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Isolation and Characterization of Rat Liver Nuclear Matrices Containing 
High Molecular Weight Deoxyribonucleic Acid+ 

Ronald Berezney* and Linda A. Buchholtz 

ABSTRACT: Rat liver nuclear matrices isolated by a method 
which limits DNA degradation contain a major portion of the 
total nuclear DNA. A majority of the DNA sediments at 
1100 S on alkaline sucrose gradients, which represents an 
estimated single strand size of 2500 kilobases. These DNA- 
rich matrices were virtually identical with previously isolated 
DNA-depleted matrices in recovery of total nuclear protein 
and overall polypeptide composition on sodium dodecyl sul- 
fate-acrylamide gels. Thin-sectioning electron microscopy 
revealed a structure similar to the DNA-depleted matrices with 
the addition of a prominent meshwork of DNA fibrils extended 
throughout the matrix interior. In vivo labeling of regenerating 

Interest  has focused, recently, on the nuclear matrix as a 
structural milieu for the organization and integration of nuclear 
processess (Berezney & Coffey, 1976; Comings, 1978; Wun- 
derlich, 1978; Shaper et al., 1979; Berezney, 1979a, 1981). 
A number of properties of isolated nuclear matrices support 
this possibility, including association of newly replicated DNA 
(Berezney .& Coffey, 1975, 1976; Berezney, 1979b; Pardoll 
et al., 1980), newly transcribed RNA (Faiferman & Pogo, 
1975; Miller et al., 1978; Herman et al., 1978; Herlan et al., 
1979; Long et al., 1979; van Eekelen & van Venrooij, 1981), 
steroid receptor binding sites (Barrack et al., 1977, 1979; 
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livers showed a continuous association of newly replicated 
DNA with DNA-rich matrices (280% of total labeled DNA) 
which is independent of the pulse period (1 min to 4 h). 
Moreover, the matrix-associated DNA is highly enriched in 
replicating intermediates after a 1-min in vivo pulse including 
a small amount of the primary Okazaki fragments. The 
matrix-associated replicating intermediates (4-50 S )  are ef- 
fectively chased into DNA of replicon size and larger (100 S )  
following a I-h pulse. DNA-rich nuclear matrices may 
therefore provide a useful in vitro system for studying DNA 
replication in correlation with the higher order, intranuclear 
arrangement of eukaryotic DNA. 

Barrack & Coffey, 1980; Agutter & Birchall, 1979), viral 
precursor proteins (Hodge et al., 1977; Chin & Maizel, 1977; 
Deppert, 1978; Buckler-White et al., 1980), and carcinogen 
binding sites (Hemminki & Vainio, 1979; Blazsek et al., 1979). 
With regard to DNA replication, it has been observed that 
a small proportion of the total nuclear DNA remains tightly 
bound to isolated nuclear matrices (Berezney & Coffey, 1975; 
Berezney, 1979a). This tightly bound or matrix-attached 
DNA represents 1-2% of the total DNA when isolated after 
controlled endogenous digestion of rat liver nuclei (Berezney 
& Coffey, 1975, 1976, 1977; Berezney, 1979a). The ma- 
trix-attached DNA fragments have an average size of 1-2 
kilobases (kb)' and are highly enriched in 1-min-pulsed, in vivo 

I Abbreviations used: kb, kilobases; NaDodS04, sodium dodecyl 
sulfate; PMSF, phenylmethanesulfonyl fluoride; EGTA, ethylene glycol 
bis(@-aminoethyl ether)-N,N,N,N-tetraacetic acid; EDTA, ethylenedi- 
aminetetraacetic acid. 

0 1981 American Chemical Society 
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replicated DNA (Berezney & Buchholtz, 1981). The rapid 
disappearance of in vivo replicated DNA from the matrix- 
attached fragments suggests that the DNA replicational sites 
are closely associated with the nuclear matrix (Berezney & 
Buchholtz, 1981). This conclusion is further supported by the 
remarkable nuclease sensitivity of the matrix-attached repli- 
cating DNA (Berezney & Buchholtz, 1981). 

The aforementioned studies led us to consider a model for 
DNA replication in which the continuous DNA molecule is 
arranged in a series of topologically distinct matrix-attached 
DNA loops with an average size of -80 kb (Berezney & 
Buchholtz, 198 1). Replication then proceeds via specific 
replicational complexes associated with the matrix structure. 
Other investigators have come to similar conclusions from 
studies of nuclear matrices derived from either bovine liver 
cells (Dijkwel et al., 1979) or 3T3 fibroblasts grown in culture 
(Pardoll et al., 1980). In proposing these models, it is assumed 
that the total nuclear DNA is natively attached to the matrix 
structure, presumably at specific matrix-anchoring sites (Razin 
et al., 1979). However, the small size of the matrix-attached 
fragments precludes an evaluation of the hypothesized ma- 
trix-attached DNA loops, as well as meaningful analysis of 
potential DNA replicational intermediates. To circumvent 
these difficulties, we have developed a new method for isolating 
nuclear matrices containing high molecular weight DNA. It 
is demonstrated that a major portion of the total nuclear DNA 
is anchoring to the matrix. Moreover, early replicational 
intermediates including those of Okazaki fragment size are 
detected and can be chased into DNA of replicon size and 
larger. 

