
upon chilling these duplexes collapse into 
single-stranded DNA, which is susceptible 
to nuclease digestion. In contrast, while 
heating also separates the strands of the 
replicative forms, their covalent linkage 
through terminal hairpins leads to rapid 
reannealing after chilling; the resulting dou- 
ble-stranded DNA molecules are resistant to 
nuclease digestion (nicking of the replica- 
tion forms would prevent snap-back, lead- 
ing to the apparent difference in quantity of 
hairpin forms in Fig. 3 compared to Fig. 
2B). 

Inhibition of erythroid but not myeloid 
colony formation has been observed after 
infection of normal human bone marrow 
cells with B19 (11). A similar specificity of 
B19 for erythroid cell progenitors was dem- 
onstrated in suspension cultures (Table 1). 
Production of B19 was proportional to the 
erythroid content of the bone marrow cell 
samples. Replication of B19 was greatly 
enhanced by the addition of erythropoietin 
but only slightly increased by the use of 
conditioned media containing colony-stim- 
ulating factors and burst-promoting activity. 
These results indicate that the target cell of 
the B19 in suspension cultures is a precursor 
to mature erythrocytes, probably more re- 
sponsive to erythropoietin than to factors 
operating on less mature hematopoietic pro- 
genitors. 

A large number of cell lines have been 
tested unsuccessfully for their ability to 
propagate B19 virus. Dot blot analysis of 
DNA from B19-inoculated K562 (14) and 
HEL (15) erythroleukemia cell lines, even 
after hemin induction, failed to show the 
presence of B19 DNA within whole cells or  
nuclei (Fig. l), despite the erythroid fea- 
tures of these cell types. However, virus 
obtained from human erythroid bone mar- 
row cultures contained the characteristic 
B19 proteins as detected by irnmunofluores- 
cence and imrnunoblotting, and the super- 
natants of these cultures were more infec- 
tious than serum containing virus (10). 
Bone marrow culture may represent the only 
feasible current method for the propagation 
and study of B19 parvovirus in vitro, and it 
may be safer than attempting to adapt par- 
voviruses to tissue culture (9). The target 
and site of replication of the B19 virus 
appear to be an immature cell in the eryth- 
roid lineage. Molecular analysis of suspen- 
sion cultures should allow determination of 
the basis for the specificity of the B19 
parvovirus for erythroid cells, evident from 
both culture and clinical observations. The 
tissue tropism of this virus may be utilizable 
in the construction of vectors specific to 
erythroid progenitors for the treatment of 
human hemoglobinopathies by stem-cell 
transfection. 
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Calcium Rises Abruptly and Briefly Throughout the 
Cell at the Onset of Anaphase 

Continuous measurement and imaging of the intracellular free calcium ion concentra- 
tion ([Ca2+Ii) of mitotic and interphase PtKl cells was accomplished with the new 
fluorescent Ca2+ indicator fura-2. No  statistically significant difference between basal 
[Ca2+Ii of interphase and mitotic cells was detected. However, mitotic cells showed a 
rapid elevation of [Ca2+]i &om basal levels of 130 nM to 500 to 800 nM at the 
metaphase-anaphase transition. The [Ca2+Ii transient was brief, lasting approximately 
20 seconds and the elevated [Ca2+Ii appeared uniformly distributed over the entire 
spindle and central region of  the cell. The close temporal association of  the [Ca2+li 
transient with the onset of anaphase suggests that calcium may have a signaling role in 
this event. 

T HE ONSET OF ANAPHASE IS AN 

abrupt transition characterized by 
the separation of chromatids at the 

metaphase plate followed by the rapid dis- 
placement of chromosomes toward the 
poles. The localization of calcium-sequester- 
ing activity and calmodulin in the spindle 
region (1, 2), the alteration of metaphase 
transit times by manipulation of intracellular 
or extracellular calcium (3 ,4) ,  the sensitivity 
of microtubule polymerization to calcium 
(5), and the mitotic arrest caused by a 
variety of calrnodulin inhibitors (6, 7),  all 
point to a possible regulatory role for cyto- 
plasmic calcium ions in mitosis. We previ- 
ously reported measurements of intracellular 
free calcium ion concentration ([Ca2+]i) 
during the first cell division cycle of fertil- 
ized Lytechinus pictus eggs; we detected a 
brief calcium transient in close temporal 
proximity to the metaphase transition (8). 
However, since we could not resolve the 
chromosomes in these eggs, the exact timing 

