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Abstract

The human serine protease inhibitor (serpin) gene
cluster at 14q32.1 is a useful model system for
studying the regulation of gene activity and chro-
matin structure. We demonstrated previously that
the six known serpin genes in this region were or-
ganized into two subclusters of three genes each that
occupied �370 kb of DNA. To more fully understand
the genomic organization of this region, we anno-
tated a 1-Mb sequence contig from data from
the Genoscope sequencing consortium (http://
www.genoscope.cns.fr/). We report that 11 different
serpin genes reside within the 14q32.1 cluster,
including two novel a1-antiproteinase-like gene se-
quences, a kallistatin-like sequence, and two re-
cently identified serpins that had not been mapped
previously to 14q32.1. The genomic regions proxi-
mal and distal to the serpin cluster contain a variety
of unrelated gene sequences of diverse function. To
gain insight into the chromatin organization of the
region, sequences with putative nuclear matrix-
binding potential were identified by using the MAR-
Wiz algorithm, and these MAR-Wiz candidate
sequences were tested for nuclear matrix-binding
activity in vitro. Several differences between the
MAR-Wiz predictions and the results of biochemical
tests were observed. The genomic organization of
the serpin gene cluster is discussed.

Serine protease inhibitors (serpins) are a group of
structurally related proteins that have evolved to

perform diverse physiological functions in vivo (for
reviews see Gettins 2000; Marshall 1993; Carrell
et al. 1987). These proteins are encoded by a family
of genes that are distributed over several different
human chromosomes (Irving et al. 2000); however,
some serpin genes are organized into discrete gene
clusters. For example, an �370-kb segment of hu-
man Chr 14q32.1 contains six different serpin genes,
and these genes are organized into two distinct
subclusters of three genes each (Rollini and Fournier
1997a, 1997b; Billingsley et al. 1993). The proximal
subcluster contains the a1-antitrypsin (a1AT) and
corticosteroid-binding globulin (CBG) genes, as well
as an antitrypsin-related (ATR) pseudogene. The
distal subcluster includes the kallistatin (KAL),
protein C-inhibitor (PCI), and a1-antichymotrypsin
(AACT) genes. Expression of these genes is cell-
specific, with different genes being expressed in dif-
ferent cell types (Hammond3 et al. l991; Rollini &
Fournier, 1997a).

We previously characterized the DNA and
chromatin organizations of an �150-kb segment of
14q32.1 that contains the proximal serpin subclus-
ter, that is, a1AT, ATR, and CBG, using a variety of
approaches. These included restriction endonuclease
mapping, DNA sequencing, promoter mutagenesis,
DNase I-hypersensitive site (DHS) mapping, and
analyses of matrix attachment regions (MARs)
(Rollini, 1997; Rollini, 1999;3 Rollini, 2000; Rollini,
2000; Rollini, 1999; Rollini, 1997). These maps have
been useful guides for functional analysis of the lo-
cus by targeted mutagenesis4 (Marsden & Fournier
2003). To gain further insight into the genomic or-
ganization of the serpin gene cluster and neighboring
regions, we analyzed �1 Mb of 14q32.1 sequence
from the Genoscope sequencing consortium (http://
www.genoscope.cns.fr/). This report describes our
analyses of the genomic organization of the serpin
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cluster and neighboring DNA segments, and it in-
cludes both in silico and in vitro analyses of MARs
throughout the region.

Materials and methods

Sequence assembly. The initial assembly was made
from the June 2000 (version 6.0) draft sequences of
seven BACs (R-179A9, R-986E7, R-262P9, R-349L1,
R-304M6, R-2068J7, and R-1089B7) from the Geno-
scope web site (http://www.genoscope.cns.fr/) sub-
sequently updated through the January 2003 freeze.
The average base calls with a phred value >40
(Richterich 1998) was 96.5% for the seven BACs. The
BACs were oriented, aligned, and assembled into a
single contig using SequencherTM 4.1. Sequencher-
generated gaps were eliminated by manual align-
ment. The sequence data were imported into a Gene
Construction KitTM 2.0.13 (GCK) file for gene map-
ping and translation of mapped exons. Position Zero
on this map is defined as the transcription start site
from the hepatic promoter of the a1-antitrypsin gene
(PI).

Sequence motifs. The University of Wisconsin
GCG version 10.0 Window program was used to
determine the percentage AT content and the loca-
tions of CpG islands in 100-bp windows shifted in
50-bp steps. The results were graphed by using
Microsoft� Excel 98.

Repetitive elements. Repetitive DNA elements
were mapped using RepeatMasker (http://ftp.
genome.washington.edu/cgi-bin/RepeatMasker). Se-
quence data were submitted in 100-kb segments
with 10-kb overlaps to assist alignment. Repeat-
Masker reports were sorted into text files based on
the different types of repetitive elements. A PERL
script was used to generate a color-coded graphical
representation of LINES, SINES, retrotransposon-
like elements, and fossil DNA/MER2 transposable
elements.

Matrix-attachment regions. Putative MARs
were mapped by using MAR-Wiz 1.0 (http://
www.futuresoft.org/MAR-Wiz/). MAR-Wiz uses six
criteria—AT-richness, kinked DNA, origins of rep-
lication, TG-richness, curved DNA, and topoiso-
merase II recognition sites—to predict matrix
association potential. We submitted unmasked se-
quence data in 100-kb segments with 50-kb overlaps
to assist in alignment. The default settings and rules
for generating matrix association potential were
used. The graphical outputs of the matrix associa-

tion potential were color coded and aligned to form a
single graph in Adobe PhotoshopTM 5.0. The color
coding aided in differentiating the peaks from the
two overlapping graphs. Peaks with matrix associa-
tion potentials >0.6 have generally been considered
MARs.