Materials and Methods 
Normal and Regenerating Liver. Livers were obtained from 

200-250-g Sprague-Dawley male rats (King Animal Labs). 
All regenerating liver studies were performed during the 
maximum period of in vivo DNA synthesis (1 8-22 h) after 
partial hepatectomy [see Berezney & Buchholtz (1981)l. 
Regenerating livers were pulsed in vivo with [methyL3H]- 
thymidine (50-80 Ci/mmol; New England Nuclear) according 
to Berezney & Buchholtz (1981). 

Isolation of DNA-Depleted Matrix. Nuclei and DNA- 
depleted nuclear matrices were obtained from normal and 
regenerating rat liver as detailed elsewhere (Berezney & 
Buchholtz, 198 1) with the following modifications: PMSF 
(1 mM) (Sigma Chemicals) and 0.1 mM sodium tetrathionate 
(ICN Pharmaceuticals) were added to all nuclear and matrix 
isolation solutions (Berezney, 1979b). The purified nuclei were 
then exogenously digested with DNase I (10 units/mg of 
DNA, Worthington Biochemicals) for 30 rnin at 0 OC in 0.25 
M sucrose and TM buffer ( 5  mM MgC12 and 20 mM Tris, 
pH 7.4). This was followed by the standard protocol for matrix 
isolation (Berezney & Buchholtz, 198 1). All centrifugations 
were performed in a Sorvall HS-4 rotor (Dupont-Sorvall, Inc.) 
at l000g for 15 min. The DNase I digested nuclei were 
consecutively extracted 1 time with LM buffer (0.2 mM 
MgC12 and 10 mM Tris, pH 7.4), 3 times with HS buffer (2 
M NaC1, 0.2 mM MgC12, and 10 mM Tris, pH 7.4), 1 time 
with 1% Triton X-100 in LM buffer, and 2 times with LM 
buffer. The DNA-depleted matrices contained <1% of the 
total nuclear DNA. DNA-free matrices were obtained from 
DNA-depleted matrices by exhaustive DNase I digestion (200 
units of DNase I/mg of matrix protein, 60 rnin at 30 "C) in 
LM buffer containing I mM PMSF. 

Isolation of DNA-Rich Nuclear Matrices. All solutions 
contained 1 mM PMSF and 0.1 mM sodium tetrathionate 
(Berezney, 1979b). Nuclei were isolated as previously reported 

(Berezney & Buchholtz, 1981) with the addition of 2 mM 
EGTA to the sucrose buffers. Forty volumes of EGTA-HS 
buffer (2 M NaC1, 2 mM EGTA, and 10 mM Tris, pH 7.4) 
were added to a 4 mg of DNA/mL nuclear suspension. A 
35-mL sample of the suspension was dispersed with 40 strokes 
of a loose-fitting Potter-Elvehjem homogenizer (Arthur H. 
Thomas Co.), operating at - 1000 rpm, placed on top of a 
discontinuous sucrose gradient containing 10 mL each of 1.8 
and 2.0 M sucrose-EGTA-HS buffer and centrifuged in the 
Beckman SW-25.2 rotor for 60 rnin at 20000 rpm (49200g). 
The matrix structures were removed from the 0.25-1.8 M 
sucrose interphase and washed and centrifuged 2 times with 
EGTA-HS buffer at 8000g for 20 rnin and 2 times at 4000g 
for 20 min in the HS-4 rotor. The matrices were then treated 
with 1% Triton X-100 in LM buffer and washed 2 times in 
LM buffer (4000g, 20 min). 

Biochemical Analysis. RNA and DNA were separated 
according to the procedures of Munro & Fleck (1965). DNA 
in the 0.8 N perchloric acid hydrolysate was measured directly 
at 260 nm or by the diphenylamine reaction (Burton, 1968). 
Radioactivity was determined by scintillation counting of the 
DNA hydrolysates on a Delta 300 counter (Tracor-Analytic). 
Protein was determined by the Lowry assay (Lowry et al., 
195 l), and phospholipid was determined as previously reported 
(Berezney et al., 1972). 

Alkaline Sucrose Gradient Analysis. Nuclei or final nuclear 
matrices containing 20-200 pg of DNA were resuspended in 
0.2-0.5 mL of a dissolving solution containing 0.2 N NaOH 
and 10 mM EDTA and heated at 50 OC for 30 min. The 
sample was then carefully layered on top of a 5-20% (w/v) 
sucrose gradient containing 0.9 M NaC1, 1 mM EDTA, and 
0.2 N NaOH and centrifuged in an SW-41 rotor (Beckman 
Instruments) at 20000 rpm for 16 h at 20 OC. Fractions (0.4 
mL) were collected from the top of the gradient with an 
auto-densi-flow collector (Buchler Instruments). Bovine serum 
albumin (100 pg) (Sigma Chemicals) was added to each 
fraction, and the samples were precipitated with 0.3 N per- 
chloric acid at 0 OC. The pellets were then digested with 0.8 
N perchloric acid for 20 rnin at 70 OC, and the hydrolyzed 
DNA was read at 260 nm and counted by liquid scintillation. 
No measurable differences in the sedimentation profiles were 
found between 20 and 200 pg of DNA placed on each gradient. 
The gradients were calibrated with phage X DNA obtained 
from Miles Biochemicals, and molecular weights were ap- 
proximated according to Studier (1965). 

