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Abstract 7.3.Dih\dro-I-H-lmIdaro[ 1.7-h] p>ruolc (IMPY) has bax~ shown to be a useful 
agent for synchronizing monolnqcr and wspcnsion cultures of HcLa for cell cycle studies. 
Trcatmcnt of log cultures Mith 7.5 mM IMPY blocks DNA synthesis while permitting 
RNA and protein synthesis. After B l6-hr interval in which the cells arc gathered at the 
entry to the S-period. removal of the agent allows the cells to proceed as ;I viable. high11 
sqnchronixd population through S. Gz and mitosis. 

AGLNTS that specifically inhibit biochemical or biophysical processes which occur in 
discrete phases of the ccl1 cycle (e.g. DNA synthesis or mitosis) are potentially useful 
for synchronizing cell populations. Ennis ~‘t (I/.’ have recently reported that 7.3- 
dihydro-1-H-imidazo [ 1,2-blpyrazole (IMPY) can, at appropriate concentrations. 

rapidly inhibit DNA synthesis in cultured mammalian cells without significantly 
affecting RNA or protein synthesis. They also showed that when the IMPY- 
treated cells were restored to drug-free medium they rapidly resumed DNA synthesis. 
In the present communication. we show that both monolayer and suspension cultures 
of HeLa cells can readily be synchronized at the point of entry into the S-period 
by treatment with IMPY under appropriate conditions. On removal of the agent, 
these cells proceed synchronously through the replication cycle as a highly viable 

population. 

METHODS AND MATERIALS 

Cc/l c.ultur.e.s. HeLa cells were maintained under conditions which have been 
previously described.2x” Monolayer cultures were grown in 3-0~. prescription bottles 
by planting approximately 5 x l@ cells in 10 ml of Eagle’s medium supplemented 
with IO”,, bovine serum, 0.1 mM glycinc. 0.1 mM serine and 0.01 mM inositol 
( BEHM).3 The cultures were incubated at 37 in air containing 5”,, CO,. Suspension 
cultures were grown in shaker flasks in BEHM from which the calcium and 
magnesiumwereomittedbut which containedO.1 y,, pluronic F-68? (spinner medium).” 
Cells were counted with a Coulter counter. monolayers after trypsinization.” and 
suspension cultures after gently pipetting to break up cell aggregates. 

In certain experiments HeLa cell cultures were synchronized by reversibly 
blocking DNA synthesis for 16 hr M,ith a mixture of amethopterin (final con- 
centration. 10-“M) and adenosine (final concentration. 5 x IV’M) following 
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synthesis of DNA. RNA and protein in the HeLu cells \v;ts ttsuall~ mcusurcci 1~) 
the incorporation of thymidine-tneth~l-“H, uridine-5-.‘ti and L-leucine-’ %’ (I ’ ). ITS- 
pcctively. into the acid-insoluble cellular material. The concentration and speci(ic 
activities of the precursors and other incutx~tion conditions ;tt-c giwn in the ligttrc 
Icgot~ds. The labeled cells were ~~hcd (either dircctl> as monol~t~crs or after ccn!ri- 
fuging aiiyuots of suspension cultures) succcssivulq wilh setline. -t”,, pcrchloric acid. 

8.0” 0 ethanol. absolute ethanol and ethyl cthcr mci allowed to dr-!. The cull rcsiducs 
were dissolved in I! ml of 8K”,, fortnic acid and aliquots countal 13~ ;I liquid 
scintillation sptxtrometor. 

&jfkt of' Ih'PY CJU ymrth c$ HcLtr c~c//s. The eI%xt of IMPY concentration on 
the growth of HeLa cells in monolayer and suspension cultures is shown in 
Fig. 1. In both types of culture. the population growth lf:zts completely inhihitcd 
at drug c~~nccntr~ltions of 1% mM. Cells which had been incubated for scicral hr in 
fhe prcscncc of growth inhibitot-~ C~~l~centr~tt~oIls of IMPY showd no cvidencc 01 
grosscytological damage, although eventually many cells became ~~tbs~~ttlti~tll~ Inrgct 
than those in control cultures. 

