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Binding of matrix attachment regions to nuclear lamin is mediated by the 
rod domain and depends on the lamin polymerization state 
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Abstract The nuclear matrix maintains specific interactions 
with genomic DNA at sites known as matrix attachment regions 
(MISARs). MISARs bind in vitro to lamin polymers. We show 
that the polymerized ¢x-belical rod domain of lamin Dm0 provides 
by itself the specific binding to the ftz M/SAR. In contrast, 
unpolymerized rod domain does not bind specifically to this M/ 
SAR. Non-specific binding to DNA is also observed with Dm 0 
containing a point mutation that impairs its ability to polymerize 
or with the isolated tail domain. These data suggests that the 
specific binding of lamins to M/SARs requires the rod domain and 
depends on the lamin polymerization state. 
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I. Introduction 

Detailed cytogenetic studies of  the three-dimensional folding 
of  Drosophila polytene nuclei revealed close associations be- 
tween the nuclear envelope and centromeres, telomeres and loci 
of  intercalary heterochromatin.  These studies also found that 
a significant part of  the length of  each salivary polytene chro- 
mosome abut the nuclear envelope [1,2]. Associations between 
the nuclear envelope and telomeres/centromeres were also re- 
corded in Drosophila embryos [3]. In addition, a three-dimen- 
sional electron microscopy study revealed a close association 
between the nuclear envelope and chromatin [4]. 

The interactions between the nuclear envelope and chroma- 
tin are likely to be mediated by the nuclear lamina, which is a 
proteinaceous meshwork of  intermediate filaments present 
under the inner membrane of  the nuclear envelope (reviewed 
in [5 9]). The major  proteins of  the nuclear lamina are the 
lamins. Like all intermediate filaments, lamins are composed of  
a short N-terminal  (head) domain, a central s-helical rod do- 
main and a C-terminal (tail) domain which contains a nuclear 
localization signal and a CaaX box [10,11]. At  the first level of  
polymerization, lamins form a parallel unstaggered dimer 
through coiled-coil formation of  the rod domain. Lamin dimers 
can form filaments and paracrystals in vitro through a longti- 
tudinal head-to-tail  interaction and several types of  lateral in- 
teractions [12-14]. The lamin tail domain contains several se- 
quences that are highly conserved between all lamins, for which 
the function has yet to be explored. 
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Rat  liver lamins A, B and C and Drosophila lamin Dm0 bind 
with high affinity to matrix-associated regions (M/SARs) 
[15,16]. These D N A  sequences are held responsible for mediat- 
ing the interaction between the nuclear matrix and chromatin 
(reviewed in [17,18]). M/SARs are several hundred base pairs 
long and contain stretches of  AT-rich sequences which are 
likely to form an 'open '  chromatin configuration. Indeed, the 
binding of  M/SARs to lamin polymers involves single-stranded 
regions. In addition, this binding is saturable and requires the 
minor  groove [16]. Lamin polymers also bind to the 120pl.4 
Drosophila centromeric sequence [19] and to telomeric se- 
quences [20]. 

In this report, we investigated which region in lamin Dm0 is 
important  for the specific interaction with M / S A R  D N A  se- 
quences and whether this interaction depends on the formation 
of  lamin polymers. We show that the s-helical rod domain of  
lamin Dm~ is sufficient for the specific interaction with the 
M/SAR fragment of  the Drosophilafushi tarazu OCtz) gene. For  
this specific interaction to occur, it is essential that the lamin 
is organized above the level of  the dimer. 

2. Experimental 

2.1, Expression and purification of wild-O'pe and mutant lamin Dmo 
proteins 

All different lamin Dmo constructs were derived fYom previously 
described pT7Dm 0 [21]. For convenient expression, the Ndel-EcoRI 
fragment of pT7Dmc~ containing the entire reading frame was subcloned 
into the pET20b(+) vector (Novagen). All other Din0 constructs were 
designed by PCR [22] and inserted into pET20b(+), which resulted in 
the addition of the His-tag sequence AAAELHHHHHH (single-letter 
code of amino acids) at the C-terminus of these proteins. The R64 > H 
mutation was produced by overlap extension PCR [23]. The rod domain 
was designed to contain the region between Lys-55 to Thr-413 [24]. The 
tail domain was initially designed between Asn-411 and Met-622. Ex- 
pression of this construct in E. coli resulted in a significant appearance 
of a slightly smaller polypeptide. N-terminal sequencing of the smaller 
peptide revealed that it is a degradation product of the N-terminus 
beginning at Ser-425. Therefore, a new construct was designed which 
contains the region between Ser-425 and Met-622. All other constructs 
were recovered without visible degradation products (not shown). 