Isolation of High Molecular Weight Liver DNA. Regen- 
erating liver nuclei were prepared with sucrose-EGTA buffers 
as described above following a l-h in vivo pulse with 200 pCi 
of [n~ethyl-~HIthymidine (50-80 Ci/mmol; New England 
Nuclear). DNA was isolated as previously described (Ber- 
ezney & Buchholtz, 1981). The purified DNA had 260:280 
and 260:230 absorbance ratios of 1.9 and 2.7, respectively, and 
a weighed average sedimentation coefficient of -58  S (8 X 
lo7 daltons). 

NaDodSOcAcrylamide Gel Electrophoresis. Samples were 
prepared for NaDodSo4-acrylamide gel electrophoresis as 
previously reported (Berezney & Coffey, 1977). Gradient slab 
gels (5-18%), 28 cm long, were run according to the proce- 
dures of Laemmli (1970). The gels were stained with Coo- 
massie Blue R-250 and photographed. Individual slots were 
scanned on a Gilford Model 2520 gel scanner (Gilford In- 
struments, Inc.) at 550 nm with a fixed slit plate of 0.05 mm 
and a scanning speed of 1 cm/min. Areas under the poly- 
peptide peaks were quantitated by weighting individual peaks. 
Standard proteins used for molecular weight calibration in- 
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FRACTION 

~ O U R E  I: Alkaline sucrose gradient profiles of DNA from isolated 
nuclei and DNA-rich nuclear matrices. Regenerating livers were 
pulsed in vivo with [meffiyl-’Hlthymidine, and nuclei were isolated 
in the standard sucroseTM buffers. Nuclei were processed imme- 
diately for DNA alkaline gradient analysis as described under Ma- 
terials and Methods: (0) I-min-pulsed nuclei (400 pCi of [”]- 
thymidine per liver); (0) 60-min-pulsed nuclei (100 pCi of OH]- 
thymidine per liver). DNAs from unlabeled nuclei isolated in the 
presence of 2 mM EGTA (A) and from DNA-rich nuclear matrices 
(X) were also run. The 5520% alkaline sucrose gradients were 
calibrated with &DNA (40 S). The direction of sedimentation is from 
left to right. 

cluded the following: thyroglobulin, 167 000; phosphorylase 
a, 94 000; bovine serum albumin, 68 000; pyruvate kinase, 
57 Mx), ovalbumin, 43 OOO; lactate dehydrogenase, 36 000; and 
myoglobin, 17 000. 

Phase-contrast and Electron Microscopy. Nuclei and 
matrix suspensions were directly observed and photographed 
without fixation under a Zeiss Ultraphot I1 phase-contrast 
microscope. The procedures for thin-sectioning electron mi- 
croscopy have been detailed elsewhere (Berezney & Coffey, 
1977). Specimens were observed and photographed with 
Hitachi Hu-llc or H-500 electron microscope operating at 75 
kV. 

Results 
Isolation and Morphology of Nuclear Mafrices Containing 

High Molecular Weight DNA. Previous methods for nuclear 
matrix isolation have involved cleavage of the nuclear DNA 
by either endogenous or exogenously added nucleases [see, e.g., 
Berezney & Coffey (1975). Berezney (1979a,b), Berezney et 
al. (1979). Berezney & Buchholtz (1981), Herlan & Wun- 
derlich (1976), Wunderlich & Herlan (1977), Hodge et al. 
(1977), Miller et al. (1978), and Pardoll et al. (1980)l. If the 
remaining matrix-attached DNA fragments represent a native 
association with the matrix structure, then it should be possible 
to demonstrate DNA-matrix attachments in the absence of 
significant DNA cleavage. This required a new approach to 
nuclear matrix isolation. As a first step, the nuclear isolation 
was modified to prevent rapid degradation of DNA by the 
active endonucleases present in both normal and regenerating 
rat liver nuclei (Berezney & Coffey, 1975; Hewish & Bur- 
goyne, 1973; Keichline et al., 1976). The severity of this 
problem is illustrated in Figure 1, where the size distribution 
of total nuclear DNA from regenerating liver was measured 
on denaturing alkaline sucrose gradients immediately after 
nuclear isolation. The DNA is already highly degraded with 
a broad peak at 20 S or 8.6 kb. Moreover, the radioactivity 
and absorbance profiles of 1- and 60-min in vivo pulselabeled 
DNA are virtually identical. 

FIGURE 2 Phase-contrast micrograph of DNA-rich nuclear matrices. 
Rat liver nuclear matrices from regenerating liver were prepared as 
described under Materials and Methods and examined directly without 
fixation under the phase-contrast microscope. Arrow denotes a 
disrupted matrix structure. Bar indicates 40 pm. 

