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To study the cell type specificity of the direction of replication of the human c-myc genes and the relationship
of replication polarity to transcriptional activity, we analyzed the directions of replication of the c-myc genes
in two Burkitt lymphoma cell lines, CA46 and ST486, and in HeLa cells. On the basis of in vitro runoff
replication of forks initiated in intact cells, we found that transcribed c-myc genes in the germ line configuration
in HeLa cells were replicated in the direction of transcription from origins in the 5'-flanking DNA, while the
repressed, unrearranged c-myc genes of CA46 and ST486 cells were replicated in the antitranscriptional
direction. In contrast, the transcribed c-myc genes of CA46 cells were replicated in the transcriptional
direction, while the translocated, amplified c-myc genes of ST486 cells showed no preferred polarity of
replication. The data also provided evidence for the existence of an endogenous barrier to DNA polymerases
in the flanking DNA immediately 5' to the HeLa c-myc genes.

The replication of eucaryotic chromosomes is controlled
through the selection of sites for the initiation of DNA
synthesis (2, 6, 7, 10, 12, 14, 19, 21, 24, 32, 39) and through
the temporal programming of the activity at these sites (10,
12, 19, 23). Combined with evidence for the existence of
proteins which recognize the replication origins of viral
minichromosomes (11, 17, 28, 44), these results suggest that
chromosome replication can be regulated in trans by DNA
sequence-specific protein binding.
That the activity of eucaryotic genes is related to the

replication of chromatin is supported by several observa-
tions that transcribed genes are replicated early in the S
phase of the cell cycle (8, 9, 16, 18) and by the demonstration
that the efficient transcription of certain transfected genes
requires the replication of their chromatin template (13, 42).
Moreover, Miller and Nasmyth (31) have demonstrated that
passage through the S phase is necessary for repression of
the silent mating type loci in Saccharomyces cerevisiae.
Smithies (37) has proposed that the processes of replication
and transcription are linked such that transcriptionally active
genes are replicated from upstream origins, whereas inactive
genes are replicated from either upstream or downstream
origins. Consistent with this proposal, we have shown that
the avian histone H5 genes are replicated in the transcrip-
tional direction in embryonic erythrocytes, where they are
expressed, but in the antitranscriptional direction in lympho-
blastoid cells and chicken embryo fibroblasts, where they
are quiescent (43). In comparison, the avian alpha-pi and
alpha-D globin genes are replicated in the transcriptional
direction both in cells in which they are active (erythrocytes)
and in cells in which they are inactive (lymphoblastoid cells
and fibroblasts) (26; Y. I. Lindstrom and M. Leffak, manu-
script in preparation).
To investigate further the relationship between replication

polarity and transcriptional activity, we used the in vitro
runoff replication (IVR) assay (26, 43) to characterize the
replication of the human c-myc genes. In the Burkitt lym-
phoma cell line CA46, the coding exons of one c-myc allele
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have been translocated close to the immunoglobulin A (IgA)
heavy-chain constant region (35). We found that the trans-
located, transcribed c-myc sequences in CA46 cells are
replicated in the transcriptional direction, whereas the qui-
escent germ line sequences in these cells are replicated in the
antitranscriptional direction. Similarly, in the Burkitt lym-
phoma line ST486 the quiescent, unrearranged c-myc gene is
replicated in the antitranscriptional direction. In contrast,
the germ line c-myc genes of HeLa cells are transcribed and
are replicated in the transcriptional direction. The replica-
tion polarity of the human c-myc genes, therefore, shows cell
type specificity, and the transcriptional activity of the c-myc
genes is correlated with replication in the direction of
transcription.

MATERIALS AND METHODS
Cell culture. HeLa, CA46, and ST486 cells were cultured

in RPMI 1640 medium with 10% fetal bovine serum and 50
,ug of gentamicin per ml at 37°C in a 5% CO2 atmosphere.
CA46 and ST486 cells were generously provided by I.
McGrath of the National Cancer Institute. Cells in logarith-
mic growth were labeled in vivo with 20 ,ug of bromodeoxy-
uridine (BrUdR) per ml or used for isolation of nuclei and
preparation of a replication cocktail.