Gene identification. The unmasked sequence
data were submitted to the ab initio gene identifi-
cation programs GenScan (http://genome.dkfz-
heidelberg.de/cgi-bin/GENSCAN/genscan.cgi) and
FGENES 1.5 (http://searchlauncher.bcm.tmc.edu/
gene-finder/gfb.html) with the standard settings for
human sequences. We obtained text and graphical
outputs indicating the positions and extents of can-
didate genes, their orientations, putative intron-exon
structures, promoters, polyadenylation sites, and
predicted peptide sequences. The positions and ori-
entations of candidate genes were plotted in the
GCK sequence file.

BLAST searches. The predicted peptide se-
quences from the GenScan and FGENES analyses
were submitted to the NCBI BLAST sequence com-
parison algorithms (http://www.ncbi.nlm.nih.gov/
BLAST/) for comparison with the non-redundant
protein sequence database (BLASTP) or with the
DNA sequence database translated in all six reading
frames (TBLASTN), either at the NIH website or
by using the tentative human consensus (THC) da-
tabase at TIGR (http://www.tigr.org/tdb/hgi/index.
html). An advantage of the TIGR database is that
overlapping ESTs have been assembled into single
THC files, which facilitates non-redundant identifi-
cations. We also performed BLAST searches of the
EST database at the NIH. Scores for BLASTP and
TBLASTN analyses of >400 with E-probabilities of
<e–100 for either GenScan or FGENES were initially
considered sufficient for candidate gene assignment.
The scores for the analysis from the TIGR and NCBI
EST databases were generally set at >1000 with
E-values <e–100. The scores and probabilities for the
best hits were tabulated and analyzed. As we pro-
gressed, we noted that candidate genes encoding
short polypeptides or those with regions of low
complexity (repeating units of one to three amino
acids) tended be assigned lower scores. These low-
scoring gene candidates were reexamined by
BLASTN analysis, even if their scores were below
the conservative criteria we set initially, in order to
determine whether the putative gene identification
was plausible. BLAST2 alignments of the contig se-
quences to the GenBank sequences for the best hits
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were made as an additional confirmation of
the identification. We also used BLAST2 to compare
the protein sequence of various serpins with the
another.

The GenBank records were examined to deter-
mine whether additional information was available
indicating the chromosomal location of each candi-
date gene. We submitted the DNA sequence data for
each candidate gene and the GenBank genomic DNA
or cDNA sequence records to BLAST2 for alignment.
Those alignments that generated high scores pro-
vided an additional means for confirming the gene
identification. The promoters, coding sequences, and
poly-adenylation sites were mapped and translated
in the GCK sequence file.

Construction of test plasmids for matrix-bind-
ing assays. Thirty-nine different test DNA frag-
ments from six MAR-Wiz candidate sequences
were amplified by PCR (5 cycles at 94�C for 20 s,
55�C for 30 s, and 72�C for 90 s, followed by 30
cycles at 94�C for 20 s, 68�C for 30 s and 72�C for
110 s) by using sequence specific primers with NcoI,
SalI, or SacII linkers at their 5¢ ends. The sequences
of the primer pairs used for the PCR amplifica-
tions can be found at http://www.fhcrc.org/labs/
fournier/mammalian-genome-supplemental-data/
Primers.html.

Probe #10/11 from the +228–247 kb region was
generated by digesting BAC R-2068J7 with EcoRI and
XhoI, which produced an �6.3-kb fragment con-
taining the #10/11 sequence. The �6.3-kb DNA
fragment was purified, digested with NcoI to gener-
ate an �4.1-kb fragment, which was subcloned as
described below.

The various probe fragments were cut with NcoI,
SalI, or SacII and ligated into the NcoI, SalI, or SacII
sites of one of two pGEM 5fZ(+) plasmids that con-
tained either the 850-bp apoB 3’ MAR or the 4.1-kb
ATR MAR. Isolated test plasmids were digested with
either SalI/NotI (ATR), NcoI/NotI or SacII/NotI
(apoB 3’) to generate three DNA fragments: the
plasmid backbone (negative control), the apoB 3’
MAR or ATR MAR (positive control), and the
specific test fragment from the serpin locus (experi-
mental). These mixtures were end-labeled with
a-[32P]-dCTP and a-[32P]-dATP by using Klenow
polymerase and were used as probes in in vitro MAR
assays.

In vitro MAR assay. Nuclei were isolated from
human HepG2 (hepatocellular carcinoma) cells that
had been grown in 1:1 Ham’s F12/Dulbecco’s mod-
ified Eagle’s medium (F/DV) supplemented with 10%
fetal bovine serum (Gibco). 107 cells were washed

twice with a hypotonic Wash buffer [10 mM Tris-
HCl pH 7.4, 40 mM KCl, 0.25 mM spermidine, 0.1
mM spermine, 1 mM EDTA/KOH pH 7.4, 20 mg/mL
Aprotinin (Sigma), 1% thiodiglycol], resuspended in
homogenization buffer (Wash buffer plus 0.5% Dig-
itonin), and homogenized with approximately 20
strokes in a 15-mL Wheaton Dounce homogenizer
and a tight pestle to liberate the nuclei. The nuclei
were washed twice in homogenization buffer, re-
suspended at 20 OD260nm/ml in freezing buffer (ho-
mogenization buffer containing 50% glycerol), and
stored at –20�C