The generation time of the HeLa cells used in the prcscnt stud\; was 32 2-J hr. ot 

which the S-period occupies 6 7 hr.” It M;IS therefore anticipated that. if DNA 
synthesis wcrc blocked \\:ith IMPY for I6 hr. ;t high proportion of the cells ~.ould 
accumuiatc at or near the boundary bc~ween the G,- and S-phases; \vhcn rcsuspcndcd 
in drug-free medium these cells might bc cxpectcd. in \:icb\ of the rcportctl 
reversibility of the inhibition.’ to proceed ;IS it synchronized population through 

thr S-phase. Both the results in Fig. I and those of Ennis (‘I rrl.’ suggcstcd that 
14 mM IMPY should be able to eI&xt this syndlroni/ution. Howcvcr. whw HoLn 
cells which had been cultured in the presence of I4 mM IMPY fat- 16 hr wcrc rc- 
suspended in drug-free medium. they incorpotxted triliatcd th> midinc ;I[ ~‘swn- 
tially the same rate as cells in unsynchronized control cultures and did not she\\ 
the sharp wave of DNA synthesis characteristic of ;I trttl\ synchronous population. 
The results in Figs. 1 and 2 shob that, although IMPY, at ;I concentr:ttion of 1 mM. 
arrested the growth of HcLa cell cultures for at least 16 hr. it had not cotnpIetcI! 
blocked DNA synthesis tlirolt~lioLt~ this period. This suggests that wmc culls might 
have resumed their progress through the S-phnsc and so ~iini~tiisll~~i the degree of 
synchrony. It seemed possible therefore that ;t higher ~~)l~celltr~tti~~tl of IM Pt’ might 
more effectively inhibit DNA synthesis and perhaps thcreb\ itnpro\.c the synchrony. 
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FIG;. I. ElTect of IMPY concentration on grov,th of cultured HeLa cells. (A) Monola)ct- culturca: 
grown in IO ml BEHM as described an Materials and Mcthods. At lero time. IMPY was added in 

0.2 ml s~lline IO give the linnl concentrations shol+n in A: 0.2 ml sahns KUS added to the controls. At the 
indicated umes the culls in duplicate cultures \VCIK trypsinixd and counted in a Coulter countcl-. 
(B) Suspension cultures: grobvn in 60 ml of spinner medium (Mntcriala and Methods). At xro time. IMPY 
~\a\ added in 1.2 ml haline to give the final concentrations shown in B: I.2 ml saline was added to the 

control. At the indicated times. l-ml portiona were taken in duplicate for counting. 

FIG. 2. Eflbct of IMPY concentration on IncorporaCon of tritiatcd thymidine by HeLa cells. C‘ulturcs: 
monolaycrs groan in IO ml BEHM as described in Materials and Methods. At zero time. IMPY uaa 
added in 0.2 ml aalinc to Five the final concentrations indicated; 0.2 ml saline was added to the 
controls. All cultures rcccivcd ‘H-thymldine (20 /cg, 0.75 &‘i). amethopterin 110 “M) and adcnwne 
(5 x 10~ i M ). Amethoptcrin was added to block the endogcnous synthesis of thymldyllc nucleotidcs dwing 
the measurements of DNA sqnthess. At the indicated tlmcs. the cells in duphcate cultures were ~ashcd 

with acid. dried and assayed for acid-rnsoluhlc rctdioacti\it) as deswhed in Materials arid Methods. 
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provided it did not at the same time lead to undesirable qtological or hio- 
chemical disturbances. 

It was found (Fig. 2) that the tendency of cells to escape from the inhibitor! 
effect of IMPY on DNA synthesis was substantially less at the high drug con- 
centration of 3.5 mM. It also appears from the results in Fig. 3 that. at this drug 
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concentration. RNA and protein synthesis was still rclativcl> Llnatktcd for at least 
X hr. Beyond 8 hr. there was ~1 gradual apparent restriction in the overall rate of RNA 
and protein synthesis in IMPY-treated cultures when compared to the rising lcvcl 
in the logarithmically growing control cultures. However. the control cclla. in contrast 
to IM PY-trcatcd cells. continued to undergo nuclcat- replication and ccl1 di\,ision 
during this interval. Correcting the data to equivalent cell le~~els. it was found 
that cells treated with IMPY for 16 hr showed 92 and 113 per cent of the 
control rates for RNA and protein synthesis. ;IS mcasurcd h> the incorporation 01 
“H-uridine and “C-leucine respectively. In accord with these findings. it C\;IS 
obserccd that cells \vhich had been incubated \vith 2.5 mM IMPY for I6 hr \zerc 