Lamin Dm 0 was expressed in E. coli and recovered from inclusion 
bodies by isoelectric focusing in 5 M urea as described previously [21]. 
The purified Dm 0 was dialyzed against buffer H (500 mM NaCI, 30 mM 
Tris-HCl pH 7.5, 1 mM DTT, 5 mM benzamidine, 0.5 mM PMSF, 
1 /~g/ml aprotinin and 1 gM pepstatin A). In contrast, all other con- 
structs were recovered as soluble proteins. After induction with IPTG 
for 2 4  h at 30°C, the E. coli cells were broken by a French pressure-cell 
followed by two 150,000 x g centrifugations at 4°C in a Beckman TLA- 
100 rotor. The different Dm0-derived polypeptides were purified to 
near-homogeneity from the supernatant by a one-step affinity chroma- 
tography on a His-bound resin column (Novagen). Following extrac- 
tion of the protein from the His-bound column with 150 300 mM 
imidazole, the protein was concentrated and the imidazole was removed 
by dialysis. 
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2.2. M/SAR-binding to aggregated lamin constructs" 
Plasmid pFKH2 [25,26] was digested with EeoRI into three fiag- 

ments: 1.2-kb M/SAR fragment of the Drosophila f tz  gene, 2.4-kb 
non-M/SAR fragment containing f tz  sequences and 4.4-kb pAT153 
vector fragment. The restriction fragments were endlabeled with 
[a-32p]dATP (800 Ci/mMol, 10 mCi/ml, Rotem Industries, Israel) using 
the E. coli DNA polymerase-klenow fragment. Unincorporated nucleo- 
tides were removed by a QIAquick spin PCR purification kit (Qiagen). 
Aggregates of Dm o and rod domain were obtained by diluting 1.5 
mg/ml of Dm0 or 2 mg/ml rod domain incubations to a final concentra- 
tion of 40 ,ug/ml in 50 mM sodium acetate pH 5.5, 25 mM CaC12 for 
30 min at 20°C and then for 60 min at 4°C. Aggregates were centrifuged 
for 30 min/15,000 x g/4°C and resupended in buffer B (50 mM sodium 
acetate pH 5.5, 50 mM NaC1, 25 mM CaC12, 1 mM EDTA, 1 mM DTT, 
5% glycerol, 5 mM benzamidine, 0.5 mM PMSF, 1 ¢tg/ml aprotinin and 
1 ¢tM pepstatin A). Under these experimental conditions, all Dm0 and 
rod domain molecules were recovered in the pellet fraction as deter- 
mined by SDS-PAGE (not shown). Radioactively labeled restriction 
fragments of the pFKH2 (5 ng/20,000 epm), 200/~g BSA (fraction V; 
Sigma) and sonicated E. co6 competitor DNA (average size of about 
3 kb) were added, resulting in a total volume of 50 HI, and incubation 
was for 12 h at 37°C. Following binding, Din0 or rod domain aggre- 
gates were centrifuged in a microfuge (30 min/15,000 x g). The sepa- 
rated supernatant and pellet fractions were treated for 30 min at 50 ° C, 
with 50 ¢tg/ml Proteinase K, followed by phenol extraction and ethanol 
precipitation. DNA fragments were analysed by 1.2% agarose gel elec- 
trophoresis, The results of these experiments were visualized both by 
autoradiography and by phosphoimager (Fuji). 