In vitro replication assay. In vitro replication mixtures
were prepared essentially as described previously (26, 43),
including a restriction enzyme at about 50 to 100 U/,ug of
DNA where indicated. DNA was purified by protease K
digestion and organic solvent extraction and digested at 10 U
of restriction enzyme per ,g of DNA. High-specific-activity
restriction enzyme preparations were purchased from Be-
thesda Research Laboratories, Inc., or New England Bio-
Labs, Inc. DNA was centrifuged on neutral CsCl gradients,
electrophoresed on agarose gels, and transferred to nitrocel-
lulose or nylon membranes (Schleicher & Schuell, Inc.) (38).

Hybridization and densitometry. Hybridization and high-
stringency washing of filters (0.015 M NaCl, 0.0015 M
sodium citrate [pH 7.4], 0.1% sodium dodecyl sulfate) were
by standard procedures (29, 39). The c-myc probes I and II
are SstI restriction fragments derived from a CH4A bacte-
riophage clone containing a 12.5-kilobase (kb) EcoRI restric-
tion fragment of human genomic DNA (4, 36). The phage
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FIG. 1. Maps of unrearranged and translocated c-myc loci. The

maps were redrawn from the data of Gelman et al. (15), Siebenlist et
al. (36), and Showe et al. (35). Symbols: =, c-myc and flanking
DNA; _, c-myc exons; I , translocation breakpoints. To the left
of the arrows is the IgA constant region (in CA46 cells) or the IgM
constant region (in ST486 cells). Only the structures of the translo-
cated c-myc genes are shown for CA46 and ST486 cells. Jointed
lines represent the restriction fragments discussed in the text.
Abbreviations: P, PstI; Xh, XhoI; X, XbaI; V, EcoRV. The open
rectangles at the bottom represent probe I (a 0.65-kb SstI-SstI
fragment spanning the XbaI site in c-myc intron I) and probe II (a
1.7-kb SstI-SstI fragment spanning the EcoRV site in c-myc exon
II).
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FIG. 2. DNA density labeling. (A) In vivo labeling. An asynchro-
nous culture of cells was labeled with BrUdR for about one-half of
a cell generation; DNA was purified, digested with restriction
enzymes 1 (RE-1) and 2 (RE-2), and banded on neutral CsCl; and the
dense DNA (density, 1.75 to 1.78 g/ml) was analyzed by electropho-
resis and blot hybridization. (B) In vitro labeling in the presence of
a restriction enzyme. Isolated nuclei were incubated in a replication
cocktail containing BrdUTP and restriction enzyme 1. DNA was
purified, digested with restriction enzyme 2, and banded on neutral
CsCl, and the dense DNA was electrophoresed and blot hybridized.
(C) In vitro labeling in the absence of a restriction enzyme. Isolated
nuclei were incubated in a replication cocktail containing BrdUTP.
DNA was purified, digested with restriction enzymes 1 and 2, and
banded on neutral CsCl, and the dense DNA was electrophoresed
and blot hybridized. (D) Model for graded-density labeling during in
vitro replication. Symbols: =, replicating DNA; ORI, replication
origin; C-, probed fragments; B, barrier to replication fork move-
ment. The amplitude of the wedge at each point reflects the relative
degree of density labeling of the DNA beneath it. See the text for a
discussion.

clone was generously provided by P. Leder. X-ray film
bands were scanned and quantitated with an LKB Ultroscan
2200 soft-laser densitometer and the Gelscan 2190 software
package. Reconstruction experiments presented previously
have demonstrated the linearity of the instrument response
over the range of 0.05 to 3.0 absorbance units (26). In the
present work, each hybridized filter was subjected to multi-
ple film exposures to ensure that the film response was linear
with respect to the autoradiographic signal. Overexposures
of some of the autoradiograms actually scanned are shown to
emphasize faint bands (see Fig. 5 and Al).