The in vitro MAR assay utilized histone-de-
pleted nuclear matrices as first reported by Mir-
kovitch et al. [Mirkovitch et al. 1984] and described
in detail in Rollini et al. (1999). Briefly,3 nuclei were
washed twice in Wash buffer, resuspended in 50 lL
of Wash buffer, and stabilized by incubation at
42�C for 20 min. Chromatin proteins were ex-
tracted by incubating the nuclei in high salt buffer
(2 M NaCl, 5 mM HEPES pH 7.4, 0.25 mM spermi-
dine, 2 mM EDTA/KOH pH 7.4, 0.2 mM KC1, and
0.1% digitonin) for 10 min at room temperature.
The DNA ‘‘halos’’ were pelleted by centrifugation
in a microcentrifuge at 10K rpm for 15 min. The
pellet was washed five times in digestion buffer (20
mM Tris-HCl pH 7.4, 20 mM KC1, 70 mM NaCl,5 10
mM MgCl2, 0.125 mM spermidine, 0.05 mM sper-
mine, 20 mM aprotinin, 0.1% digitonin), and incu-
bated with NcoI, SpeI, EcoRI, XhoI, and XbaI for
5–6 h at 37�C. Final concentrations were adjusted
to 20 mM EDTA; 7.5 ng of a-[32P] end-labeled probe
was added to the digested halos; and the hybridi-
zation reaction was incubated at 37�C for 14–16 h.
The supernatant containing digested DNA and the
pellet containing nuclear matrix proteins and as-
sociated DNA were separated by centrifugation,
and proteins were removed by a 3-h incubation at
55�C with proteinase K, followed by phenol/chlo-
roform extraction and ethanol precipitation. Six lg
of supernatant and pellet DNA were separated by
gel electrophoresis, and audoradiography was per-
formed. Each experiment was repeated two to four
times.

Results

Assembly and analysis of the contig. Sequence data
for seven BACs from the HGP contributor, Geno-
scope, were assembled into a single contig by using
DNA Sequencher 4.1TM. Computer-generated misa-
lignments were eliminated by manual alignment. Of
the assembled 1,009,375 bp, 206 bp were unidenti-
fied bases submitted as placeholders in the BACs,
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and 77 bp were uncalled bases owing to sequencing
ambiguities or alignments that could not be cor-
rected manually.

Gene content. The assembled sequence was an-
alyzed in silico to map simple sequence motifs, re-
petitive DNA elements, and matrix-attachment
regions (MARs), and the ab initio gene prediction
programs GenScan and FGENES were used to deter-
mine the locations and coding potentials of candi-
date genes (Burge and Karlin 1997; Murakami and
Takagi 1998; Salamov & Solovyev 2000). A detailed
map of the region can be found at http://www.fhcrc.
org/labs/fournier/mammalian-genome-supplemen-
tal-data/Figure_1.html; a simplified version of this
map showing coding sequences and putative matrix-
attachment regions is presented in Fig. 1. Initially,
FGENES identified 76 potential genes, and GenScan
identified 33 potential genes in the 1-Mb interval
(http://www.fhcrc.org/labs/fournier/mammalian-
genome-supplemental-data/Table_1.html)6 We com-

pared these candidate sequences with known genes
in the public databases by using BLASTP and
TBLASTN, and with those in the TIGR human EST
database. This analysis resulted in the identification
of 13 genes from the GenScan predictions and 14
genes from the FGENES predictions that were highly
related to known gene sequences. All of these genes
were identified by both gene prediction programs, but
FGENES correctly scored the a1-antitrypsin (PI) gene
and the linked ATR pseudogene as separate hits,
while GenScan fused the two sequences into a single
transcription unit. All six known serpin genes in the
region were identified by both GenScan and FGENES.
Thirteen of the 14 candidate genes had been assigned
previously to human Chr 14, including the recently
identified centerin and protein Z-dependent protease
inhibitor genes [Rasmussen et al. 1993; Zhao et al.
2000; Nagase et al. 2000; Rollini & Fournier 1997a;
Blum et al. 1994; Billingsley et al. 1993; Han et al.
1999, 2000; Frazer et al. 2000]. Candidate FGENES16/
GenScanI was highly homologous to the laminin

Fig. 1. Sequence annotation of the 14q32.1 serpin gene cluster and surrounding regions. The illustration displays a l-Mb
sequence contig from distal (left) to proximal. Position zero on the map is defined as the transcription start site from the
hepatic promoter of the a1-antitrypsin gene. Genes are denoted by light grey arrows, which indicate their transcriptional
orientations. MAR-wiz-predicted matrix attachment regions are indicated by dark grey bars; the heights and widths of the
bars indicate the MAR-wiz potential score and size of the putative MARs. A more detailed version of this map can be
found at http://www.fhcrc.org/labs/fournier/mammalian-genome-supplemental-data/Figure_l.html.
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receptor-1 gene, which is located on human Chr 3.
However, the 14q32.1 genomic sequence comprised a
single exon with a poly(A)-tract at its 3¢ end; thus, it
appears to be a member of the previously described
family of processed laminin receptor pseudogenes
(Jackers et al. 1996).

To determine whether any other candidate se-
quences might represent bona fide human genes, we
searched for additional candidates that had been
identified by both gene identification programs.
Only five genes among the remaining candidates
fulfilled this criterion. Three of these sequences
exhibited homology to known serpin genes.
FGENES24/GenScanM was homologous to the hu-
man kallistatin (KAL) gene, which is located �70 kb
more proximal on 14q32.1. This KAL-like sequence
was �16 kb downstream of AACT, and it was in the
same transcriptional orientation. Transcripts from
the KAL-like sequence have been detected in human
liver RNA (data not shown). Two other putative
serpin genes were located in the 170-kb interval be-
tween the distal and proximal serpin subclusters.
These candidate genes, FGENES37/GenScanR and
FGENES41/GenScanT, were homologous to the a1-
antiproteinase genes of several vertebrate species.
Recently, a cDNA clone of FGENES37/GenScanR
was isolated and designated visceral adipose-specific
serpin (vaspin)7 (Strausberg et al. 2002). A cDNA
clone for FGENES41/GenScanT has been designated
BX248259 (http://www.genoscope.cns.fr/). The re-
maining two candidate genes (FGENES62/GenS-
canBB and FGENES64/GenScanCC) encode human
THL29 and pIFI27, respectively.