2.3. M/SAR-binding to non-aggregated lamin constructs 
His-bound resin (Novagen) was preabsorbed with sonicated E. coli 

DNA (1 mg/ml) for 3 h at 20°C, followed by extensive washes with 
buffer S (50 mM Tris-HCl pH 7.5, 50 mM NaCI, 25 mM CaCl 2, 1 mM 
EDTA, 1 mM DTT, 5% glycerol, 5 mM benzamidine, 0.5 mM PMSF, 
1/lg/ml aprotinin and 1 ¢tM pepstatin A). Rod domain, tail domain and 
R64 > H proteins were dialyzed against buffer S. The purified proteins 
(2/tg) were incubated with radioactively labeled restriction fragments 
of the pFKH2 (5 ng/20,000 cpm), 200 ¢tg BSA (fraction V; Sigma), 
sonicated E. coli competitor DNA and 10/zl His-bound resin in a total 
volume of 50/11 for 12 h at 37°C. The His-bound resin beads were 
precipitated, washed with 50/ll of buffer S and the wash was added to 
the supernatant fraction. Under these conditions, all lamin molecules 
were recovered with the beads as judged by SDS-PAGE analysis (not 
shown). The separated supernatant and pellet fractions were treated for 
30 rain at 50°C with 50Hg/ml Proteinase K, followed by phenol extrac- 
tion and ethanol precipitation. Fragments were analysed by 1.2% aga- 
rose gel electrophoresis. The results of these experiments were visual- 
ized both by autoradiography and by phosphoimager (Fuji). In some 
of the binding experiments with the isolated tail domain, we used 
buffer B. 

3. Results 

3.1. Specific binding o f  f t z  M / S A R  D N A  to Dm o and rod 
domain paracrystals 

It was previously shown that A- and B-type vertebrate lamins 
as well as Drosophila lamin Dmo polymers bind specifically to 
different M/SARs [15,16]. However,  these studies did not  ad- 
dress the question of  which lamin domain(s) are involved in 
binding. To address this question, we expressed and purified to 
near-homogeneity several D m  0 constructs, including wild-type 
Dm0, Dm0 with a point mutat ion in Arg at position 64 
(R64 > H) that inhibits polymerization (data not  shown), iso- 
lated rod domain (aa 55-413) and isolated tail domain (aa 
425-622). The purified proteins were analysed for their ability 
to bind specifically a M / S A R  fragment of  the Drosophila f t z  
gene [25,26]. When purified D m  0 is dialyzed against buffer B 
(which has low ionic strength, a pH of 5.5 and calcium ions), 
it forms paracrystals (data not  shown). Dmo paracrystals were 
incubated with endlabeled EcoRI  fragments of  pFKH2:  a 4.4- 
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Fig. 1. Specific M/SAR-binding to Din0 and to c~-helical rod domain 
aggregates. Dm0 and o-helical rod domain were expressed in E. coli and 
purified. Each binding reaction (50 ¢tl) contained 2 ,ug of lamin, 200/lg 
BSA, 5 ng (20,000 cpm) of 32P-labeled EcoRI fragments of pFKH2ftz 
plasmid and different concentrations of sonicated E. coli DNA. Incuba- 
tion was for 12 h at 37°C in buffer B. Aggregates of Dm0 (A) or 
c~-helical rod domain (B,C) were pelleted and DNA fragments in the 
pellet (P) and supernatant (S) were purified and analysed by agarose 
gel electrophoresis and autoradiography. In panel C, the reaction was 
performed in the presence of His-bound resin. 

kb fragment of  pBR322 sequences, a 2.4-kbftz n o n - M A R / S A R  
fragment and a 1.2 M/SAR-con ta in ing f t z  fragment [25,26], in 
the presence of  increasing amounts  ofE.  coli competi tor  DNA.  
Bound fragments were separated from unbound fragments by 
centrifugation. The fragments were then subjected to agarose 
gel-electrophoresis and autoradiographed (Fig. 1A). At com- 
petitor D N A  concentrations of  0-50 ¢tg/ml, all three labeled 
fragments were recovered with the sedimented Din0 paracrys- 
tals (Fig. 1A). In contrast, when the concentration of  E. coli 
D N A  was above 100/~g/ml, only the 1.2-kbf tz  M / S A R  frag- 
ment remained associated with the paracrystals, whereas the 
other two non-M/SAR fragments were recovered in the super- 
natant  fraction (Fig. 1A). Recovery of  thef tz  M/SAR fragment 
in the supernatamt required concentrations of  above 1-2 mg/ml 
of  the compet i tor  D N A  (data not  shown). The finding that D m  0 
paracrystals bind the f t z  M / S A R  fragment suggests that Dm 0 
recognizes this sequence in a similar way to other M/SARs 
[15,16]. 

