
tervened. The nucleolar cycle in em- 
bryos with small nucleoli appeared much 
the same, except that the nucleoli were 
generally smaller and tended to fuse 
much less rapidly. 

If these nucleoli were really im- 
mature because of the rapid cell divi- 
sion of cleavage, stopping cell division 
should allow them to mature into large 
prominent nucleoli. Fluorodeoxyuridine 
(FUdR), a compound that stops DNA 
synthesis by inhibiting thymidylate syn- 
thetase (6), was added to eggs in the 
presence of uridine at five times the 
FUdR concentration. Even at 10-2M, 
FUdR had no effect on cleavage until 
the 16-cell stage was reached. At this 
stage cell division was stopped by 
10-2 to 10O-M FUdR. As the con- 
centration was lowered below 10-3M, 
cell division proceeded for longer pe- 
riods beyond the 16-cell stage before 
stopping. At all concentrations of in- 
hibitor, addition of thymidine at five 
times the FUdR concentration com- 
pletely prevented the inhibition of cell 
division. 

The nucleoli in cells treated with 
FUdR increased in size and density 
for about 2 hours after cell division 
stopped (Fig. 3, e and f). In many 
cases the fusion of the initial nucleolar 
blobs was inhibited, and eight to ten 
large nucleoli were formed. In some 
cases fusion was normal in FUdR, and 
a few large nucleoli resulted when cell 
division stopped. These results support 
the conclusion that the apparently 
atypical, multiple nucleoli are initial 
stages in the normal development of 
nucleoli that appear in all cells be- 
cause the nucleoli do not have time 
to develop beyond these stages in 
the rapidly dividing cells of early 
embryos. 

Our biochemical and cytological data 
indicate that rRNA synthesis is not 
repressed but only obscured by DNA- 
like RNA synthesis during cleavage of 
sea urchin embryos and that the "atypi- 
cal" morphology of the nucleoli, usual- 
ly attributed to decreased rRNA syn- 
thesis, is due to rapid cell division. We 
have reexamined the data from em- 
bryos (1) of other animals in which 
the results suggest that rRNA syn- 
thesis is repressed and find that the 
evidence available is entirely consistent 
with these new interpretations. 

CHARLES P. EMERSON, JR. 

tervened. The nucleolar cycle in em- 
bryos with small nucleoli appeared much 
the same, except that the nucleoli were 
generally smaller and tended to fuse 
much less rapidly. 

If these nucleoli were really im- 
mature because of the rapid cell divi- 
sion of cleavage, stopping cell division 
should allow them to mature into large 
prominent nucleoli. Fluorodeoxyuridine 
(FUdR), a compound that stops DNA 
synthesis by inhibiting thymidylate syn- 
thetase (6), was added to eggs in the 
presence of uridine at five times the 
FUdR concentration. Even at 10-2M, 
FUdR had no effect on cleavage until 
the 16-cell stage was reached. At this 
stage cell division was stopped by 
10-2 to 10O-M FUdR. As the con- 
centration was lowered below 10-3M, 
cell division proceeded for longer pe- 
riods beyond the 16-cell stage before 
stopping. At all concentrations of in- 
hibitor, addition of thymidine at five 
times the FUdR concentration com- 
pletely prevented the inhibition of cell 
division. 

The nucleoli in cells treated with 
FUdR increased in size and density 
for about 2 hours after cell division 
stopped (Fig. 3, e and f). In many 
cases the fusion of the initial nucleolar 
blobs was inhibited, and eight to ten 
large nucleoli were formed. In some 
cases fusion was normal in FUdR, and 
a few large nucleoli resulted when cell 
division stopped. These results support 
the conclusion that the apparently 
atypical, multiple nucleoli are initial 
stages in the normal development of 
nucleoli that appear in all cells be- 
cause the nucleoli do not have time 
to develop beyond these stages in 
the rapidly dividing cells of early 
embryos. 