of the metaphase-anaphase transition in rela- 
tion to the calcium transient could not be 
determined. We also did not determine the 
spatial distribution of [ca2+li  during these 
measurements. Keith et al. (9) measured 
[ca2+li  in PtK2 cells with quin-2 and did 
not detect a calcium transient. but re~orted 
that average [ca2+li  declined during kitosis 
(9). In another study Keith et al. found that 
calcium did rise at the poles during the 
metaphase-anaphase transition in H a -  
manthus cells (1 0). 

Here we report the measurement of 
[ca2+li  during mitosis in PtKl cells with 
h a - 2 ,  a new fluorescent indicator of 
[ca2+li  (11, 12). Fura-2 signals increased 
[Ca2+li by an increase in the ratio of 350- 
nm to 385-nm excitation efficiency, which 
was quantified by either a photomultiplier 
-- - - - 

M. Poenie and R T s m ,  Department of Ph st010 
Anatomy, Un~vers~tv of Cahfornia, Berkeley, d 947% 
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or a video silicon-intensified target camera 
and digital image processing.   he favorable 
cytology of PtKl cells combined with both 
whole-cell photometry and imaging has 
made it ~ossible to determine the duration. 
magnitude, and spatial distribution of calci- 
um transients during the metaphase-ana- 
~hase transition of these cells. We have 
I 

found that a brief calcium transient occurs 
within seconds of the metaphase-anaphase 
transition, which lasts about 20 seconds, 
and rises to approximately 500 to 800 nM. 
Furthermore, there is no obvious [ca2+li 
gradient during the transient. However, we 
have consistently seen that [ca2+]i within 
the spindle region is lower than in the 
surrounding cytoplasm prior to the meta- 
~hase transition. 

Figure 1 shows the calcium transient at 
the time of the metaphase-anaphase transi- 
tion recorded from a single PtKl cell with a 
photomultiplier. At the start of the measure- 
ment, the chromatids were still attached at 
their kinetochores. During the recording 
period, a large calcium transient was detect- 
ed that lasted about 20 seconds as [ca2+]i 
rose to 800 nM (13). Immediately after the 
ca2+ transient. observation of the cell re- 
vealed that chromosomes had separated and 
poleward chromosome movement had start- 
ed. These transients were observed in all five 
experiments in which cells progressed into 
anaphase. Cells that did not show the [Ca2+li 
rise also did not progress to anaphase or else 
the trapped hra-2 had leaked out so that 
they were no longer responsive to iono- 
phore. 

An example of [ca2+li imaging can be 
seen in Fig. 2. This sequence begins (t  = 0) 
with a transmitted-light picture of a meta- 
phase cell, typical of the starting point for 
the ~hotometer measurements shown in 
Fig. 1. A computer-processed image of the 
350 nm/385 nm excitation ratio of fura-2 
fluorescence from the same cell was Dro- 
duced 17 seconds after the transmitted-light 
picture. This pseudocolor display assigned 
hues to represent a 12-fold range of ratios 
on a logarithmic scale. Increasing hra-2 350 
nmi385 nm ratios and [ca2+li corresponded 
to hues ranging from blue to green, yellow, 
red, and purple (14). The color scale in Fig. 
2 gives an approximate calibration for 
[ca2+]i in pV. In the cell shown at t = 17 
seconds, [ca2+li was generally low. Areas 
outside the spindle showed calcium concen- 
trations of approximately 180 to 220 nM 
and appeared as green-yellow in the pseudo- 
color display. In the spindle region, howev- 
er, [ca2+li was slightly lower, 110 to 150 
nM, and appeared blue in the pseudocolor 
display. At t = 9 minutes 39 seconds, visual 
inspection revealed that the chromatids were 
still tied together and morphologically the 

cell was unchanged from the starting point. 
However, there was a slight increase in 
[Ca2'Ii as revealed by the loss of blue in the 
spindle region of the cell. 