RESULTS

IVR assay. In the Burkitt lymphoma cell lines CA46 and
ST486, the coding exons of one c-myc allele have been
translocated from chromosome 8 to chromosome 14, into the
switch regions of the IgA and IgM heavy-chain genes,
respectively. The breakpoints on chromosome 8 in these cell
lines fall within 20 base pairs of one another in intron I of the
c-myc gene, and the translocations result in head-to-head
arrangement of the c-myc and immunoglobulin constant-
region genes (15, 35) (Fig. 1). The translocated c-myc exons
are transcribed as efficiently in these cells as in human
lymphoblastoid cell controls, whereas expression of the
unrearranged genes is depressed more than 20-fold (1, 3, 5,
33, 40).
The polarity of c-myc replication was determined with an

IVR assay which has been described in detail previously
(26). Briefly, nuclei were isolated from an asynchronous
population of cells and incubated in a nucleotide cocktail
containing the density label bromo-dUTP (BrdUTP). Under

these conditions, replication is limited to the extension of
DNA chains initiated in the intact cells (C. D. James, Ph.D.
thesis, Wright State University, Dayton, Ohio, 1986). In the
presence of a barrier to the progression of fork movement
(for instance, a restriction enzyme cleavage) origin-distal
DNA fragments are enriched in density label relative to
origin-proximal fragments located on the same side of the
barrier (Fig. 2D; compare fragments 1 and 2); origin-prox-
imal DNA fragments are enriched in density label compared
with origin-distal fragments located immediately across the
barrier (Fig. 2D; compare fragments 2 and 3). Incorporation
of BrdUTP across the c-myc loci was analyzed by purifica-
tion of the in vitro-replicated DNA, secondary restriction
enzyme cleavage, isopycnic centrifugation, and blot hybrid-
ization (Fig. 2B). The relative enrichment for BrdUTP
during in vitro replication was normalized by comparing the
signal ratio of c-myc fragments in dense in vitro-replicated
DNA with that obtained by labeling c-myc with BrUdR in
vivo (Fig. 2A) (26, 43).

In the absence of a nearby barrier to replication fork
movement, little difference should be detected in the pat-
terns of density labeling of DNAs replicated in vitro (Fig.
2C) and in vivo. To test this, CA46 nuclei were subjected to
in vitro replication and the IVR DNA was purified, digested
with XbaI and PstI, banded on CsCl, electrophoresed, and
blot hybridized to probe I (an SstI-SstI fragment spanning
the XbaI site in c-myc intron I). Similar stoichiometries of
dense DNA fragments were obtained after in vivo density
labeling and after in vitro replication ofDNA in the absence
of externally imposed barriers (Fig. 3).
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FIG. 3. IVR of CA46 nuclei without in situ restriction enzyme
digestion. CA46 nuclei were isolated from an asynchronous cell
culture and submitted to the IVR density-labeling reaction as
outlined in Fig. 2C. DNA was purified from these nuclei [in vitro
(-)-labeled DNA] and from CA46 cells labeled for 6 to 10 h in
culture with BrUdR (in vivo-labeled DNA). Each DNA sample was
cleaved to completion with XbaI and PstI and banded on neutral
CsCl gradients run in parallel. Dense DNAs (1.75 to 1.78 g/ml) were
isolated from each gradient, electrophoresed on the same gel, and
blot hybridized together to probe I. Inset, Autoradiogram of dense
DNA from the in vitro (-) replication reaction (left lane) and after in
vivo labeling (right lane). DNA sizes are in kilobases. The scans
were scaled to normalize the signals of the 1.1-kb bands.

Polarity of c-myc replication in CA46 cells. The strategy for
determining the replication polarities of the c-myc genes in
CA46 cells involved introducing a barrier to fork movement
in the form of an XbaI cut during the nuclear IVR reaction.
Subsequent cleavage of the DNA by PstI would then allow
comparison of the signal from the density-labeled DNA
fragments 5' to the barrier (the 1.6-kb PstI-XbaI fragment of
the unrearranged c-myc sequences and the 1.4-kb PstI-XbaI
fragment from the translocated sequences) to the signal from
the density-labeled 1.1-kb XbaI-PstI fragments 3' to the
barrier.