We have overcome this degradation by adding 2 mM EGTA 
to our sucrose-TM isolation buffers. Under these conditions, 
most of the nuclear DNA now sediments at 2100 S (Figure 
1). which corresponds to an apparent single strand DNA size 
of 2500 kb. Moreover, the presence of EGTA had no ap- 
parent effect on either the chemical composition or the mor- 
phology of the isolated nuclei as demonstrated by both 
phase-contrast and electron microscopy (data not shown). 
These results confirm the previous findings of Sanders (1978), 
who first used EGTA in a sucrose-Mg*+ buffer to stop ex- 
ogenous digestion with micrococcal nuclease while maintaining 
nuclear integrity. 

The protocol for isolating nuclear matrices containing high 
molecular weight DNA is presented under Materials and 
Methods. A phase-contrast micrograph of the final nuclear 
matrices is shown in Figure 2. The matrices appear intact 
and unaggregated with a well-developed internal nuclear 
structure including nucleoli and other dense regions inter- 
spersed with more diffuse regions. Note that many of the 
dense regions are in close proximity to the matrix periphery. 
Highly disrupted matrix structures were easily recognized (see 
arrow, Figure 2) but represented less than 15% of the total 
population. Most significantly, the matrix-associated DNA 
sedimented at 2100 S on alkaline sucrose gradients similar 
to the sedimentation of total nuclear DNA from nuclei isolated 
in the presence of EGTA (Figure 1). 

Thin-sectioning electron microscopy of the DNA-rich ma- 
trices confirmed the interior localization of at least the bulk 
of the matrix-attached DNA. A prominent electron-dense 
staining meshwork of DNA fibrils is distributed throughout 
the matrix structure (Figure 3). These fibrils were resistant 
to extensive digestion with RNase (Figure 3) but were com- 
pletely removed by DNase I. Moreover, DNA-depleted ma- 
trices clearly lack this DNA meshwork (Figure 4). There 
is a remarkable clustering of DNA fibrils along the borders 
of the residual nucleoli, the periphery of the matrix, and in 
a number of interior regions (Figure 3). Since a similar pattern 
is characteristic of condensed chromatin in situ, the original 
deposition of DNA into tightly packed and diffuse regions is 
at least partially preserved. The DNA clusters may also 
correspond to the dense regions observed by phase microscopy 
of unfixed matrices (Figure 2). In this regard, no structural 
alterations were detected in the matrices under phase-contrast 
microscopy following the fixation and dehydration procedures 
for electron microscopy (results not shown). 

Chemical Composition of DNA-Rich Matrices. By com- 
position, the DNA-rich nuclear matrices are 64.2% protein, 
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FIGURE 3 Thin-sectioning electron micrograph of DNA-rich matrix. 
The matrices were digested with RNase A (100 pg/mL, 30 min, 30 
"C). Electron-dense staining DNA fibrils are distributed throughout 
the matrix interior. Note the perinucleolar and peripherally lccalized 
DNA clusters (arrows). Micrograph is from 20-h regenerating liver; 
N, residual nucleolus. Bar indicates 1.0 pm. 

FIGURE 4 Thin-sectioning electron micrograph of DNA-depleted 
matrix. Note the absence of the electrondense staining DNA fibrils 
observed in Figure 3. N, residual nucleolus. Bar indicates 1.0 pm. 

27.0% DNA, and 8.8% RNA (Table I). Phospholipid was 
<I% and was not included in this analysis. We have estimated 
a recovery of approximately onetbird of the total nuclei in 
the final matrix preparation based on the recovery of total 
nuclear phospholipid before Triton X-100 extraction (30.2 * 
1.8%) or by direct counting (33.6 * 9.4%). Recovery of DNA, 
protein, and RNA per nuclear matrix structure was then 
evaluated by correcting for nuclei loss based on the more 
precise phospholipid measurements. An average of 37.4% of 
total nuclear protein, 64.9% of DNA, and 89.1% of RNA was 
recovered per matrix. Virtually identical compositions and 
recovery patterns were found for normal and 20h-regenerating 
rat liver matrices. Significantly, a similar recovery of total 
nuclear protein (35.8%) was measured in DNA-depleted 
matrices (results not shown). Since the DNA recovery in some 
DNA-rich matrix preparations was as high as 90%, it is 
conceivable that less than complete recovery of DNA may be 
due to variable low levels of endogenous DNA cleavage during 
the isolation. This was further suggested by sizing total nuclear 

Table I: Composition of DNA-Rich Nuclear Matrices' 
%of total 

comoosition recoverv from nuclei 
protein 64.2 f 1.1 31.4 f 3.7 

RNA 8.8 f 1.6 89.1 f 6.3 
DNA 27.0 f 3.9 64.9 t 7.9 

For percent composition, it is assumed that percent protein t 
percent DNA + percent RNA= 100%. Phospholipid in these 
matrices represented <1.0% of the total composition. The recov- 
ery from nuclei is corrected for nuclear loss during isolation (see 
text). Values represent the combined avenge + one standard 
deviation for two preparations derived from normal liver and two 
preparations from regenerating liver. No significant differences 
Were found between normal and regenerating liver DNA-rich 
matrices. 