The first significant rise in [ca2+li was 
seen at t = 11 minutes 18 seconds (Fig. 2); 
the shift of the pseudocolor to red indicates 
[Ca2+Ii of 480 to 540 nM over most of the 
central region of the cell. The brevity of this 
transient is revealed by the image taken 15 
seconds later in which [ca2+]i had already 
returned to basal levels. The spindle poles 
remained slightly elevated although their 
conspicuous appearance is mainly due to a 
higher brightness level in the pseudocolor 
display (14). A subsequent transmitted-light 
image, taken at t = 11 minutes 57 seconds, 
shows that the onset of ana~hase had oc- 
curred. These pictures reveal that a calcium 
transient occurs near the time of the meta- 
phase-anaphase transition, although precise 
overlap cannot be proved since the fluores- 
cence and transmitted-light images could 
not be taken simultaneously. These results 
are a direct demonstration of an elevation of 
[ca2+li during the metaphase-anaphase tran- 
sition in cultured animal cells. Other [ca2+]i 
fluctuations during mitosis were negligible 
by comparison; whole-cell [ca2+]i for 20 
mitotic cells was 132 + 29 nM (mean 
4 SD) excluding the transient, whereas 78 
interphase cells averaged 129 +. 29 nM. 

Though hra-2 is much more suitable 
than quin-2 for fluorescence ratio measure- 
ments, two problems with fura-2 can hinder 

Fig. 1. Calcium transient at the metaphase-ana- 
phase transition in a single PtKl cell. PtKl cells 
were more difficult to load with fura-2 than most 
other mammalian cell types we have tried. Load- 
ing was further complicated by the apparent 
ability of these cells to gradually comparunental- 
ize and extrude intracellular fura-2, a process that 
was particularly rapid at 37°C. To attain uniform 
loading at sufficiently high intracellular concentra- 
tion for photometry and imaging a modified 
loading regime was necessary. Cells were placed in 
a modified Ham's F-12 medium lacking bicarbon- 
ate. uhenol red. and riboflavin. but containing 10 

the accurate calibration of [ca2'li. (i) In- 
creased viscosity somewhat decreases the 
350 d 3 8 5  nm ratio. an effect for which we 
have attempted to compensate in the calibra- 
tion of Figs. 1 and 2 (13). The effect of the 
viscosity correction is mainly at low [ca2+]i 
and is much too small for a transient loss in 
viscosity to have simulated the observed 
[Ca2+li rise. (ii) Fura-2 can gradually be- 
come sequestered into organellar compart- 
ments (15, 16), a process whose rapidity 
depends strongly on temperature and cell 
type. In these experiments, sequestration 
was minimized by loading the cells at room 
temperature, then immediately observing 
them at 37", or at 32°C (a temperature that 
retards dve com~artmentalization more than 
it slows mitosis). Most measurements were 
made at 32°C; the 0.5 hour in which cells 
contain usefid intracellular dye concentra- 
tions is further reduced at 37°C. 

Cells were studied only if their fluores- 
cence was generally diffuse as in Fig. 2, 
consistent with dye being mainly in the 
cytosol. t ow ever, the localized b;ightness 
at the spindle poles in Fig. 2 may suggest 
that some dye had accumulated or been 
sequestered here. This dye was not exposed 
to as high a transient [ca2+li as the rest of 
the cell at 11 minutes 18 seconds, so dye 
sequestration would seem, if anything, to 
cause underestimation of the amditude and 
wide distribution of the pulse. 

Another cause of punctate fluorescence 
can sometimes be the endocytosis of parti- 

Time (seconds) 