Restriction enzyme digestion in isolated nuclei is normally
incomplete (26, 27), and the unrearranged and translocated
c-myc genes may show differential sensitivity to digestion in
situ, which results in unequal contributions to the signal
from the common 3' DNA fragment. Therefore, a normal-
ized 5':3' fragment ratio in dense DNA, N, was calculated
for each experiment on the basis of the signals of the DNA
fragments not cleaved in situ, to account quantitatively for
the effect of differential restriction enzyme digestion (see
Appendix). The values of N are indicated in the text and are
shown in Table 1. Empirically, consideration of differential
cleavage of the unrearranged and translocated c-myc genes
was found in all of the experiments only to enhance the
magnitude of the enrichment or depletion of DNA fragments
evident from direct qualitative examination of the data.
When in vitro replication of CA46 nuclei was performed in

the presence ofXbaI, a decrease was observed in the density
labeling of the germ line 5' 1.6-kb PstI-XbaI fragment
compared with its neighboring 3' 1.1-kb XbaI-PstI fragment.
Conversely, there was an increase in the density labeling of
the 5' 1.4-kb PstI-XbaI fragment at the translocation com-
pared with its neighboring 3' 1.1-kb fragment (Fig. 4A). N
was 0.39 for the unrearranged gene, and N was 2.95 for the
translocated gene (Table 1). Here, a value of N of less than
unity indicates that the fragments 5' to the XbaI barrier are

TABLE 1. Calculation of normalized ratios of 5'-3' DNA
fragmnent signals for IVR reactions

Restriction enzyme(s)a
Cells Rlb R2' NCd NTe

1 2

CA46 XbaI-PstIf 0.65 0.72 1.07 1.10
CA46 Xbal-Pstlg 0.88 0.25 0.94 1.07
CA46 XbaI PstI 0.82 0.24 0.39 2.95
CA46 EcoRV XhoI-EcoRI 0.47 0.66 0.43 2.15
ST486 XbaI PstI 0.59 0.42 0.18 0.97

a 1, Restriction enzyme used for in situ digestion of nuclei; 2, restriction
enzyme used for secondary digestion of purified DNA.

b RI is the ratio of the signals from the unrearranged and translocated c-myc
sequences remaining undigested by restriction enzyme 1.

' R2 is the ratio of the percentages of the signals from the 3' c-myc
fragments in the in vitro- and in vivo-replicated samples.

d NG, Value for the germ line gene.
NJ, Value for the translocated gene. In multiple repeats of each experi-

ment, the calculated values of NG and NT did not vary by more than 0.20.
f Partial (25%) digestion with XbaI.

Partial (80%) digestion with XbaI.

farther from the replication origin than fragments 3' to the
XbaI site. Thus, the depletion of the germ line 5' fragment
relative to the 3' fragment suggests that the unrearranged
gene is replicated from a downstream origin. Conversely, the
enrichment of the 5' fragment of the translocated gene
indicates that the translocated gene is replicated from an
upstream origin.
These conclusions were confirmed by subjecting CA46

nuclei to the IVR reaction in the presence of EcoRV. After
purification, the DNA was digested to completion with
EcoRI and XhoI. The data (Fig. 4B) show that, compared
with the 3' 3.6-kb EcoRV-EcoRI fragments, the germ line 5'
2.3-kb XhoI-EcoRV fragment was depleted in dense DNA
(N = 0.43), while the 5' 4.0-kb fragment of the translocated
gene was enriched (N = 2.15).