Thus, the human serpin gene cluster at 14q32.1
contains 11 different serpin genes in a genomic in-
terval that extends from map positions )259 kb to
+106 kb, and there are no non-serpin genes in this
interval (Fig. 1). The �270-kb region distal to the
serpin gene cluster contains only two genes, Goose-
coid (GSC) and a laminin receptor-1 pseudogene. In
contrast, the �370-kb region proximal to the serpin
cluster is relatively gene rich: it contains six different
human genes, including the �110-kb KIAA1622
transcription unit, THL29, pIFI27, DDX24 (a DEAD/
H box-containing protein), AK025569, and ASB2. Our
observations coincide with the HGP and Genoscope
databases for this region.

Simple sequence motifs. The average AT con-
tent of the region was 54.7%, although there
were variations over the length of the contig.
Most notably, the region around GSC ()385 to )375
kb) was relatively AT-poor (39.9% AT), whereas the
entire KIAA1622 transcription unit (+110 to +210 kb)
was relatively AT-rich (64.3% AT). CpG islands were
located upstream of GSC (�)380 kb) and KIAA1622
(�+215 kb) and between the interferon a-inducible
p27 gene and DDX24 (�+310 kb). There were also
small CpG-enriched regions within AK025569
(�+362 kb) and AL137735 (�+453 kb), as shown in
detail at http://www.fhcrc.org/labs/fournier/mam-
malian-genome-supplemental-data/Figure_l.html.

Repetitive elements. Interspersed repetitive
DNA elements make up �40% of the human ge-
nome [Heilig et al. 2003]. We mapped LINES, SINES,

Fig. 2. Matrix-binding activities of DNA fragments in and around a putative MAR at +88 kb. Panel A. Matrix-binding
potential for the +88 kb region as calculated by MAR-Wiz; a peak with a matrix-binding potential of �0.75 is located at +88
kb. The six numbered boxes below the graph represent DNA fragments that were isolated and tested for matrix-binding
activity in vitro; + indicates matrix association and – indicates no matrix association as assessed by the nuclear matrix-
binding assays shown in Panel C. The boxes below the map represent repetitive DNA elements: LTR elements are shown
in light grey, LINEs and SINES are shown in dark grey. A color version of this figure can be found at http://www.fhcrc.org/
labs/fournier/mammalian-genome-supplemental-data/Figure_2.html. Panel B. The six sequence motif rules used by
MAR-WIZ to calculate matrix binding potentials, and the locations of specific motifs within the +88 kb region: Ori =
origin of replication motif, TG = TG-rich region, Kinked = kinked DNA motif, Curved = curved DNA motif, AT = AT-rich
region, and Topo II = topoisomerase II consensus site. Each hatch-mark represents one rule match. Panel C. In vitro MAR
assay. Genomic DNA fragments from the +88 kb region were amplified by PCR and subcloned into a plasmid vector that
contained either the apoB 3’ MAR (fragments 3 and 5) or the ATR MAR (fragments 1, 2, 4, and 6) as described in Materials
and methods. Isolated test plasmids were digested with restriction enzymes that liberated the plasmid backbone (negative
control), the apoB 3’ MAR or ATR MAR (positive control), and the genomic test fragment (experimental). These mixtures
were end-labeled with a-[32P]-dCTP and a-[32P]-dATP and incubated with histone-depleted nuclear matrices as described
(Rollini et al. 1999). The partitioning of specific DNA fragments into matrix-associated (P, pellet) and non-associated (S,
supernatant) fractions was assessed after centrifugation, and specific DNA fragments in each fraction were identified by
electrophoresis and autoradiography. The autoradiograph shows the partitioning of DNA fragments 1 through 6 in total
DNA (T), supernatant (S), and pellet (P) fractions. The positive controls for matrix-association are either the 4.1-kb ATR
MAR. indicated by an arrow on the left side of the figure, or the 0.85-kb apo B 3’ MAR, labeled with a white cross on the
figure itself. The negative control is the plasmid DNA vector (pDK101). Specific enrichment of fragment 4, but not other
test fragments, in the pellet fraction was observed.
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retrotransposon-related elements, and DNA-type
repetitive elements using RepeatMasker (http://
ftp.genome.washington.edu/cgi-bin/RepeatMasker).
Repetitive DNA elements were distributed
throughout the 1-Mb region, but the coding regions
of many genes in the interval were largely devoid of
repeats. Interestingly, the distal half of the region
was relatively rich in SINEs, but poor in LINEs, and
the LINEs that did occur in this genomic segment
were generally only �1-2 kb. Conversely, the proxi-
mal half of the contig contained many LINEs of 5–10
kb (http://www.fhcrc.org/labs/fournier/mammalian-
genome-supplemental-data/Figure_1.html).

Matrix-attachment regions. Matrix-attachment
regions (MARs) are DNA sequences that are defined
by their abilities to bind to nuclear matrix prepara-
tions in vitro (Mirkovitch et al. 1984; Cockerill and
Garrard 1986; Izaurralde et al. 1988) MARs are gen-
erally found in intergenic regions, suggesting that
they may function to organize eukaryotic chromatin
into individual loops or domains (Gasser and Laem-
mli 1986; Phi-Van and Stratling 1996; Kellum and
Elgin 1998). As such, MARs may provide insight into
the chromatin domain organization of large genomic
regions.