Our biochemical and cytological data 
indicate that rRNA synthesis is not 
repressed but only obscured by DNA- 
like RNA synthesis during cleavage of 
sea urchin embryos and that the "atypi- 
cal" morphology of the nucleoli, usual- 
ly attributed to decreased rRNA syn- 
thesis, is due to rapid cell division. We 
have reexamined the data from em- 
bryos (1) of other animals in which 
the results suggest that rRNA syn- 
thesis is repressed and find that the 
evidence available is entirely consistent 
with these new interpretations. 

CHARLES P. EMERSON, JR. 

TOM HUMPHREYS 

Department of Biology, 
University of California, San Diego, 
La Jolla 92037 

5 MARCH 1971 

TOM HUMPHREYS 

Department of Biology, 
University of California, San Diego, 
La Jolla 92037 

5 MARCH 1971 

References and Notes 

1. D. D. Brown and E. Littna, J. Mol. Biol. 8, 
145 (1964); M. Nemer, Proc. Nat. Acad. Sci. 
U.S. 50, 230 (1963); F. Wilt, Develop. Biol. 9, 
299 (1964); V. R. Glisin and M. V. Glisin, 
Proc. Nat. Acad. Sci. U.S. 52, 1548 (1964); 
D. G. Comb, S. Katz, R. Branda, C. Pinzino, 
J. Mol. Biol. 14, 195 (1965); G. Giudice and 
V. Mutolo, Biochiom. Biophys. Acta 138, 276 
(1967); G. Scinzo, A. M. Pirrone, V. Mutolo, 
G. Giudice, ibid. 199, 435 (1970). 

2. C. P. Emerson and T. Humphreys, Develop. 
Biol. 23, 86 (1970). 

3. G. Millonig, Int. Congr. Electron Microscop. 

References and Notes 

1. D. D. Brown and E. Littna, J. Mol. Biol. 8, 
145 (1964); M. Nemer, Proc. Nat. Acad. Sci. 
U.S. 50, 230 (1963); F. Wilt, Develop. Biol. 9, 
299 (1964); V. R. Glisin and M. V. Glisin, 
Proc. Nat. Acad. Sci. U.S. 52, 1548 (1964); 
D. G. Comb, S. Katz, R. Branda, C. Pinzino, 
J. Mol. Biol. 14, 195 (1965); G. Giudice and 
V. Mutolo, Biochiom. Biophys. Acta 138, 276 
(1967); G. Scinzo, A. M. Pirrone, V. Mutolo, 
G. Giudice, ibid. 199, 435 (1970). 

2. C. P. Emerson and T. Humphreys, Develop. 
Biol. 23, 86 (1970). 

3. G. Millonig, Int. Congr. Electron Microscop. 

Vesicular fragments of sarcoplasmic 
membrane (SR) obtained from skeletal 
muscle homogenates rapidly accumu- 
late Ca2+ in the presence of adenosine 
triphosphate (ATP). Simultaneous with 
Ca2+ uptake, a burst of ATP hydrol- 
ysis is also catalyzed by SR (1). Kinetic 
analysis of these activities indicates 
that, while a small amount of Ca2 + 

may bind to SR, most of the 
accumulated Ca2 + is transported in- 
side the vesicles, forming a concen- 
tration gradient (2, 3). The energy re- 
quired by this pump is met by ATP 
hydrolysis (4). I now report experiments 
in which Ca2+ transport was coupled 
to hydrolysis of p-nitrophenyl phos- 
phate (p-NPP). p-Nitrophenyl phospha- 
tase activity has been observed in other 
membranes (5), but no direct relation 
to ion pumps was demonstrated. 

Sarcoplasmic membrane was pre- 
pared by differential centrifugation of 
homogenized skeletal muscle (rabbit) 
(1). Sucrose (10 percent) was added to 
the homogenization and resuspension 
medium. To eliminate contaminations 
of myosin, the final SR suspensions 
were exposed for 1 hour to 0.6M KC1, 
recentrifuged, and resuspended. Accu- 
mulation of Ca2+ was measured by in- 
cubating SR in the presence of 45CaCl 
in the reaction mixtures as required. 
After incubation, SR was removed by 
rapid filtration (Millipore HA0,45 itm); 
the residual radioactivity in the filtrate 
was determined by scintillation count- 
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ing. In the experiments on p-NPP or 
ATP hydrolysis, incubations were inter- 
rupted by the addition of trichloroacetic 
acid (5 percent). After the denatured 
protein was removed by centrifugation, 
inorganic phosphate was determined by 
the method of Fiske and Subbarow (6). 
p-Nitrophenol was determined by direct 
spectrophotometric reading (400 nm) 
after addition of NaOH to the super- 
natants. 