Table 11: In Vitro Bindw of High Molecular Weight DNA to 
DNA-Free Nuclear Matrices" 

matrix total wg of 
protein (pg) bound cpm bound DNA 

10 3 0.010 
sn 7 0.023 _ _  

100 28 0.093 
1000 I 0.023 

a UNA was isolated from regcneating Livers pulsed in Vivo for I 
h UNA(100~g)warincubatcdinIISbuff~.rs~l h,OWwiLh 
different amounts of DNA-free nuclear matrices (see Materials and 
Methods). The nuclear matrices were thenpelleted and washed 3 
times with HS buffer. Matrix-bound DNA was determined by 
liquid scintillation after dissolving the fmal matrix pellets in 0.2 N 
NaOK Specific activity of the labeled DNA was 3.0 X 10' cpml 
me of DNA. 

DNA after incubation of isolated nuclei for 24 h at  0 OC in 
2 mM EGTA-0.25 M sucrose-TM buffer. Under these 
conditions, there was a decrease in the overall sedimentation 
of the DNA on alkaline sucrose gradients from 2100 S to a 
hetercdiswrse uattern with an average sedimentation of -50 
S (data not shbwn). 

In Vitro Binding of High Molecular Weight DNA. 'H- 
Labeled high molecular weight DNA prepared from regen- 
eratine liver nuclei was mixed with DNA-deuleted matrices 

- 

- 
which were pretreated with DNase I to remove all traces of 
matrix-attached DNA fragments (see Materials and Methods). 
Residual DNase I activity was removed by four washes of the 
matrices with 1 mM EGTA and IO mM Tris, pH 7.4. The 
final DNA-free matrices contained no measurable DNase 
activity. Different amounts of DNA-free matrices (l(t1000 
pg of protein) were then incubated with 100 pg of labeled 
DNA. The data summarized in Table I1 show no significant 
2 M NaCl resistant binding of DNA. A similar lack of 
salt-resistant DNA binding was observed with matrices before 
DNase treatment or with DNA-rich matrices. 

Polypeptide Profile of the DNA-Rich Matrix. DNA-de 
pleted nuclear matrices have characteristic NaDodSOc 
acrylamide gel polypeptide profdes (Berezney & Coffey, 1974; 
Hcdge et al., 1977; Wunderlich & Herlan, 1977; Berezney, 
1979a; Berezney et al., 1979). In particular, matrices from 
rat liver have several prominent polypeptides between 60000 
and 70000 daltons (Berezney & Coffey, 1974,1976; Berezney, 
1979a,b). I t  was, therefore, of interest to compare the poly- 
peptide composition of DNA-depleted vs. DNA-rich matrices. 
As shown in Figure 5, the profiles of the DNA-rich matrices 
from both normal and regenerating liver (lanes 4 and 5 )  are 
remarkably similar to those of the corresponding DNA-de- 
pleted matrices (lanes 2 and 3). No  qualitative differences 
were detected in several preparations by direct observation of 
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R G ~  5: NaDodS0,acrylamide gel electrophoresis of total nuclear 
and matrix polypeptides. Samples were resolved on 518% acrylamide 
gradient gels described under Materials and Methods. ( I )  Total 
nuclear protein; (2) normal liver DNA-depleted matrix; (3) re- 
generating liver DNA-depleted matrix; (4) normal liver DNA-rich 
matrix: ( 5 )  regenerating liver DNA-rich matrix; (6) DNA-matrix 
aggregate (see text). No difference in polypeptide profdes was detected 
if the fractions were exhaustively treated with DNase I and RNase 
before electrophoresis. Approximately &SO fig of protein was run 
for each sample. 

the stained gels or after higt,-resolution densitometric scanning. 
Moreover, the quantitative distribution of the protein stain 
among the polypeptide bands was also very similar. One 
possible exception is the -40 000-dalton polypeptide band 
which appears in a severalfold higher concentration in the 
DNA-rich compared to the DNA-depleted matrix. An 
identical polypeptide profile was observed for nuclei extracted 
with the isolation solutions for DNA-rich matrices but not 
sheared to disrupt the nuclear gel (lane 6) .  Since these 
preparations contain large numbers of disrupted matrices, the 
much smaller population of disrupted structures observed in 
the DNA-rich matrices (<15%, Figure 2) is probably not 
enriched in specific subclasses of matrix proteins (e.g., the 
40 000-dalton polypetide). The characteristic 60 000-70 000 
matrix polypeptides are also prominent components of total 
nuclear protein where they constitute -10% of the total 
protein stain as compared to 20-25% of the total stained 
matrix protein (see Figure 5 ) .  

Note that small but reproducible amounts of the core his- 
tones HZA, HZB, H3, and H4 were detected in both the 
DNA-depleted and DNA-rich matrices (Figure 5 ) .  Densi- 
tometric measurements indicated that approximately 2-5% 
of the total nuclear histone was recovered in the matrices. 
These tightly hound core histones are clearly resistant to re- 

FIGURE 6 Alkaline sucrose gradient profiles of pulse-labeled total 
nuclear and matrix-attached DNA. Regenerating liver were pulsed 
in vivo for 1 and 60 min with ['Hlthymidine. The DNA was resolved 
on 5-20% alkaline sucrose gradients as described under Materials 
and Methods. (A) Total nuclear DNA, 1-min pulse; (B) matrix- 
attached DNA, I-min pulse; (C) total nuclear DNA, 60-min pulse; 
(D) matrix-attached DNA, 60-min pulse. Direction of sedimentation 
is from left to right. 