We used MAR-Wiz (http://www.futuresoft.org/
MAR-Wiz/) to identify elements with putative ma-
trix-binding potential in the 1-Mb region. MAR-Wiz
identified 27 different elements with matrix-binding
potentials >0.6 (Fig. 1). Sixteen of these putative
MARs were identified in both overlays, but 11 scored
>0.6 in only one trace. This indicates that the ma-
trix-binding potentials calculated by MAR-Wiz are
sequence context-dependent; that is, the values are
calculated relative to other sequences in the 100-kb
window.

The pattern of matrix-binding potential across
the 1-Mb region varied considerably (Fig. 1 and
http://www.fhcrc.org/labs/fournier/mammalian-ge-
nome-supplemental-data/Figure_1.html). The distal
half of the contig, which contained few genes, dis-
played discrete peaks of high matrix-binding poten-

tial separated by long stretches of DNA with little or
no predicted matrix-binding activity. These inter-
MAR segments varied in length from �20 kb to
�100 kb. Some of the inter-MAR segments were
apparently gene free; for example, the three small
segments (�18, 27, and 18 kb, respectively) at the
distal end of the contig did not contain any genes
(Fig. 1). Other inter-MAR segments contained only a
single gene, for example, the )413 to )342 kb region,
which contained GSC. Other segments contained
multiple human genes.

The proximal part of the 1-Mb segment con-
tained an �160-kb region just downstream of ATR
that was rich in matrix-binding potential. This was
by far the highest concentration of potential matrix-
binding elements in the 1-Mb region, with peaks of
matrix-binding activity occurring both within and
between genes (Fig. 1). This region was relatively
AT-rich. Further proximal on the chromosome (+280
to +340 kb), another �60-kb gene-rich region with
high matrix-binding potential was encountered. In
both of these regions an increase in matrix-binding
potential was correlated with an increase in gene
density.

Two different kinds of tests were performed to
determine whether the DNA elements identified by
MAR-Wiz corresponded to bona fide matrix-
attachment regions. First, we analyzed MAR-Wiz
predictions within the proximal serpin subcluster,
which has been mapped for nuclear matrix-binding
activity in detail (Rollini et al. 1999). Second,
we tested MAR-Wiz candidate sequences from
throughout the interval for matrix-binding activity
in vitro.

Matrix-attachment regions in the proximal
serpin subcluster. DNA sequences in the proximal
serpin subcluster between -20 and +83 kb have been
assayed for nuclear matrix-binding activity in vitro
using three different assays (Rollini et al. 1999). This
region contains five MARs that are matrix-associated
in both hepatic and non-hepatic cells (Rollini et al.
1999). Therefore, we examined MAR-Wiz predictions
for this region.

Fig. 3. Matrix-binding activities of DNA fragments in and around a putative MAR at +109 kb. Panel A. Matrix-binding
potential for the +109-kb region as calculated by MAR-Wiz; a peak with a matrix-binding potential of �0.75 is located at
+109 kb. The seven numbered boxes below the graph represent DNA fragments that were isolated and tested for matrix-
binding activity. The remainder of the Panel A is organized as described in the legend to Fig. 2. Repetitive elements within
fragments 1–7 were either DNA-type repeats (medium grey) or SINES (dark grey). A color version of this figure can be
found at http://www.fhcrc.org/labs/fournier/mammalian-genome-supplemental-data/Figure_3.html. Panel B. Sequence
motifs used by MAR-WIZ to calculate matrix-binding potentials, and the locations of specific motifs within the +109-kb
region, as described in the legend to Fig. 2. Panel C. In vitro MAR assay. Matrix-binding activity of DNA fragments 1–7
was assessed as described in the legend to Fig. 2. Fragments 4, 5, and 6 displayed nuclear matrix-binding activity.
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The a1AT MAR is an �2-kb element located
�16 kb upstream of the a1AT gene. This MAR is
composed of �85% repetitive DNA of the LTR ret-
rotransposon type, and it is highly AT-rich (�75%
AT) (Rollini 1999). MAR-Wiz correctly identified the
a1AT MAR as an element with high (�0.9) matrix-
binding potential (Fig. 1).

The CBG promoter MAR (CBGp MAR) is an
�1-kb element just upstream of the CBG gene that is
composed of �90% repetitive DNA. About one-third
of this element is composed of AT-poor SINE se-
quences (�45% AT), and the remainder of the ele-
ment consists of AT-rich LINE sequences (�75%
AT). This element was recognized by MAR-Wiz as
an element with significant matrix-binding potential
(�0.8) in one of the two traces.

The other three MARs in the proximal serpin
subcluster are relatively large elements with strong
matrix-binding activity in vitro (Rollini et al. 1999).
The ATR MAR is an �4-kb element downstream of
ATR; the CBG 5¢ MAR is a large (�8-kb) matrix-
binding sequence between ATR and CBG, and the
CBG intron MAR (CBGi MAR) is an �5-kb MAR in
CBG intron I (Rollini et al., 1999 and Fig. 1). All of
these elements are composed of AT-rich repetitive
DNA. Although MAR-Wiz indicated that each of
these MARs possessed some matrix-binding poten-
tial, none of them scored >0.6, the value generally
used to identify matrix-binding elements. As such,
these three elements were not scored as MARs by
the MAR-Wiz algorithm. Therefore, analysis of five
previously identified MARs in the serpin locus
indicates that MAR-Wiz generally underestimates
the matrix-binding potential of human DNA
sequences.