Curves of the rate of Ca2+ accumu- 
lation by SR, in the presence of p-NPP 
or ATP, are shown in Fig. 1. In spite of 
slower rates of uptake, relatively large 
amounts of Ca2+ are accumulated in 
the presence of p-NPP. In fact, the 
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Fig. 1. Time curves of Ca'+ accumulation 
(nanomoles per milligram of protein) by 
SR. The reaction mixtures consisted of 
16 mM tris-maleate (pH 6.8), 80 mM KC1, 
0.1 mM EGTA, 0.12 mM CaC12, 10 mM 
MgCI2; and either 10 mM p-NPP (A) or 
5 mM ATP (B); and either 0.35 mg (A) 
or 0.175 mg (B) of SR protein per milli- 
liter. 
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p-Nitrophenyl Phosphate Hydrolysis and Calcium Ion 

Transport in Fragmented Sarcoplasmic Reticulum 

Abstract. The calcium ion pump of fragmented sarcoplasmic reticulum can be 
coupled to hydrolysis of p-nitrophenyl phosphate, in the absence of added adeno- 
sine triphosphate. Comparison of the activities obtained with the two substrates 
suggests an analogous mechanism of transport. Independent of the substrate, a 
2:1 ratio between calcium ion transport and substrate hydrolysis is displayed by 
the system, and an identical amount of work is required for ion transport against 
a given gradient. A phosphate ester appears necessary for substrate utilization in 
the pump mechanism, whereas the structure of the substrate determines the rates 
of activity and the affinity of the system for calcium ion. 
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steady state levels obtained with p-NPP 
are approximately half of those obtained 
with ATP. These levels are sensitive to 

changes in the Ca2+, Mg2+, and sub- 
strate concentrations in the medium 
and are higher when oxalate (5 mM) is 

present in the reaction mixture. 

Hydrolysis of p-NPP is catalyzed by 
SR, parallel to Ca2+ uptake. As shown 
in Fig. 2, slow hydrolysis is observed 
before the addition of CaCl, [ethylene 
glycol-bis- (oxyethylenenitrilo) -tetraace- 
tic acid (EGTA) is present to chelate 

contaminating traces of Ca2+]. On addi- 
tion of CaC12, there is a burst of ac- 

tivity which lessens as the maximum 
Ca2+ accumulation is reached. These 
results are similar to those obtained 
with ATP. 

The slow activity obtained in the 

presence of p-NPP allows estimation of 
the initial rates of Ca2+ accumulation 
and p-NPP hydrolysis. Initial rates of 
120 to 130 /jmole of Ca2+ per gram 
of protein per minute and of 60 to 68 

,/mole of p-NPP per gram of protein 
per minute were obtained; the ratios of 
Ca2+ to p-NPP were slightly higher 
than 2, as described for a variety of 

experimental conditions where Ca2+ 
accumulation was measured in the pres- 
ence of ATP (2-4). As Ca2+ accumu- 
lation proceeds and the SR vesicles are 
filled, ratios of Ca2+ to p-NPP de- 
crease because of the leak of the accu- 
mulated Ca2+. If the rate of Ca2+ 

transport is defined as Va, the rate of 
net accumulation as Vc, and the rate of 
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Fig. 2. Catalysis by SR of p-NPP hy- 
drolysis (nanomoles per milligram of 
protein). The reaction mixture was the 
same as that in Fig. 1A. At zero time 
CaCl, was added. 
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passive diffusion (leak) as Vd, we may 
write Ve = Va - Vd (7). Since VT must 

be a function of membrane permeability 
(P) and concentration gradient (C) 
(V = P * A C), it is reasonable that 
leak of accumulated Ca2+ should in- 
crease as the vesicles become filled. 

