin gene. Growth of the lens oc-
curs throughout development by successive
deposition of new fiber cells that differenti-
ate continuously from the anterior lens epi-
thelium (1, 2). Consequently, fiber cells
occupying the central nuclear region of the
lens correspond to those formed early in
embryonic development while those located
in the more cortical, peripheral regions of
the lens correspond to fiber cells formed at
later developmental stages (see Fig. 3). The
fiber cells undergo nuclear breakdown as
they move towards the center of the lens and
hence the nuclear fiber cells are presumed to
be no longer transcriptionally active (2, 3).
The intense staining of these cells must
therefore reflect earlier transcriptional
events. This finding is consistent with our
previous observation that the mouse y2
transcript is one of the more abundant vy-
crystallin species in the embryonic mouse
lens (11).

Our study suggests that sequences extend-
ing from —759 to +45 contain essential
information for appropriate developmental
regulation of the mouse y2-crystallin gene.
With the same approach, it should be possi-
ble to define further the sequences govern-
ing lens-specific expression and those in-
volved in regulating the differential expres-
sion of the different vy-crystallin genes dur-
ing development. The limited information
available from DNA transfection assays in
primary lens explants has indicated that se-
quences between —226 and +45 of the
mouse y2-crystallin gene are essential for
lens-specific promoter activity (5, 12). Fur-
thermore, we have identified an enhancer-
like activity in the mouse y2-crystallin gene
between —396 and —126 (12). Since se-
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Fig. 3. Schematic cross section of a mammalian
lens.

quences from —75 to —26 are highly con-
served among the different members of the
y-crystallin gene family (11, 13), while those
further upstream show little homology (6),
it is possible that the latter sequences are
involved in the differential expression of the
y-crystallin genes during lens development.

Overbeek and co-workers (14) have previ-
ously shown that a DNA fragment contain-
ing the mouse aA-crystallin promoter cou-
pled to the bacterial gene for chlorampheni-
col acetyltransferase (CAT) directed tissue-
specific expression of CAT as detected in
extracts prepared from both lens epithelium
and fiber cells. However, this approach did
not provide the detailed in situ resolution
afforded by the B-gal assay described here.
While B-gal constructs have been used suc-
cessfully in P-element transformation of
Drosophila (15), our study demonstrates that
B-gal can be used to localize gene activity in
situ in transgenic mice.

Slit lamp examination of the lenses of
mice expressing the y2-crystallin—B-gal hy-
brid gene revealed no evidence of cataract
formation, suggesting that high level expres-
sion of the bacterial enzyme is not deleteri-
ous to lens function. We cannot exclude the
possibility that high levels of B-gal activity
are injurious in other developmental con-
texts, a possibility that is being investigated
with various promoter—@3-gal constructs in
transgenic mice. The use of B-gal as a report-
er gene in transgenic mice also assumes that
post-transcriptional processes affecting its
expression would be the same in all cell
types. At the present time this is only an
assumption. The lower limits of enzyme
activity detectable in tissue sections remain
to be determined. However, B-gal-based
hybrid genes hold considerable potential for
studying the developmental regulation of
gene expression in situ in transgenic mice.
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Crystallographic R Factor Refinement by

Molecular Dynamics

AXEL T. BRUNGER, JoHN KURIYAN, MARTIN KARPLUS

Molecular dynamics was used to refine macromolecular structures by incorporating
the difference between the observed crystallographic structure factor amplitude and
that calculated from an assumed atomic model into the total energy of the system. The
method has a radius of convergence that is larger than that of conventional restrained
least-squares refinement. Test cases showed that the need for manual corrections
during refinement of macromolecular crystal structures is reduced. In crambin, the
dynamics calculation moved residues that were misplaced by more than 3 angstroms
into the correct positions without human intervention.,

RYSTALLOGRAPHIC STRUCTURE DE-

terminations by x-ray or neutron

diffraction generally proceed in two
stages. First, the phases of the measured
reflections are estimated and a low- to medi-
um-resolution model of the protein is con-
structed and second, more precise informa-
tion about the structure is obtained by refin-
ing the parameters of the molecular mod-
el against the crystallographic data (I).
The refinement is performed by minimizing
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the crystallographic R factor, which is de-
fined as the difference between the observed
[\Fobs(# k I)I] and calculated [IFcqc(b & 1)1]
structure factor amplitudes,

D Fops(B ke )l — [Feaic(h k DI
bkl

R= 1)
hZ“ \F ops(h & 1)1

where 4 k| are the reciprocal lattice points of
the crystal.

Conventional refinement involves a se-
ries of steps, each of which consists of a
few cycles of least-squares refinement with
stereochemical and internal packing con-
straints or restraints (2-5) that are followed
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