Matrix-binding potentials of MAR-Wiz candi-
date sequences. As a further test of the algorithm,
we tested MAR-Wiz candidate sequences for ma-
trix-binding activity in vitro, using a well-estab-
lished biochemical assay (Mirkovitch et al. 1984;
Rollini et al. 1999). To do this, DNA fragments
(0.5–2.0 kb) corresponding to sequences in and
around various peaks of matrix-binding potential, as

assessed by MAR-Wiz, were generated by PCR
amplification. The test fragments were subcloned
into plasmid vectors containing a bona fide
MAR—either the �850-bp apoB 3¢ MAR (Levy-
Wilson and Fortier 1989) or the �4-kb ATR MAR
(Rollini et al. 1999). Isolated plasmid subclones
were digested with restriction enzymes that liber-
ated the plasmid backbone (negative control), the
apoB or ATR MAR (positive control), and the test
sequence. This mixture of DNA fragments was
labeled and incubated with restriction-digested, hi-
stone-depleted nuclear matrices. The matrix-asso-
ciation of the various DNA fragments was assessed
after centrifugation of the mixtures into superna-
tant (non-associated) and pellet (matrix-associated)
fractions.

Figure 2 shows the results of such an analysis
for DNA sequences from a putative matrix-binding
element in the proximal serpin sub-cluster at +88
kb, between CBG and ZPI (Fig. 1). Six different
DNA fragments, representing �8 kb of sequence
between +84 and +92 kb, were isolated and tested
(Fig. 2A). Only one fragment, fragment 4, displayed
matrix-binding activity (Fig. 2C). This repetitive
element-rich DNA fragment (�50% repetitive DN)
corresponded to a region that MAR-Wiz predicted to
have a matrix-binding potential of 0.75 (Fig. 2A).
The six rules that MAR-Wiz uses to calculate MAR-
binding potentials of test DNA sequences are shown
in Fig. 2B. Each hatch mark represents one match
with the rule set. Fragment 4 had significantly more
matches for the replication origin and AT-richness
rules than adjacent DNA fragments. Thus, the
MAR-Wiz prediction that the sequence located at
+88 kb has matrix-binding activity, but surrounding
DNA fragments do not, was verified by in vitro
assays.

Another putative MAR in the proximal serpin
subcluster was located at �+109 kb, just down-
stream of ZPI (Fig. 1). Seven different DNA frag-
ments from this region, representing �8 kb of
sequence between +104 and +112 kb, were generated
and tested for matrix-binding activity (Fig. 3A).
These included major and minor peaks with matrix-

Fig. 4. Matrix-binding activities of DNA fragments in and around a putative MAR at –143 kb. Panel A. Matrix-binding
potential for the –143 kb region as calculated by MAR-Wiz; a peak with a matrix-binding potential of �75 is located at
–143 kb. The four numbered boxes below the graph represent DNA fragments that were isolated and tested for matrix-
binding activity. The remainder of the Panel A is organized as described in the legend to Fig. 2. Repetitive elements in the
region included LTR elements (light grey), DNA-type repeats (medium grey), and LINES and SINES (dark grey). A color
version of this figure can be found at http://www.fhcrc.org/labs/fournier/mammalian-genome-supplemental-data/Fig-
ure_4.html. Panel B. Sequence motifs used by MAR-WIZ to calculate matrix-binding potentials, and the locations of
specific motifs within the –143-kb region, as described in the legend to Fig. 2. Panel C. In vitro MAR assay. Matrix-binding
activity of DNA fragments 1–4 was assessed as described in the legend to Fig. 2. Fragment 2 displayed nuclear matrix-
binding activity.
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binding potentials of 0.75 and 0.40, respectively.
Three of the seven DNA fragments had significant
matrix-binding activities in vitro (Fig. 3C); these
contiguous DNA fragments coincided with the ma-
jor peak of matrix-binding potential predicted by
MAR-Wiz (Fig. 3A). Fragment 1, which represented
sequences from the minor peak of matrix-binding
potential, did not display matrix-binding activity in
vitro. Thus, these data define an �4-kb MAR be-
tween the most proximal serpin gene in the cluster,
ZPI, and its immediately adjacent non-serpin
neighbor, KIAA1622 (Fig. 1). This AT-rich MAR
(66%) has a high density of sequences related to
replication origins (Fig. 3B). However, this DNA
segment is largely devoid of mid-repetitive DNA
(Fig. 3A), a property that distinguishes the +109-kb
MAR from all other matrix-binding elements in the
region. Another unusual feature of this MAR is that
it contains the terminal exon and 3¢UTR of
KIAA1622. The presence of transcribed sequences
within a matrix-attachment region has been de-
scribed previously (Broeker et al. 1996).

MAR-Wiz predicted the existence of two MARs
between the central and distal serpin subclusters
(Fig. 1). One of these elements, at )143 kb, had a
large peak with significant (�0.7) matrix-binding
potential, plus two smaller peaks with matrix-bind-
ing potentials of �0.3 (Fig. 4A). Four DNA fragments
from this region were tested for matrix-binding ac-
tivity, and only one fragment, fragment 2, displayed
matrix-binding activity in vitro (Fig. 4C). This DNA
fragment corresponded to the large peak of matrix-
binding potential identified by MAR-Wiz (Fig. 4A).
The smaller peaks of matrix-binding potential did
not bind to nuclear matrices in vitro. This MAR was
composed primarily of MER1 DNA-type repetitive
sequences, and it had a significantly greater number
of replication origin consensus sequences and AT-
richness rule matches than adjacent DNA sequences
(Fig. 4B). Thus, MAR-Wiz accurately predicted the
matrix-binding potentials of DNA fragments in the
)143 kb region.