Table 111: Replicating DNA Associated with DNA-Rich 
Nuclear Matricesa 

% of total labeled DNA 
recovered in nuclear matrix pulse time 

1 min 96.1 + 6.2 
I h  82.4 f 7.1 
4 h  83.0 f 9.4 

Regenerating livers were pulsed in vivo with 50 fici of pq-  
thymidine for the indicated time periods. The percentage of total 
labeled nuclear DNA recovered in the DNA-rich matrices was cor- 
rected for nuclear breakage during matrix isolation as described in 
the text. Values represent the average i- one standard deviation 
for three different experiments. 

moval by 2 M NaCl as demonstrated by repeated extractions 
(data not shown). 

Replicational Intermediates Associated with the DNA-Rich 
Matrices. It  is possible to determine whether replicational 
intermediates are present in both the total nuclear and ma- 
trix-attached DNA, since the size of the bulk DNA in these 
fractions (2500 kb) is considerably larger than that of the 
reported replicational intermediates (Edenberg & Huberman, 
1975; Funderud et al., 1978). Regenerating rat livers were, 
therefore, pulsed in vivo for 1 and 60 min followed by isolation 
of nuclei and DNA-rich matrices. The chemical composition 
(see Table I), ultrastructure, and polypeptide profile (see 
Figure 5 )  of the regenerating liver matrices were virtually 
identical with those of their normal liver counterpart. As 
shown in Figure 6, a heterodisperse population of replicating 
intermediates including a small amount of 4-5s Okazaki 
fragments (Edenberg & Huberman, 1975; Funderud et al., 
1978) was detected on the alkaline gradients of 1-min-pulsed 
nuclear and matrix-attached DNA. Significantly, the percent 
of labeled replicating intermediates which sedimented at  less 
than 50 S was reduced from approximately 60% to 10% after 
an hour pulse with a corresponding increase in labeled DNA 
greater than 50 S. Table 111 reveals that essentially all the 
replicating DNA (>95%) is matrix attached after a 1-min 
pulse. Moveover, most of the replicated DNA (80-85%) 
remains matrix attached after pulse periods up to 4 h. This 
is indeed anticipated if both the replicational sites and high 
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total matrix proteins may be directly involved in DNA binding, 
assuming one matrix protein per attachment site. If a complex 
of approximately ten matrix proteins is involved ( M ,  - 
600 000), this still represents only a small proportion of the 
total matrix protein ( N 1%). 

The identification of a full complement of the nucleosomal 
core histones (H2A, H2B, H3, and H4) raises the intriguing 
possibility that the DNA may be anchored to the matrix via 
a matrix-bound core nucleosomal structure. Approximately 
2-5% of the total nuclear histone is recovered in the matrix 
fraction based on quantitative densitometric measurements. 
This provides - 106-107 copies of histones per matrix structure. 
Since each nucleosome consists of an octamer of the four core 
histones (Kornberg, 1977), there are clearly enough matrix- 
bound core histones to account for one or more nuclesomes 
at each of the - lo5 putative matrix-DNA attachment sites. 
While it remains to be determined whether the matrix-bound 
histones are actually involved in the anchoring of DNA to the 
matrix structure, it is unlikely that the tight association of 
histones with the matrix is an “isolation artifact” since both 
the DNA-rich and DNA-depleted matrices contain similar 
levels of bound histones. Moreover, these histones are not 
removed by repeated extractions with 2 M NaCl and/or low 
ionic strength solutions (10 mM Tris, pH 7.4). In addition, 
we have not detected 2 M NaCl resistant binding of exoge- 
nously added histones to isolated matrices (R. Berezney, un- 
published experiments). Finally, Grebanier & Pogo (1979) 
have demonstrated a specific association of histone H3 with 
a small proportion of matrix proteins after chemical cross- 
linking of intact nuclei. This strongly argues for a native 
interaction between histone H3 and certain matrix proteins. 
The inability to clearly identify histones in earlier nuclear 
matrix studies may have been due to several factors, such as 
high sensitivity of histones to proteolytic degradation and use 
of a NaDodS04-acrylamide gel system which does not com- 
pletely resolve histones (Berezney & Coffey, 1977). 

Matrix-Attached DNA and Replication. Previous studies 
have concluded that DNA replication is continuously asso- 
ciated with the nuclear matrix (Berezney & Coffey, 1975, 
1976; Dijkwel et al., 1979; Berezney, 1979b; Pardoll et al., 
1980; Berezney & Buchholtz, 1981). Hypothetical models 
were proposed to describe this association involving matrix- 
attached loops [Dijkwel et al., 1979; Pardoll et al., 1980; 
Berezney, 1981; Berezney & Buchholtz, 1981; see also Com- 
ings (1978)l. The possible identity of replicating DNA loops 
with the replicon units observed with DNA fiber autoradi- 
ography (Huberman & Riggs, 1968; Edenberg & Huberman, 
1975; Hand, 1978) led us to further purpose (Berezney, 1981; 
Berezney & Buchholtz, 198 1) that a matrix-attached organ- 
ization for eukaryotic DNA might provide the basis for the 
orderly procession of replication as well as the observed phe- 
nomena of replicon clustering (Edenberg & Huberman, 1975; 
Funderud et al., 1978; Hand, 1975, 1978; Kowalski & 
Cheevers, 1976; Jasny & Tamm, 1979). In this regard, it is 
important to note that many previous investigations have also 
concluded that eukaryotic DNA is arranged in a looped or 
topologically constrained manner in the interphase nucleus 
(Cook & Brazell, 1975; Cook et al., 1976; Benyajati & Worcel, 
1976; Igo-Kemenes & Zachau, 1978; Nakane et al., 1978; 
Wanka et al., 1977; Comings, 1978). A similar view has been 
suggested by Georgiev et al. (1978) for the higher order ar- 
rangement of chromatin. Moreover, a well-organized loop 
structure of DNA anchored to a central scaffold has been 
directly visualized in mitotic chromosomes following removal 
of histones (Paulson & Laemmli, 1977). 