When the pH is lowered to about  5.5, the a-helical rod 
domain of  Dm0 forms paracrystals (data not  shown), similar to 
the rod domain of  human lamins A and C [14,27]. Paracrystals 
of  the Din0 rod domain were produced at pH 5.5 and incubated 
with endlabeled fragments of  p F K H 2  f t z  plasmid in the pres- 
ence of  E. coli competi tor  D N A .  The paracrystal-bound frag- 
ments were separated from the unbound fragments and analy- 
sed by gel-electrophoresis and autoradiography (Fig. 1B,C). 
The results of  these experiments show that, while the non-M/  
SAR fragments were released by the competi tor  DNA,  the 
M / S A R  fragment remained associated with rod domain poly- 
mers. The concentrations of  competi tor  D N A  that were re- 
quired to release the non-M/SAR fragments (Fig. 1A,B) or  the 
M/SAR fragment (not shown) were similar for paracrystals of  
isolated rod domain and full-length lamin Dm0 protein. The 
finding that paracrystals of  the rod domain specifically bind 
M / S A R  sequences indicates that a binding site for M/SARs  is 
localized within the c~-helical rod domain. 

3.2. Unpolymerized Dm o does not bind to the f t z  M / S A R  D N A  
fragment 

Luderus et al. [15,16] showed that aggregates of  lamin Dmo 
as well as vertebrate A- and B-type lamins bind specifically to 
different M/SARs with high affinity. However,  these studies did 
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Fig. 2. Unpolymerized R64 > H, o-helical rod domain or tail domain 
of Dm0 do not bind the ftz M/SAR fragment. R64 > H (B), o-helical 
rod domain (C) and tail domain (D) of Dmo were expressed in E. coli 
and purified to near-homogeneity. Reactions were performed in buffer 
S. Each binding reaction (50/A) contained 2/~g of polypeptide, 5 ng 
(20,000 cpm) of 32P-labeled EcoRI fragments of pFKH2 ftz plasmid, 
200/zg BSA, His-bound resin and different concentrations of sonicated 
E. coli DNA. Incubation was for 12 h at 37°C. Beads were then precip- 
itated and washed once with 50/zl of buffer S. DNA fragments were 
recovered from the beads (P) and from wash and supernatant (S) and 
analysed by agarose gel electrophoresis and autoradiography. Binding 
reaction in the absence of lamin polypeptides (A) demonstrates that all 
pFKH2 fragments are recovered in the supernatant (S) and wash (W). 

not address directly the question of the role of the polymeriza- 
tion in binding. In order to address this question, we performed 
the binding reaction with several different unpolymerized Dn~ 
constructs and used the His-tag, fused to the C-end of these 
polypeptides to capture and separate the DNA fragments 
which remained bound to these proteins. An important control 
was to show that His-bound resin does not interfere with the 
binding of the f tz  M/SAR fragment to rod domain polymers. 
As shown in Fig. 1C, in the presence of beads, thef tz  M/SAR 
fragment remained bound to paracrystals of the rod domain, 
whereas the non-M/SAR fragments dissociated from the par- 
acrystals (Fig. 1, cf. B and C). In addition, the naked resin beads 
have no affinity to the restriction fragments of pFKH2.  As 
shown in Fig. 2A, when binding was performed in the absence 
of lamin, a single wash of the resin beads with buffer S (Fig. 
2A) or buffer B (not shown) removed all restriction fragments 
from the beads. 

In order to inhibit paracrystal formation of lamin Dmo, we 
introduced a point mutation changing Arg at position 64 to His 
(R64 > H). R64 > H molecules (2/.tg) were incubated with the 
EcoRI-endlabeled fragments of pFKH2 in the presence of 
E. coli competitor DNA. Restriction fragments that remained 
associated with the R64 > H were separated from the unbound 
fragments by affinity purification using His-bound resin and 
analysed (Fig. 2B). The results of these experiments show that 
in the presence of competitor E. coli DNA both M/SAR frag- 
ment and the non-MA/SAR fragments were released from 
R64 > H molecules at the same concentration of competitor 
E. coli DNA (between 100-200 Bg/ml). 

As shown above, polymers of the a-helical rod domain of 
lamin Dm0 bind specifically to the f t z  M/SARs fragment. In 
order to study M/SAR interaction with the unpolymerized 
lamin rod domain, we performed the binding reaction at pH 
7.5. The rod domain does not aggregate at this pH. Rod domain 
molecules (2 Bg) were incubated at pH 7.5 with the EcoRI- 
endlabeled fragments of pFKH2,  in the presence of E. coli 
competitor DNA. As shown in Fig. 2C, both the 1.2-kb M/SAR 
fragment and the 2.4- and 4.4-kb non-M/SAR fragments were 
released from the rod domain molecules at similar competitor 

DNA concentrations. Incubation of the restriction fragments 
with the tail domain of lamin Din0 gave similar results (Fig. 
2D). These results demonstrate that, while Dmo shows a general 
low affinity to DNA, specific interaction with M/SARs requires 
its organization above the level of the dimer. 