That was not the case in the region around )277
kb, another region that consisted of a large peak with
high (�0.8) matrix-binding potential and a smaller
peak with lower (�0.3) matrix-binding potential (Fig.
5A). Nine different DNA fragments from this �9-kb
region were isolated and tested for matrix-binding
activity in vitro. Two of these fragments, fragments
2 and 6, displayed strong matrix-binding activity in
vitro (Fig. 5C). Fragment 6 corresponded to the large
peak of matrix-binding potential identified by MAR
Wiz (Fig. 5A). Fragment 2 corresponded to the
shoulder peak, a DNA segment �2 kb away from
fragment 6, that had a matrix-binding potential of
only �0.3. However, fragment 2 displayed strong
matrix-binding activity in vitro (Fig. 5C). Thus,
MAR-Wiz failed to identify this bona fide matrix-
associated region. None of the DNA fragments be-
tween fragments 2 and 6 displayed matrix-binding
activity in vitro. The two matrix-binding elements
in this region had high densities of AT-richness rule
matches, but fragment 6 had a higher number of
replication origins (Fig. 5B). Both of these matrix-
binding regions were rich in repetitive element
DNA: �50% of fragment 2 consisted of LINE 1 and
MER1 DNA, whereas fragment 6 was composed
exclusively of repetitive DNA—�92% DNA-type
elements (AcHobo) and �7% Alu DNA (Fig. 5A).

Most of the MARs in the serpin cluster identified
in this and a previous (Rollini et al., 1999) report
consisted largely of mid-repetitive DNA. The seven
MARs in the proximal serpin cluster are particularly
enriched for LINE and SINE sequences (Fig. 1). To
determine whether a large, uninterrupted block of
LINE sequence was sufficient for matrix-binding ac-
tivity, we tested �7 kb of sequence at )69 kb for
matrix-binding activity (Fig. 6A). This region in-
cluded an �4-kb segment of uninterrupted LINE se-
quence with a peak of matrix-binding potential of
0.4–0.5, values like those of the ATR, CBG 5¢, and
CBGi MARs, which were MAR-Wiz false negatives.
However, none of the six DNA fragments from this
region displayed matrix-binding activity in vitro

Fig. 5. Martix-binding activities of DNA fragments in and around a putative MAR at –277 kb. Panel A. Matrix-binding
potential for the –277-kb region as calculated by MAR-Wiz; a peak with a matrix binding potential of �0.75 is located at
–277 kb. The nine numbered boxes below the graph represent DNA fragments that were isolated and tested for matrix-
binding activity. The remainder of the Panel A is organized as described in the legend to Fig. 2. Repetitive elements in the
region included an LTR element in fragment 8 (light grey), DNA-type repeats in fragments 3 and 6 (medium grey), and
LINES and SINES in other fragments (dark grey). A color version of this figure can be found at http://www.fhcrc.org/labs/
fournier/mammalisn-genome-supplemental-data/Figure_5.html. Panel B. Sequence motifs used by MAR-WIZ to calculate
matrix-binding potentials, and the locations of specific motifs within the –277 kb region, as described in the legend to
Fig. 2. Panel C. In vitro MAR assay. Matrix-binding activity of DNA fragments 1–9 was assessed as described in the legend
to Fig. 2. Fragments 2 and 6 displayed nuclear matrix-binding activity, but other DNA fragments in the region did not.
Note that matrix-binding fragment 2 was assigned a matrix-binding potential of only �0.3 by MAR-Wiz, well below the
threshold for putative MARs as assessed by the algorithm.

c

172 S.J. NAMCIU ET AL.: SERPIN LOCUS ORGANIZATION



Fig. 5.

S.J. NAMCIU ET AL.: SERPIN LOCUS ORGANIZATION 173



(Fig. 6C), so LINE sequences per se do not confer
matrix-binding activity. One notable difference be-
tween DNA sequences at )69 kb and the other pu-
tative MARs in the region is the number of AT-
richness rule matches. The –69 kb sequence had very
few AT-rule matches compared with MARs located
at +88, +109, )143, and )277 kb (Figs. 2B, 3B,
4B, 5B, and 6B).

Finally, a putative MAR located proximal of
KIAA1622 (+243 kb) had an unusual sequence com-
position: it did not consist of mid-repetitive DNA,
but was dense with Alu elements and simple se-
quence repeats. Interestingly, this putative MAR was
assigned the second highest score for matrix-binding
potential among the 27 sequences identified by MAR-
Wiz. This was likely owing to the presence of two
blocks of sequence that contained extremely high
densities of AT-richness, Topo II, curved DNA, and
origin-of-replication consensus motifs (Fig. 7B). The
larger (�250-bp) block of sequence was �96% AT,
whereas a smaller (�110-bp) block, �900 distal, was
�98% AT. We divided the �20-kb region between
+228 and +248 kb into 11 DNA fragments and tested
each fragment for matrix-binding activity in vitro
(Fig. 7A). None of these DNA fragments had matrix-
binding activity (Fig. 7C). Thus, MAR-Wiz predic-
tions include both false negatives and false positives.

Discussion

The regulation of gene expression in specialized cells
is a fundamental biological process, and mechanisms
that control cell type-specific gene expression are
intimately related to distinct ways of organizing the
genome, at the level of chromatin, in different cell
types. These regulatory processes often involve con-
trols that affect genomic intervals that are hundreds
of kilobases in length. It seems clear, then, that un-
derstanding the mechanisms that regulate gene ex-
pression and chromatin structure in mammalian
cells will require that we are able to manipulate and
analyze large genomic regions. Our approach to
this problem has been to study the regulation of hu-
man chromosomal loci that have been modified
specifically by targeted mutagenesis8 (Dieken, 1996),
and the serpin gene cluster at 14q32.1 has been a
useful model system for this analysis (Marsden &
Fournier 2003)