molecular weight nuclear DNA are associated with matrix 
structure. 

Discussion 
Isolation of DNA-Rich Nuclear Matrices. Addition of 

EGTA to the nuclear isolation buffers and appropriate mod- 
ifications in the matrix isolation enabled us to prevent extensive 
DNA cleavage and isolate nuclear matrices which contain an 
average of two-thirds of the total nuclear DNA. Most of this 
DNA has an apparent single strand size 1500 kb. It is very 
likely that less than complete recovery of DNA in the matrices 
is a result of a small but significant degree of DNA cleavage 
which still occurs during the isolation. 

It is important to demonstrate that the association of high 
molecular weight DNA with the nuclear matrices is not a 
preparative artifact. While previous reconstruction experi- 
ments demonstrated the absence of significant 2 M NaCl 
resistant binding of small DNA fragments to isolated matrix 
(Berezney & Buchholtz, 1981), it is conceivable that the high 
molecular weight DNA obtained in this study may nonspe- 
cifically aggregate with the matrix during isolation. Several 
criteria, however, argue against this possibility. First, 
phase-contrast microscopy (Figure 2) reveals relatively intact, 
individual matrix structures with no indication of aggregated 
DNA masses bound to the matrix surfaces. It might be further 
argued, however, that the large size of the DNA precludes its 
removal from the matrix interior. Thus, the DNA may be 
physically trapped rather than specifically attached to the 
matrix interior. While this is conceivable, it is unlikely, since 
DNA from disrupted matrix structures is still associated with 
the matrices as DNA-matrix aggregates. Moreover, the 
isolated matrices do not have intact nuclear envelopes, and the 
remaining residual nuclear envelope may not, therefore, con- 
stitute an effective barrier to macromolecular diffusion. 
Electron microscopy also demonstrated the presence of most 
of the nuclear DNA in the matrix interior (Figure 3) .  
Localized clusters of fibrils are observed which resemble the 
normal distribution of chromatin in intact nuclei including the 
characteristic perinucleolar and peripherally localized con- 
densed chromatin (Berezney & Coffey, 1977). This striking 
pattern of DNA fibrils suggests that the DNA maintains stable 
attachments during matrix isolation. Finally, DNA-matrix 
in vitro reconstruction experiments revealed no salt resistant 
binding of high molecular weight DNA to DNA-free, DNA- 
depleted, or DNA-rich nuclear matrices. 

Matrix Proteins and DNA Attachment Sites. A nearly 
identical NaDodSO.,-acrylamide gel polypeptide profile was 
found for the DNA-rich and DNA-depleted matrices (Figure 
5 ) .  As previously reported (Berezney & Coffey, 1974), several 
60 000-70 000-dalton polypeptides represent the major com- 
ponents. The recovery of total nuclear protein in DNA-rich 
and DNA-depleted matrices is virtually identical (-35-37%). 
This suggests that the DNA-rich matrices are not significantly 
contaminated with chromosomal proteins which might be 
directly attached to the long DNA fibrils and, thus, not be 
directly attached to the matrix structure. It is interesting to 
consider the proportion of total matrix protein that is poten- 
tially involved in binding DNA at the putative matrix-at- 
tachment sites. We estimate a minimum of lo8 copies of 
matrix protein per isolated rat liver nucleus, based on an 
average protein content per matrix of 10 pg and an average 
molecular weight of 60000. The number of DNA binding sites 
associated with the matrix is estimated at - 125 000, based 
on an average DNA content of 10 pg per nucleus and an 
average of 80 kb per matrix-attached DNA loop (Berezney 
& Buchholtz, 1981). Thus, only 1 out of 1000 or 0.1% of the 
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It is important to emphasize that the findings to date are 
consistent with but do not directly demonstate that DNA 
replication occurs along matrix-attached DNA loops. Indeed, 
the existence of specific matrix-attached DNA loops remains 
to be clarified. It is our hope, however, that the DNA-rich 
matrices isolated in this study will be a valuable new approach 
to these important issues. In this regard, we have recently 
observed the association of highly folded DNA loop structures 
with isolated DNA-rich nuclear matrices (R. Berezney and 
A. J. Siegel, unpublished experiments). Moreover, while this 
manuscript was in preparation, Volgelstein et al. (1980) re- 
ported that intact DNA associated with 3T3 fibroblast nuclear 
matrix is highly supercoiled. 
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Left Handed Double Helices: Effect of Sequence on the Spatial 
Configuration of High Anti Nucleic Acidst 