On the assumption that a ratio of 2 
is constantly maintained between Ca2+ 
transport (Va) and p-NPP hydrolysis 
(V,), we may write Va = 2Vl,. There- 
fore, the amount of Ca2+ leaked at any 
time can be estimated by subtracting the 
Ca2+ accumulated from twice the p- 
NPP hydrolyzed. These values, plotted 
in a graph with time curves of accumu- 
lation of p-NPP hydrolysis (Fig. 3), re- 
veal that leak sharply increases until 
maximum filling of the vesicles is 
reached and then gradually decreases. 
Since V1 is equal to P A C and at 

steady state levels AC is maintained 
constant, the reduction of leak observed 
in the latter part of the curve must 
reflect a decrease in P, probably because 
of binding of intravesicular Ca2 + 

(~ 1 0-2M) to low-affinity binding sites 
in the membrane, with consequent in- 
crease in structural rigidity. Membrane 

permeability P is a very labile param- 
eter that can be selectively affected by 
mild-temperature denaturation (40?C) 
or other procedures (8, 9). 

Depending on the experimental con- 

ditions, either too low Ca2 + concen- 
trations in the outside medium or too 

high Ca2+ concentrations inside the 
vesicles can be shown to be a limiting 
factor for further Ca2+ transport. On 
the other hand, in experiments where 

comparably low Ca2+ concentrations 
are maintained in the outside medium 
at steady state levels of maximum fill- 

ing, the asymptotic accumulation de- 

pends on the amount of free energy 
made available by hydrolysis of either 
substrate. If the difference between the 
standard AGo values for p-NPP and 
ATP is overcome by changing their 
concentrations in the reaction mixture, 
similar steady state levels of intravesicu- 
lar Ca2+ concentrations are obtained 
in the presence of p-NPP and ATP. 

In experimental conditions (Fig. 1), 
the steady state Ca2+ concentrations 
inside the vesicles can be estimated if 
it is assumed that 1 g of SR protein cor- 

responds to 10 ml of inner volume (3), 
and that most of the accumulated 
Ca2+ is in the form of free ion (2, 3). 
Furthermore, the calcium concentra- 
tion in the outside medium can be 
measured and the Ca + concentration 

may be calculated, based on a Ca* 
EGTA affinity constant of 106.5 (pH 
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Fig. 3. Accumulation of Ca2+, p-NPP 
hydrolysis, and leak of accumulated Ca2+ 
(nanomoles per milligram of protein), de- 
rived from the experiments illustrated in 
Figs. 1A and 2. The values of hydrolysis 
express the Ca2+-dependent activity (total 
to Ca`2 independent). Leak of Ca2+ was 
estimated by subtracting accumulated 
Ca`+ (net) from twice the p-NPP hydro- 
lyzed (on the assumption that Va = 2Vh). 

6.8). Consequently, the energy required 
to translocate 2 moles of Ca2+ against 
the steady state concentration gradient 
(AG = RT In C,,1/C o,,t) can be esti- 
mated to be 10.10 kcal at the maximum 
levels obtained in the presence of 
p-NPP, and 11.80 kcal at the maximum 
levels obtained in the presence of ATP. 
These values match remarkably well 
with the AG values calculated (10) for 
p-NPP (-10.5 kcal/mole) and ATP 
(-12.4 kcal/mole) in the same experi- 
mental conditions. These estimates do 
not take into account the possible ther- 

modynamic interference of a membrane 
electrical potential. In fact, on the as- 
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Fig. 4. Competitive inhibition of 0.1 mM 
ATP (0) on hydrolysis of p-NPP. Re- 
action mixtures: 20 mM tris-maleate (pH 
6.8), 80 mM KCI, 10 mM MgC12, 0.21 
mg of SR protein per milliliter and vari- 
ous concentrations of p-NPP. Before the 
reaction was started, SR was treated with 
5 percent (by volume) diethyl ether (9, 
11) to avoid Ca'+ accumulation and to 
obtain constant rates of hydrolysis. 
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sunmption of a potential of 70 mv across 
the membrane, 6.44 additional kilo- 
calories would be required to transport 
2 moles of Ca2+, therefore exceeding 
the AG values of p-NPP and ATP. This 
suggests that either no electrical work 
is accomplished during Ca2+ transport 
(for example, equivalent negative 
charge produced on the inner side of 
the membrane, simultaneous to cation 
release), or no membrane electrical po- 
tential is formed in fragmented sarco- 
plasmic reticulum. 