m 2 i i ' ~ e ~ e s  buffer and 2% f e d  calf serum. ~o"load cells in a dish containing 3 ml of medium, 5 pl of 10 
mM fura-2 acetoxymethyl ester (Molecular Probes, Junction City, OR) in dirnethyl sulfoxide (DMSO) 
was premixed first with 2.5 pl of 25% wlw Pluronic F-127 (BASF Wyandotte Cop,  Wyandotte, MI) 
in DMSO. Pluronic F-127 is a nonionic dispersing agent that helps solubilize large dye molecules in 
physiological media (17). Subsequently, 75 p1 of calf serum was added to the dye mixture and, after 
mixing, the final solution was transferred to the petri dish with gentle agitation of the dish. Cells were 
incubated at room temperature for 1 to 2 hours on an orbital shaker oscillating at 40 revlmin. After the 
incubation, the loading solution was replaced with fresh medium and the incubation continued at 32°C 
(usudy on the microscope stage). We did not observe any effect of fura-2 on rate or frequency of 
mitosis. PtKl cells were plated onto 15-mrn plastic petri dishes modified so that glass coverslips replaced 
part of the bottom of the dish. Platings were carried out 1 to 2 days before the cells were used. Single- 
cell measurements with the photometer were carried out essentially as described (8). Cells were 
measured continuously from metaphase through anaphase or sometimes through cleavage, except for 
periodic brief interruptions to determine the progress through mitosis. The measurement shown here 
begins with the cell in metaphase similar to that shown in Fig. 2. Fluorescence at both exciting 
wavelengths was recorded continuously until the transient was observed, which was indicated by a 
deflection of the signals at 350 nrn and 385 nm in opposite directions. Immediately after the transient 
was over, the cell was observed with Nomarski optics, which is indicated by the break in the record. The 
separation of chromosomes was clearly evident; they appeared as parallel rods separated by an estimated 
1 pm. Poleward migration continued throughout the period of visual inspection. 
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des of dye ester, which can precipitate if too 
much ester or not enough cells or dispersing 
agents are present. U& of serum alb-, 
Pluronic F-127 (17), and room temperature 
for loadmg (Fig. 1) s d c e d  to prevent this 
~roblem. We confirmed that the c~tosolic 
hye trapped by this loading pTocedtre was 
fidly hydrolyzed and responsive to ca2+ by 
treating the cells with 1 pM of the Ca2+ 
ionophore, ionomycin, which gave 350 
nm1385 nrn fluorescence ratios of 18 to 20, 
consistent with near saturation by ca2+. 
Ionomycin-treated metaphase cells -are usu- 

ally arrested by these unphysiologically high 
[Caz+li concentrations, in accord with the 
results of Sisken (1 8). 

The brevity of the observed [Ca2+]i pulse, 
about 20 seconds out of the 20 minutes of 
mitosis, explains why it would easily have 
been missed in previous studies (9, 10) in 
which [Ca2+li was measured at only one or a 
few moments during mitosis. Our results do 
not show long-lasting localizations of high 
fire [Ca2+] at the spindle poles, so they 
argue against the hypothesis that such local- 
ized ca2+ directly and reversibly regulates 

Fig. 2. A sequence of transmitted-light photographs and corresponding fura-2 fluorescence ratio images 
shows the brief rise in [Ca2+Ii throughout the cell at the onset of ana hase. Fluorescence ratios are 
displayed as hues that correspond to the [Ca2+]i (m values on the Jt-hand color role. Details of 
image aquisition, processing, and display are as described (14). A transmitted-light image (t = 0) and 
corresponding fluorescence ratio image (t = 17 seconds) shows the [Ca2+Ii dismbution at metaphase. 
The [Ca2+li transient seen at t = 11 minutes 18 seconds, although somewhat lower, is qualitatively 
similar to that shown in Fig. 1. One reason for the differences in magnitude is the 1-second 
accumulation time at each wavelength for the imaging experiments. Even at this relatively fast rate of 
data acquisition, fast transients such as observed here will be somewhat dampened. Out of 20 cells, 13 
cells showed a [@+Ii transient and 10 of the 13 also showed concurrent chromosome separation. Of 
the remaining cells, six showed no transient and no separation during the period they were monitored. 
These cells were eventually rejected mainly due to low fluorescence signal. Finally, one cell progressed 
through metaphase without showing a transient that was possibly missed during transmitted-light 
inspection of the cell. The bar represents 10 pn. 

microtubule depolymerization. Present evi- 
dence (5) indicates that microtubule demlv- 

\ ,  

merization by ~2+-calmodulin requirks Ht 
least 1 ca2+, which is higher than seen 
here or in previous work (8, 10). Moreover, 
MI chromosomes continue to migrate to 
the poles long after [ca2+li has declined to 
resting levels. 