Polarity of c-myc replication in ST486 cells. In ST486 cells,
the c-myc coding exons have been translocated into the IgM
heavy-chain constant region (15). Blot hybridization to total
genomic DNA with c-myc and immunoglobulin gene se-
quence probes showed that the translocated sequences were
duplicated subsequent to the translocation (C. D. James and
M. Leffak, submitted for publication). When replication was
performed in ST486 nuclei in the absence of restriction
enzyme cutting, followed by digestion of the purified DNA
with both XbaI and PstI, the density gradient distribution of
the in vitro-replicated DNA fragments was the same as that
of the in vivo-labeled fragments (Fig. 5A). To determine
whether the transcriptionally repressed c-myc gene is repli-
cated from a 3' origin in these cells as in CA46, ST486 nuclei
were allowed to replicate in vitro in the presence of XbaI.
The DNA from these nuclei was subsequently digested with
PstI and analyzed as described above. The germ line 5'
1.6-kb PstI-XbaI fragment was strongly depleted in dense
DNA (N = 0.18) relative to the 3' 1.1-kb XbaI-PstI frag-
ments, however, there was no appreciable enrichment or
depletion of the 5' 3.9-kb PstI-XbaI fragments derived from
the translocation (N = 0.97) (Fig. SB; Table 1). These data
indicate that the unrearranged c-myc gene is preferentially
replicated from a 3' replication origin in ST486 cells. In
contrast, the translocated c-myc genes are either replicated
in opposite directions in different cells in the population or
the c-myc genes within each duplicated pair are replicated
with opposite polarities.

Polarity of c-myc replication in HeLa cells. Because the
repressed c-myc genes in CA46 and ST486 cells appeared to
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FIG. 4. IVR of CA46 nuclei with digestion in situ. (A) CA46 nuclei were incubated in the IVR reaction mixture in the presence of XbaI

as outlined in Fig. 2B. DNA was purified, digested to completion with PstI, and analyzed as outlined in Fig. 2B, by hybridization to probe
I. Inset, Autoradiogram of the dense DNA from the in vitro (+) reaction. The scan compares the blot hybridization pattern of the dense in
vitro (+) DNA with that of DNA density labeled in vivo after normalization of the 1.1-kb band signals. (B) CA46 nuclei were submitted to
the IVR reaction in the presence ofEcoRV. DNA was purified from these nuclei, digested to completion with EcoRI and XhoI, and analyzed
by hybridization to probe II. Inset, Autoradiogram of the dense DNAs from the in vitro reaction and from in vivo labeling. The in vivo-labeled
DNA was digested to completion with EcoRV, EcoRI, and XhoI. The scans compare the hybridization patterns of the in vitro (+)- and in
vivo-labeled DNAs after normalization of the 3.6-kb band signals. DNA sizes are in kilobases.

be replicated in an antitranscriptional direction, it was of
interest to determine the replication polarities of the c-myc
genes in HeLa cells, in which these sequences are in the
germ line configuration and are actively transcribed (20, 34).
The data (Fig. 6A) show that in vitro replication of HeLa
nuclei in the presence of XbaI, followed by DNA digestion
with PstI, led to about 2.5-fold enrichment of the 5' 1.6-kb
PstI-XbaI fragment in dense DNA over the 3' 1.1-kb XbaI-
PstI fragment, demonstrating that the c-myc genes in HeLa
cells are replicated in the direction of transcription. (These
experiments compared fragments on opposite sides of a
single restriction enzyme cut site at equivalent homologous
chromosomal loci and were not influenced by the occurrence
of incomplete digestion products [26].)

Surprisingly, when HeLa nuclei were replicated in the
absence of a restriction enzyme and the purified DNA was
digested with XbaI and PstI, blot hybridization of the dense
DNA revealed about twofold depletion of the 5' 1.6-kb
PstI-XbaI fragment (Fig. 6B). This confirmed that the germ
line c-myc genes are replicated from 5' replication origins but
implied also that an endogenous replication fork barrier

exists in the 5'-flanking DNA close to the c-myc gene. On the
basis of the sensitivity of the IVR assay (26), the distance to
this barrier was estimated to be no more than 4 to 5 kb.

DISCUSSION

The unrearranged c-myc genes are preferentially repli-
cated in the transcriptional direction in HeLa cells and in the
antitranscriptional direction in CA46 and ST486 cells. Trans-
location of the c-myc coding exons in these Burkitt lym-
phoma cell lines results in a shift in their direction of
replication. In conjunction with our previous results, these
data indicate that the replication polarity of a gene can vary
with both cell type and chromosomal location. Moreover,
for the histone H5, alpha globin, and c-myc genes examined,
transcriptional activity is correlated with replication in the
transcriptional direction.