It appears then, that in appropriate 
experimental conditions the maximum 
filling capacity of the vesicles corre- 
sponds to a certain gradient (Ca2+1n/ 
Ca2+o,it), where the energy required 
for transport of 2 moles of Ca2 + 

matches AG of the substrate used in 
the hydrolytic reaction. Therefore, the 
active transport is energetically limited 
and near the asymptote the free energy 
efficiency approaches 100 percent. Fur- 
thermore, independent of the substrate 
structure, a ratio of a Ca2+ to sub- 
strate of 2 is maintained, and an 
identical amount of work is required 
for Ca2 + transport at a given gradient. 
In contrast, the structure of the sub- 
strate (quite different for p-NPP as op- 
posed to ATP) has a profound influence 
on the reaction rates and the affinity 
of the system for Ca2+. This can be 
easily demonstrated from a study of the 
linear rates of adenosine triphosphatase 
and p-nitrophenyl phosphatase cata- 
lyzed by Triton-solubilized SR (11), 
whose half-maximum activation is ob- 
tained in the presence of 6 X 10-7 
and 7 X 10-6M Ca2+, respectively. 

As opposed to p-NPP, p-nitrophenyl 
acetate does not sustain appreciable ac- 
tivity, in spite of a high negative AG 
value. This suggests that the presence 
of a phosphate ester is necessary to 
substrate utilization for Ca2+ transport. 

In view of the apparently identical 
mechanism of Ca2 + transport in the 
presence of p-NPP and ATP, it would 
be interesting to know whether hydroly- 
sis of the two substrates is catalyzed 
by the same enzymatic site or whether 
preliminary phosphorylation of inter- 
mediates is required for utilization of 
different substrates. We know that both 
activities require Mg2+ and Ca2+- and 
that ATP is a competitive inhibitor of 
p-nitrophenyl phosphatase (Fig. 4). The 
fact that adenosine diphosphate (ADP) 
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dogenous ADP is an improbable step 
in the mechanism of p-NPP hydrolysis 
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catalyzed by SR. However, a definite 
answer to the identity of the enzyme or 
enzymes will only be obtained after 
solubilization and purification of the 
involved protein. At any rate, p-NPP 
is a convenient chromogenic substrate 
that, because of coupling of its rela- 
tively slow hydrolysis to Ca2+ trans- 
port, allows interesting kinetic and ther- 
modynamic observations. 
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The tissue culture techniques are sim- 
ilar to those described earlier (1, 4). 
Primary explants of salamander (Tari- 
cha) lung are established in Rose multi- 
purpose culture chambers (5). The cul- 
ture medium is minimum essential 
Eagle's (6) medium with 10 percent 
fetal calf serum, penicillin, and strepto- 
mycin added. Mitotic chromosomes are 
clearly visible 1 to 3 weeks after estab- 
lishment of the culture. Chromosomes 
are irradiated in prophase, metaphase, 
or anaphase. 

The two microbeam systems consist 
of argon lasers combined with Zeiss 
photomicroscopes and closed circuit 
television receivers. In the system used 
at the Pasadena Foundation for Medi- 
cal Research (2) a 1.5-watt (peak 
power per pulse, 25-ttsec half pulse 
width) argon laser in multimode, mul- 
tiline operation is used; in the system 
used at the University of Michigan (3) a 
12-watt (peak power per pulse, 30-1ssec 
half pulse width) argon laser in single 
mode, multiline operation is used. En- 
ergy measurements in the Michigan 
system are made with a calibrated vacu- 
um photodiode (spectral response of 5), 
fitted with a narrow beam adapter, and 
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Chromosome Lesions Produced with an Argon Laser 

Microbeam without Dye Sensitization 

Abstract. Improvements in the argon laser microbeam have made it possible 
to cause damage to chromosomes of tissue culture cells without prior treatment 

of the cells with a photosensitizing agent. These results have been confirmed 
independently in two laboratories. 
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