Previously, the 14q32.1 serpin gene cluster was
shown to comprise an �370-kb region that included
six different serpin genes (Rollini & Fournier 1997a;
Rollini & Fournier 1997b; Billingsley et al. l993)
Sequence annotation of the region indicates that the
locus is actually considerably more complex. Our

analysis of the 14q32.1 region indicates that there are
actually 11 different serpin gene sequences in the
interval, and a number of non-serpin sequences of
unrelated function are located both proximally and
distally. This genomic organization correlates well
with that described in the January 2003 version of the
Genoscope map (Heilig et al. 2003) and the November
2002 version of the UCSC Genome Browser map
(Kent et al. 2002). There are, however, some differ-
ences in detail. For example, the KAL-like sequence
in the distal subcluster is described as a pseudogene in
the HGP map, but it appears to be transcribed in hu-
man liver (unpublished). From the perspective of
serpin gene regulation, however, perhaps the most
important conclusions from these studies are the
identification of three subclusters within the serpin
locus and the clear organization of the region into
serpin and non-serpin segments. It will interesting to
determine whether this organization is reflected in
the chromatin structure of the locus as established by
structural and functional tests.

One aspect of chromatin structure whose contri-
bution to domain organization has yet to be estab-
lished is the nuclear matrix association of specific
DNA sequences. To begin to address this issue, we
mapped putative matrix-attachment regions in the
interval using the MAR-Wiz algorithm (Singh et al.
1997). MAR-Wiz identified 27 putative MARs in the
region, but the distributions of matrix-binding pot-
entials in the distal and proximal halves of the contig
were strikingly different. The distal half of the contig
contained 10 putative MARs separated by genomic
DNA segments with little or no MAR activity. These
inter-MAR segments were generally �20–100 kb, in
accord with previous estimates [Paulson and Laemmli
1977). In contrast, the proximal half of the contig
contained 17 putative MARs, 10 of which were within
genes. Most of these MARs were located in introns,
but four of them contained KIAA1622 exons. This
observation is in contrast to the usual assertion that
MARs commonly lie in intergenic DNA segments.

To determine the extent to which MAR-Wiz
predictions reflect the true matrix-binding activities
of specific DNA sequences, we compared the matrix-
binding potentials of MAR-Wiz candidate sequences
with their matrix-binding activities in vitro. Only
two of five MARs previously identified in the prox-
imal serpin subcluster (Rollini et al. 1999) were
correctly identified by MAR-Wiz. This finding is in
agreement with a previous study that suggested that
MAR-Wiz underestimates matrix-binding activity
(Glazko et al. 2001) Furthermore, we tested various
MAR-Wiz candidate sequences for matrix-binding
activity in vitro. Five of seven MAR-Wiz predictions
tested were accurate, but we identified one false-
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Fig. 6. Matrix-binding activities of DNA fragments in the region of a LINE sequence at –69 kb. Panel A. Matrix-binding
potential for the –69 kb region as calculated by MAR-Wiz; no matrix-binding potential >0.5 was predicted for this region.
The five numbered boxes below the graph represent DNA fragments that were isolated and tested for matrix-binding
activity. The remainder of the Panel A is organized as described in the legend to Fig. 2. A large LINE sequence (dark grey)
was present in fragments 5 and 6. A color version of this figure can be found at http://www.fhcrc.org/labs/fournier/
mammalian-genome-supplemental-daia/Figure_6.html. Panel B. Sequence motifs used by MAR-WIZ to calculate matrix
binding potentials, and the locations of specific motifs within the –69-kb region, as described in the legend to Fig. 2. Panel
C. In vitro MAR assay. Matrix-binding activity of DNA fragments 1–3 and 5–6 was assessed as described in the legend to
Fig. 2. None of the DNA fragments displayed matrix-binding activity.
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Fig. 7. Matrix-binding activities of DNA fragments in and around a putative MAR at +243 kb. Panel A. Matrix-binding
potential for the +243-kb region as calculated by MAR-Wiz. A peak with a matrix-binding potential of �0.9 is located at
+243 kb; this was the second-highest peak of matrix-binding potential in the entire �1-Mb region. The 11 numbered boxes
below the graph represent DNA fragments that were isolated and tested for matrix-binding activity. The remainder of the
Panel A is organized as described in the legend to Fig. 2. Repetitive elements to the region included LTR elements (light
grey), DNA-type repeats (medium grey), and LINES and SINES (dark grey). A color version of this figure can be found at
http://www.fhcrc.org/1abs/fournier/mammalian-genome-supplemental-data/Figure_7.html. Panel B. Sequence motifs
used by MAR-WIZ to calculate matrix-binding potentials, and the locations of specific motifs within the +243-kb region,
as described in the legend to Fig. 2. Panel C. In vitro MAR assay. Matrix-binding activity of DNA fragments 1–11 was
assessed as described in the legend to Fig. 2. None of the DNA fragments displayed matrix-binding activity. Note that
fragment 10, assigned a matrix-binding potential of �0.9 by MAR-Wiz, did not display matrix-binding activity in vitro.
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negative and one false-positive among the test se-
quences. On incorporation of results from the anal-
yses of bona fide MARs in the proximal subcluster,
the overall success rate of MAR-Wiz was 7 of 12
sequences tested, with four false-negatives and one
false-positive. It will be important to test many more
putative matrix-binding elements for matrix-binding
activity in vitro to establish the generality of these
observations. Nonetheless, it seems clear that, al-
though MAR-Wiz is a useful tool for the in silico
analysis of matrix-binding potential, in vitro assays
are required to establish the true matrix-binding ac-
tivities of specific DNA sequences.

DNA and chromatin maps of the 14q32.1 serpin
gene cluster form an important conceptual frame-
work for functional studies of the locus. The maps
described in this report should further enhance our
ability to dissect regulation within the serpin locus
with molecular and genetic tests.
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