It should be noted that the present results reveal only the
preferred direction of replication of the c-myc genes. For
instance, if all restriction enzyme target sites were cut in situ
before passage of the replication fork, the IVR model (Fig.
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Fig. 2C. DNA was purified from these nuclei [in vitro (-)-labeled
DNA] and from ST486 cells labeled for 6 h in culture with BrUdR (in
vivo-labeled DNA). Each DNA sample was cleaved to completion
with Xbal and PstI, centrifuged, and analyzed by blot hybridization
to probe I. Inset, Autoradiogram of dense DNAs from the in vitro

()replication reaction (left lane), and after in vivo labeling (right
lane). (B) The sister sample of the ST486 nuclear preparation used in
the experiment of panel A was submitted to the IVR reaction in the
presence of XbaI. DNA was purified and digested to completion
with Pstl. The DNA was banded on CsCI in parallel with the DNAs
shown in panel A, electrophoresed on the same gel, and hybridized
on the same filter as these DNAs. Inset, Autoradiogram of dense
DNA from the in vitro reaction. The scans compare the hybridiza-
tion patterns of the dense in vitro (+)- and in vivo-labeled DNAs
after normalization of the 1.1-kb band signals. DNA sizes are in
kilobases.

2D) predicts that virtually no signal should be observed in
dense DNA from fragments which occur immediately adja-
cent to a replication barrier on the downstream side. Nev-
ertheless, such downstream fragments (e.g., the 1.6-kb Pstl-
XbaI fragment) are evident in the blots shown in Fig. 4 and
5. This could be due to (i) incomplete resolution of heavy and
light DNAs, (i i) a population of cells replicating the c-myc
genes in the direction opposite to the preferred polarity, or
(iii) in situ restriction enzyme cutting after the S' and 3'
fragments have been entirely replicated. The present results,
therefore, are likely to represent a minimum estimate of the
replication polarity preference observable were it possible to
fractionate heavy versus light DNAs completely and elimi-
nate the contribution of uniformly labeled c-myc loci to the
data.
Although a preferred direction of replication of the germ

line c-myc genes in HeLa cells can be diagnosed and shown
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FIG. 6. IVR of HeLa nuclei. (A) HeLa nuclei were isolated from

an asynchronous cell culture, and one-half of this preparation was
subjected to the IVR density-labeling reaction in the presence of
XbaI. After the reaction, the DNA was purified, digested with PstI,
and analyzed as described above. Inset, Autoradiograms of the
dense DNAs from the in vitro (+) reaction and from in vivo labeling
of HeLa cells in culture. The scans of the IVR- and in vivo-labeled
DNAs were normalized to the signals from the 1.6-kb bands. (B) The
sister sample of the HeLa nuclear preparation used in the experi-
ment of panel A was submitted to the IVR reaction in the absence of
a restriction enzyme. The DNA was digested with PstI and XbaI,
banded on CsCl in parallel with the DNAs shown in panel A,
electrophoresed on the same gel, and hybridized to probe I. The
scans compare the hybridization patterns of the dense in vitro (-)-
and in vivo-labeled DNAs after normalization of the 1.1-kb band
signals. DNA sizes are in kilobases.

to be opposite to that in CA46 and ST486 cells, these results
do not prove that all c-myc genes which replicate in the same
direction initiate replication at the same origin. This view is
nonetheless appealing in light of the cell type specificity of
alpha globin, histone H5, and c-myc gene replication polarity
and the demonstration of unique origin sequences for the
replication of DNA viral minichromosomes (17, 28, 40, 41)
and the yeast 2ixm plasmid (6, 24).