somewhat Iarger than those in control cultures, but otherwise showed no obvious 
cytological changes. When restored to drug-free medium after this treatment. the cells 
immediately resumed DNA synthesis. incorporating tritiated thymidine at a rate 
which was. on a per cell basis, initially substantially greater than that of cells in 
control cultures (Fig. 4). The pattern of thymidine uptake, i.e. a sharp rise leveling 
off almost to a plateau after hbout 6 hr. is characteristic of cultures in which a 
high proportion of the cells first accumulate at or near the beginning of the S- 
phase then enter and pass more or less simultaneously through the S-phase. 
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FK;. 4. l~i~~~r~~r~ltion of .~~-tl~~nlidi~l~ h> HcLa cclk after I-elcase from Ih-hr of ~r~tr~~~tiIi~nt \kith 2.5 

mM IMPY. h4onolaycr culturss (starting p(~pul~iti~~l~, 1.27 x IO” cells culture) were incubated for 16 hr 
in elthcr the prcsencc or absence of 1.5 mM IMI’Y. At the end of this period. the medium in ail 

cuiturra ws replaced with 10 ml of fre& drug-fret BEHM containing “H-thymidine (7 pc‘i. 12 ppl. 
;~mcthopterin I IV “M) and adcnosine (5 x 10. ‘Ml. At the indicated timcs (abo\ci after the medium 

change. the cells in duplicate cultures \%cre acid washed and radioassayed :L$ described in Materials and 
Methods. Control cultures(no IMPY treatment)3 e -. l ;culturespretre;lted~ith IMPY. 0 -0. The data 

are cuprcsxd as cpm IO” cells hued on the number of cells in the culturea at pro time. 

The LW of 2.5 mM IMPY for synchronizing monolayer and suspension cultures 
of HeLa cells is shown in Fig. 5. During the 16hr period in which the cultures 
were blocked with the drug. there was very little increase in cell numbers. On 
replacing the IMPY medium with drug-free medium. the cells proceeded at a 
normal rate and as viable and highly synchronized popLll~~ti~~ns through the S- and 
G,-phases and mitosis into the next cycle. Thus DNA synthesis was essentially 
bompiete w?thin 6-7 hr of releasing the cells from the block; there was no appreciable 
increase in cell numbers during the period of DNA synthesis, but shortly thereafter 
the cell populations rapidly increased to almost double the prc-replication values. 

The compound appears therefore to offer a useful alternative to other agents such as 
hydroxyurea.” amethopterin” or excess thymidine’ for synchronizing mammalian 
cells in culture. 

The results in Fig. 5 are consistent with a mechanism in which the drug permits 
the cells to reach the S-phase but then prevents their further progross thro~lgh the 
cycle. In this regard. the drug appears to act on cells which are already staged for 
DNA synthesis. Thus studies with HeLa ccl1 cultures which have been s~nc~lroIliz~~i 
by blo~k~~d~ with ~~mctho~~terin show that 2.5 mM IMPY immedi~~tel~ inhibits DNA 
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* Addition?, were made in 0.2 ml sahnc. 
t Thyrmdinc addition (at /cro time) rclcasc~ all the cultures from nmcthnptcrin blockade. 

inhibit the incorpor~ltiotl in ri~rct of d~~~xyl~u~leosid~ tripllosph~~t~s into DNA by 
nuclei isolated from cells in the S-phnsc. Similarly. the inhibition of DNA 
synthesis ir? ritw by IMPY was overcome immediately by isolation and incubation 
of the nuclei in the system i/l ~+t/~o described by Hershey c’t ~1.~ It therefore seems 
most likely that. irl ~~itw, the compound inhibits DNA synthesis by interfering Gth 
the supply of deoxyriboside triphosphates rather than directly with the process GI” 
DNA r~plic~~ti~~n. IMPY might. for cxamplc. be an inhibitor of dcox~nll~l~otid~ 
kinasesor ribonucleotide reductase. With respect to the latter possibility, Ennis or (I/.’ 
have reported that in L cells deoxyguanosine could, to a limited extent, reverse the 
inhibitory effect of IMPY on the labeling of DNA by radioactive thymidinc. 
Ho\+wer, in other studies we have found that HeLu cells have a low capacity to 



phosphorJlate and utilize exogenous deoxyguanosine: this could explain the present 
experiments in bvhich we were ~mable to reverse or prevent the inhibition by IMPY 
lvith deoxyguanosine and other deoxynucleosides. Since thqmidine LV;IS similarl> 
ineffective as an antagonist of IMPY, it also is unlikely, that IMPY acts x an 
antifolic agent in the synthesis of thymidine nucleotides. It is appnrcnt that the 
elucidation of the intracellular mechanism of IMPY action a\vaits an analysis of the 
deoxyuclcotidc levels in trentcd cells. 