M. M. Dhingra, Ramaswamy H. Sarma,* S .  Uesugi, T. Shida. and M. Ikehara 

ABSTRACT: The conformational properties of purine-pyri- 
midine and pyrimidine-purine dinucleoside monophosphates 
in which the glycosidic torsion is fixed to N 120' by the for- 
mation of a covalent link between the base and the sugar ring 
are explored by 'H NMR spectroscopy in order to obtain 
information about the spatial configuration of high anti nucleic 
acids. The intramolecular stack of the high anti dimers were 
found to be left handed, in contrast to that (right handed) for 
natural oligomers, which are low anti. Even though both the 
high anti pyrimidine-purine and purine-pyrimidine dimers 
have similar backbone torsion angles, they display widely 
different relative geometry between the bases; thus in the 
former there is extensive base-base overlap in the stack, and 
in the latter there is negligible intramolecular base-base 
overlap. In addition it was found that purine-pyrimidine 
systems form miniature double helices in which there is sub- 

I t  is well recognized that the variety in nucleic acid structures 
is accomplished primarily by the variations in the phospho- 
diester torsion angles and to a lesser extent by changes in other 
torsion angles (Sundaralingam, 1973, 1975; Sundaralingam 
& Westhof, 1979). Out of a total of nine staggered confor- 
mations possible by rotation about the phosphodieser bonds, 
only one conformation, having gauche-gauche (g-g-, w' N 

290°, o N 290'; see Figure 1 for nomenclature) orientation, 
leads to a right handed helical organization (Yathindra & 
Sundaralingam, 1974; Pullman & Saran, 1976; Govil & 
Saran, 1971; Kim et al., 1973). The preferred ranges of the 
remaining torsion angles are 4 E 180°, + E 60'; the sugar 
could be either *E or 3E; and the glycosidic torsion angle (x) 
is in the anti range. Furthermore, the right handed helical 
organization is maintained even if the glycosidic torsion is 
toggled to syn orientation by introducing bulky substituents 
on C-8 of purines (Govil et al., 1977). However, recent sin- 
gle-crystal studies of self-complementary d-CGCGCG (Wang 
et al., 1979) and d-CGCG (Drew et al., 1980), fiber diffraction 
studies of poly(dG-dC)-poly(dG-dC) (Arnott et al., 1980), and 
NMR studies of poly(dG-dC).(poly(dG-dC) (Mitra et al., 
198 1) have clearly shown that the various torsion angles can 
assume values so that a left handed double helix can be 
generated. Extensive theoretical investigations in several 
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stantial interstrand purine-purine interaction; on the other 
hand the pyridine-purine high anti dinucleosides have no 
proclivity to form such base-paired complexes in solution. 
Mathematical polymerization of the conformation of the high 
anti purinepyrimidine dinucleoside monophosphates generates 
a left handed helix for high anti polynucleotides. This also 
means that the double helix for high anti nucleic acids con- 
taining purine-pyrimidine repeated units may also be left 
handed, as had been suggested [Sundaralingam, M., & 
Yathindra, N. (1977) Int. J .  Quantum Chem., Quantum Biol. 
Symp. 4, 2851. It is suggested that the plasticity in the 
structure of genomic DNA is such that, if under certain 
conditions of interactions the sugar-base torsion of certain 
domains assume high anti values, that domain will become left 
handed, and this in turn can be a mechanism for the control 
of expression by genomic DNA. 

laboratories (Yathindra & Sundaralingam, 1976; Sundaral- 
ingam & Yathindra, 1977; Fuj i  & Tomita, 1976; Olson & 
Dasika, 1976; Olson, 1977) showed that the sense of base stack 
in high anti systems is left handed, but these calculations reach 
different conclusions with respect to the helical organization 
of the backbone. 

The unusual CD spectra observed for model dimers (Ikehara 
et al., 1970; 1974) ASpAS and AopAo (in which the glycosidic 
torsion is fixed in high anti orientation, N_ 120°, by covalent 
linkage between the sugar and the base moieties; see Figure 
1 and legend for abbreviations) are approximate mirror images 
of the unmodified ApA in which the glycosidic torsion is in 
the anti domain. The inverted CD spectra of these high anti 
systems indicate that the sense of base stack is left handed in 
contrast to the right handed stacking observed for ApA. This 
means that the ratio of the base stacking parameters (Olson, 
1976) Z / d  (2 = vertical displacement of the stacked bases, 
0 = the base stacking angle) is positive for ApA and negative 
for cyclodimers ASpAS and AopAo. The complete chemical 
shift and (Dhingra et al., 1978) proton dimerization shifts 
observed for ASpAS in aqueous solution indicate that ASpAm 
adopts a left handed base-stacked geometry. The backbone 
torsion angles and base-stacking parameters determined by 
Dhingra et al. (1978) for ASpAS are in agreement with those 
predicted by theoretical calculations (Fujii & Tomita, 1976). 

Olson & Dasika (1976) have claimed that the left handed 
stacking does not necessarily mean that the helical sense is 
left handed. From their geometrical calculations, they found 
that single- and double-stranded polycyclonucleotides with 
glycosidic torsion in the high anti (xCN = 120') prefer a left 
handed base stacking with a right handed helical organization 
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