If the proximity of a gene to an active replication origin
determines its replication polarity, the present results imply
that the active origin closest to the c-myc gene in HeLa cells
is in the 5'-flanking DNA. In CA46 and ST486 cells, either
this origin is inactivated and the next closest active origin is
in the 3'-flanking DNA or the 5' origin remains functional but
a closer 3' origin is activated. We have shown that a DNA
sequence within 2.5 kb 5' to the HeLa c-myc genes imparts
autonomous replication activity to a selectable plasmid
transfected into HeLa cells (30) and that bidirectional repli-
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cation initiates within 3.5 kb 5' to the c-myc gene in HeLa
chromosomes (C. McWhinney and M. Leffak, submitted for
publication). This suggests that the endogenous barrier to
replication fork movement 5' to the c-myc genes in HeLa
cells may be the germ line c-myc chromosomal replication
origin. In contrast, in vitro replication of CA46 or ST486
nuclei offers no indication of an origin close to the 3' side of
the unrearranged c-myc genes. Thus, the antitranscriptional
direction of germ line c-myc gene replication in Burkitt
lymphoma cells suggests that the origin active in HeLa cells
is suppressed in Burkitt lymphoma cells by factors which act
in trans.
The transcribed c-myc genes are preferentially replicated

from upstream origins in HeLa and CA46 cells, as are the
active histone H5 and alpha globin genes in chicken eryth-
rocytes. However, the generalization that the leading strand
for replication is the sense strand for transcription cannot
hold for genes in which both strands of the DNA duplex are
transcribed (e.g., see reference 22). This apparent discrep-
ancy can be resolved by speculating that the polarities of
replication and transcription are not linked in an obligatory
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fashion but that regulatory sequences which are frequently
but not exclusively found 5' to genes can facilitate both
replication and transcription.

APPENDIX

Calculation ofN, the normalized 5':3' fragment ratio in dense DNA.
The contributions of the germ line and translocated c-myc genes to
the total 3' fragment signals of in vitro-replicated c-myc DNA were
calculated for each experimental repeat on the basis of the extent of
in situ restriction digestion. As demonstrated below, apart from the
influence of replication polarity, these values yielded the same 5':3'
fragment signal ratios as DNA labeled in vivo.

In the absence of in situ restriction enzyme digestion, the pattern
of in vitro replication labeling of c-myc DNA in ST486 and CA46
nuclei is equivalent to its labeling pattern in vivo. Thus, the fraction
of the replicated c-myc DNA which is derived from the germ line
locus is equivalent to the mole fraction of the germ line gene relative
to all c-myc genes in the cell population, Xg (Xg equals one-half in
CA46 cells and one-third in ST486 cells [James and Leffak,
submitted]). Similarly, the fraction of the dense c-myc DNA which
is derived from the translocation is equivalent to the c-myc mole
fraction of the translocated sequences, X,. In the replicated DNA, as

Mobility

Mobility
FIG. Al. Reconstruction of an IVR reaction in CA46 nuclei with partial in situ restriction enzyme digestion. CA46 nuclei were submitted

to IVR incubation as for Fig. 3, and the purified DNA was cleaved to about 80% (A) or 25% (B) completion with limiting amounts of XbaI.
The DNA was digested completely with PstI and banded on CsCl. The scans compare the patterns of blot hybridization to probe I of dense
DNAs from the in vitro reaction and from in vivo labeling. The scans of the IVR- and in vivo-labeled DNAs were normalized to the signals
from the 1.1-kb bands. Insets, Autoradiograms of the dense DNA from the in vitro reaction. DNA sizes are in kilobases.
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in total DNA, Xg + X, = 1. When replication occurs in the presence
of a restriction enzyme, the fraction Xg can be divided into a fraction
of c-myc genes which has been cut in situ, Bg, and a fraction which
has not, ABg: Xg = ABg + Bg. Similarly, B, or AB, represents,
respectively, the fraction of c-myc genes which has or has not
undergone digestion in situ and derives from the locus of the
translocation. Let RI equal the ratio of the fractions of the c-myc
genes which have not been digested in situ (but all of which are
digested by restriction enzyme 2 (RE-2): RI = ABgIAB, = (Xg -
Bg)/(X, - B,). The value of RI is obtained from the ratio of the blot
hybridization signals of the partial-digest fragments (digested only
by the RE-2). Let R2 equal the sum of the fractions of the c-myc
genes which have been digested in situ: R2 = Bg + B, = (3'ivr)1(3'jv)-
The percentage of the total hybridization signal of an in vivo-labeled
DNA sample (digested to completion) which is due to the 3' c-myc
DNA fragments, 3',, can be used as a standard to determine the
completeness of the in situ restriction digestion. Thus, R2 equals the
ratio of the signals of the 3' DNA fragments (expressed as percent-
ages) in the in vitro and in vivo samples. Substituting the values for
B, and X, into the equation describing RI and solving for Bg yields Bg
= [(Xg)(1 + RI) - Ri(l - R2)]J1 + RI]. The fraction Bg can be
converted to an autoradiographic signal value (expressed as a
percentage of the total signal), G3"i', by G3"ivr = B, x 3'i,. The 5':3'
fragment ratio for the germ line locus in the in vitro sample is
calculated by dividing the signal from the 5' fragments of the germ
line c-myc gene, Gs' r, by G3 ivr. The value N for the germ line gene
equals the 5':3' fragment ratio for the germ line locus in the in vitro
sample normalized to the same ratio for the in vivo sample: N =
[G ivrIG3 i1']G5'iv1G3'i,,].