4. Discussion 

In this report, we show that binding of the f tz  M/SAR frag- 
ment to aggregates of the a-helical rod domain of lamin Dm0 
is specific and is similar to binding of the ftz M/SAR to full- 
length lamin Din0. Previous experiments demostrated that 
other coiled-coils, such as polymers of the cytoplasmic interme- 
diate filament desmin and the nuclear matrix protein NuMA, 
also bind specifically M/SARs. However, these coiled-coil pro- 
teins bind with significant lower affinity than all tested lamins 
[16]. The high concentrations of competitor DNA that is re- 
quired to displace the f t z  M/SAR fragment from paracrystals 
of the lamin rod domain demonstrate that the site for the 
higher-affinity binding to M/SARs is localized within the rod 
domain of lamin. In view of the extensive sequence similarity 
between the rod domains of both A- and B-type lamins, it is 
likely that the binding of all lamins to MARs/SARs is mediated 
by the rod domain. 

At pH 7.5, when the a-helical rod domain does not form 
paracrystals, the amount of competitor DNA that was required 
to release theftz M/SAR fragment was similar to the concentra- 
tion of competitor DNA required to displace the two other 
non-M/SAR fragments of pFKH2 and was comparable to that 
required to release the non-M/SAR fragments from paracrys- 
tals. Therefore, a second conclusion from these experiments is 
that specific binding of theftz M/SAR fragment to the ~-helical 
rod domain requires its polymerization beyond the level of the 
dimer. The lack of specific binding to the f tz  M/SAR fragment 
was also observed with the tail domain and with the complete 
lamin Dm 0 protein containing a point mutation in the head 
domain (R64 > H), which impairs its ability to form paracrys- 
tals. There are several possible explanations why binding M/ 
SARs requires polymerization. One explanation is that lamin 
dimers contain a M/SAR-binding site with an affinity too low 
to be detected in this study. Lamin polymerization causes clus- 
tering of these binding sites, resulting in high-avidity binding. 
If true, the difference in the apparent affinity for M/SARs and 
non-M/SARs, which is too small to be detected with unpolym- 
erized molecules, is readily detectable with polymers. Another 
possible explanation is a difference in protein-folding between 
polymerized and unpolymerized lamin, which is important for 
the specific binding. For  instance, the interface between lamin 
dimers in a paracrystal may create a M/SAR-binding site. We 
note, however, that aggregates formed by the R64 > C muta- 
tion (Arg-64 to Cys mutation in full-length lamin that can form 
unordered aggregates) bind to M/SAR sequences with the same 
specificity as full-length wild-type lamin Dm 0 (N.S. unpubl. 
obs.), suggesting that a specific ordering of lamin dimers in the 
polymerization product is not needed for specific binding. The 
lack of specific binding to the unpolymerized rod domain or to 
the R64 > H polypeptides also suggests that, if binding between 
M/SAR sequences and nuclear lamina occurs in vivo [15,19], 
it requires the formation of lamin polymers. In addition, since 
Dm0 also shows lower-affinity binding to non-M/SARs, the 
possibility of additional lower-affinity binding of DNA se- 
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quences o ther  than  M / S A R s  by the nuclear  lamina  can not  be 
ruled out. 

Work by several groups  [14,28-31] has shown tha t  lamins 
also interact  in vitro with ch r om os om a l  proteins.  It was also 
demons t ra t ed  tha t  one such b inding site to ch romosomal  pro- 
teins is present  within the a-helical  rod domain  of  h u m a n  lain- 
ins A and  C [14] and  ano t he r  site is located in the lamin tail 
domain  [31]. Therefore,  the lamin rod domain  is not  only re- 
quired for lamin polymer iza t ion  but  may have addi t ional  roles, 
such as b inding to M / S A R s  sequences and  ch romosoma l  pro- 
teins. Direct  funct ional  studies will be required to assess the 
significance of  rod d o m a i n ' s  associat ion with M / S A R s  as well 
as with chromat in .  
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