The brief [ca2+li transient at the meta- 
phase-anaphase transition is more likely to 
act in a sign* capacity. One possible role 
fbr a short [ca2+li transient might be to 
release the com&on between chromatids 
at the metaphase-anaphase transition. An- 
other possible mechanism would be analo- 
gous cytostatic factor, as described by 
Masui (19). Cytostatic factor activity arrests 
frog eggs in meiotic metaphase but is abol- 
ished by exposure to calcium. Perhaps an 
analogous activity exists in mitotic cells. 
Finally, calcium might still affect microtu- 
bules indirectly, fbr example, by regulating 
the phosphorylation state of microtubule- 
associated proteins (20-22). Such a cascade 
would allow a delocalized calcium pulse to 
have an effect spatially restricted by the 
localization of calmodulin and temporally 
extended by the persistence of phosphoryl- 
ation states. 
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Upstream Operators Enhance Repression of the lac 
Promoter 

To study regulation of transcription by distant elements, a wild-type lac operator was 
inserted upstream of a promoter-constitutive operator control region. The upstream 
operator is shown to aid in repression of transcription from the mutant control region. 
The effectiveness of the upstream operator as a function of its distance from the mutant 
control region parallels the length dependence observed for DNA cyclization. A 
quantitative model is proposed for action-at-a-distance of DNA control sites in which 
protein-protein and protein-DNA interactions are mediated by DNA looping. In this 
model, the effective concentrations of interacting proteins that are tethered by DNA 
are determined by the length of the intervening DNA and by its inherent bending and 
torsional stiffness. This model makes a number of predictions for both eukaryotic and 
prokaryotic control sequences located far from their sites of action. 

T HE lac OPERON HAS SERVED AS A 
paradigm for the molecular mecha- 
nism of gene regulation (1). Recent- 

ly, however, eukaryotic systems have been 
described that appear not to conform to this 
classic model of direct interaction of activa- 
tor and repressor proteins with RNA poly- 
merase at the transcription start point (2). 
Specifically, regulatory sites have been iden- 
tified that function irrespective of orienta- 
tion and at large and variable distances from 
the site of initiation of RNA synthesis. In 
the lac operon, binding sites for lac repressor 
far removed from the classical operator site 
at the start of transcription have been identi- 
fied (3, 4). Although in the wild-type oper- 
on these sites have had no proven role, we 
have proposed that they may aid in repres- 

sion of a constitutive mutant (0') operator 
(5) .  

In this study we demonstrate that opera- 
tors inserted at various distances upstream 
of a lac promoter-0" operator pair enhance 
repression in vivo. Furthermore, this effect 
is length-dependent, The similarities be- 
tween the distance dependence we observe 
for cooperative repression and that observed 
for DNA cyclization reactions (6) suggest a 
general mechanism for the regulatory action 
of distant DNA sites. Qualitative models 
involving DNA bending and looping have 
been proposed to account for the interaction 
of proteins bound to distant DNA sites (2, 
7-10). For the arabinose operon of Escbe- 
richia coli, data obtained both in vivo and in 
vivo have been interpreted in terms of the 

looping model ( 7 ) .  Consideration of the 
three-dimensional distribution of DNA sites 
that are distant along the primary sequence 
of the DNA puts these models in a new 
light. Instead of merely impeding complex 
formation through the requirement for 
bending or distortion, the intervening DNA 
acts as a tether which can increase the con- 
centration of one site (or its associated Dro- 
tein) in the vicinini of a second site, thus 
driving the interaction in a quantitatively 
predictable manner. 

A lac ~romoter-constitutive operator 
control region has been fused to the galacto- 
kinase gene of pK04  (11) to make the 
plasmid pKOc (Fig. 1). The OC mutation 
has thus been removed from the context of 
the lac operon and the pseudo operators that 
have been identified at the end of the I gene 
(3) and -370 bp into the Z gene (4). To  
demonstrate the effect of distant operators 
directly, we constructed a series of plasmids 
with a wild-type lac operator placed at vari- 
ous positions upstream from the mutant 
operator in pKOC. This configuration maxi- 
mizes our chances of observing an effect, 
since an 0 "  operator in the control site both 
increases the basal level of expression and 
ensures that the auxiliary (0') site will be 
the preferred binding site for repressor. Ta- 
ble 1 lists the results of galactokinase and p- 
galactosidase activity measurements on cells 
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