This derivation assumes that the hybridization response of the 3'
fragment of the unrearranged c-myc gene is the same as that of the
identical 3' fragment of the translocated gene. This analysis also
requires that the probes, which come from sequences 3' to the
translocation breakpoint and hybridize to the same sequences on the
partial-digest fragments of the translocated and germ line genes,
hybridize equivalently within the limits of detection to these partial-
digest fragments. This has been verified by hybridization of probe I
to CA46 and ST486 cell DNAs digested only with PstI and by
hybridization of probe II to CA46 cell DNA digested with EcoRI and
XhoI. It is stressed that the analysis does not assume that the probes
hybridize equivalently to the partial and complete digestion prod-
ucts.
As an example, consider a reaction containing 106 replicating

nuclei, involving 106 germ line c-myc genes and 2 x 106 translocated
c-myc genes (X,, = 1/3 and X, = 2/3). Assume arbitrarily that, as a
result of in situ restriction digestion, 10% of the germ line c-myc
genes and 25% of the translocated c-myc genes are cut by RE-1;
subsequent digestion with RE-2 is complete. RI is the ratio of the
signals from the germ line and translocated c-myc sequences not cut
by RE-1 and equals the ratio of the copy numbers of these
sequences: RI = (9 x 105)/(1.5 X 106) = 0.6. R2 is the ratio of the
hybridization signals of the 3' DNA fragments in the in vitro and in
vivo samples and equals the ratio of the copy numbers of these
sequences: R2 = (6 x 105)/(3 x 106) = 0.2. Solving for Bg and B,, Bg
= 0.03333, G3'ivr = 0.03333 x 3'iv, B, = 0.16667, and 3i"r = 0.16667
x 3'iv. As anticipated, fractions B, and B, are equal to the respective
c-myc mole fractions of the germ line and translocated genes
multiplied by their digestion efficiencies. Thus, the extent of RE-1
cutting can be used to predict the values of G3"irr and T3i-, the
contributions of the germ line and translocated genes to the ob-
served 3' fragment signal in in vitro-replicated DNA, except for the
influence of the graded-density labeling of restriction fragments due
to runoff replication.

In the present example, the ratios G5"i1r1G5"i' and G31izrG3"is each
equal 0.1, the efficiency of cutting of the germ line genes; thus, N =
1.0. In an actual in vitro replication reaction, the disproportionate
labeling of the DNAs on either side of the RE-1 cut will make N
greater or less than unity.
To test the applicability of these calculations further, a series of

reconstruction experiments was performed to mimic the effects of
incomplete XbaI digestion in situ. Nuclei were submitted to the IVR
density-labeling reaction in the absence of a restriction enzyme, and
DNA was purified. The DNA was digested partially with XbaI and

to completion with PstI, banded on CsCl, and analyzed by blot
hybridization. Figure Al shows the results of two such reactions in
which the DNA was digested to about 80% (Fig. AlA) and 25% (Fig.
AlB) completion with XbaI. The normalized ratios of the 5' and 3'
fragment signals (N values) for these samples are close to unity
(Table 1), as expected for reactions run in the absence of exoge-
nously imposed barriers.
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