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Most serpins are associated with protease inhibition, and

their ability to form loop–sheet polymers is linked to

conformational disease and the human serpinopathies.

Here we describe the structural and functional dissection

of how a unique serpin, the non-histone architectural

protein, MENT (Myeloid and Erythroid Nuclear

Termination stage-specific protein), participates in DNA

and chromatin condensation. Our data suggest that MENT

contains at least two distinct DNA-binding sites, consistent

with its simultaneous binding to the two closely juxta-

posed linker DNA segments on a nucleosome. Remarkably,

our studies suggest that the reactive centre loop, a region

of the MENT molecule essential for chromatin bridging

in vivo and in vitro, is able to mediate formation of a loop–

sheet oligomer. These data provide mechanistic insight

into chromatin compaction by a non-histone architectural

protein and suggest how the structural plasticity of serpins

has adapted to mediate physiological, rather than patho-

genic, loop–sheet linkages.
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Introduction

In eukaryotes, DNA is repeatedly coiled around histone

octamers to form nucleosomes (Richmond and Davey,

2003). The nucleosome zig-zag arrays fold into 30 nm higher

order fibres (Schalch et al, 2005). The arrays and fibres are

referred to as primary and secondary levels of chromatin

folding, respectively. In the nucleus, the chromatin fibres

are further folded by histone and non-histone architectural

proteins to form more compact structures that are associated

with tertiary, quaternary and higher levels of compaction

(Woodcock and Dimitrov, 2001; Luger and Hansen, 2005).

Although very little is known about chromatin organization

at these higher levels of compaction, the structural transitions

at this level play a crucial role in controlling transcriptional

activity and genetic regulation.

Previous biochemical and ultrastructural analysis have

shown that several chromatin architectural proteins such as

linker histone H5 (Weintraub, 1984); SIR3 (Georgel et al,

2001), MeCP2 (Georgel et al, 2003) and the Myeloid and

Erythroid Nuclear Termination stage-specific protein (MENT)

(Grigoryev et al, 1999) are able to support a compact chro-

matin higher order structure via protein bridges connecting

separate chromatin fibres. Biochemical and biophysical stu-

dies suggested that MENT mediates chromatin compaction

by promoting tight intra-fibre folding of nucleosome arrays

and, independently, inter-fibre nucleosome bridging

(Springhetti et al, 2003).

Remarkably, the chromatin architectural protein MENT

is a member of the serpin superfamily (Silverman et al,

2001). Alongside its ability to condense chromatin, MENT

is an effective inhibitor of cathepsin L (Irving et al, 2002),

a cysteine protease residing in lysosomes and the nucleus

(Goulet et al, 2004). Inhibitory serpins are metastable mole-

cules that utilize a dramatic conformational rearrangement

termed the stressed to relaxed (S to R) transition to inhibit

target enzymes. Upon interaction with a protease, the reac-

tive centre loop (RCL), an exposed region in the native

molecule, is cleaved and inserts into the centre of a large

central b-sheet (the A-sheet) to form an additional b-strand.

Throughout the S to R transition, the protease remains

attached to the RCL via a covalent linkage and, in the final

serpin–enzyme complex, the protease is trapped in a dis-

torted inactive conformation (Huntington et al, 2000). As

a result of this complex mechanism of inhibition, serpins

are vulnerable to inactivating mutations that promote inappro-

priate conformational change and the formation of inter-

molecular loop–sheet linked polymers (Lomas et al, 1992).

In vivo, the RCL sequence of MENT has been demonstrated

to be essential for proper MENT-mediated chromatin compac-

tion and controlling cell proliferation (Irving et al, 2002).

Electron microscopy studies using purified nucleosome

arrays and a non-inhibitory mutant of MENT revealed that
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the sequence and conformation of the RCL is crucial for

chromatin bridging (Springhetti et al, 2003). Although RCL-

mediated serpin polymerization is usually associated with

disease (Lomas et al, 1992), the ability of serpins to form

loop–sheet linkages suggested a possible mechanism of

bridging through RCL-mediated contacts.

In this study, we have determined the X-ray crystal struc-

ture of the serpin MENT and describe how the molecule

interacts with DNA and its location within nucleosome

arrays. We also show that polymerization of MENT is likely

to play a role in the physiological process of chromatin

condensation.

Results

The X-ray crystal structure of native MENT reveals

partial insertion of the RCL

We have determined the 2.7 Å crystal structure of native wild-

type protein (MENTWT; Figure 1A and Supplementary Table

1). The molecule adopts a a/b fold and comprises three

b-sheets (the five-stranded sheet (A), six-stranded sheet (B)

and four-stranded sheet (C)) surrounded by nine a-helices

(hA–hI; Figure 1A). b-Sheet hydrogen bonding between the

fifth (s5A) and the sixth (s6A) strand of the A-sheet is

disrupted in the centre, splitting s6A in two (Figure 1A). No

electron density was observed for the majority of residues in

the M-loop including the AT-hook motif, consistent with the

flexible nature of this motif (Aravind and Landsman, 1998).

The RCL is exposed and links the top of strand s4A with

strand s1C of the four-stranded C b-sheet. Notably, the

structure reveals that two residues of the RCL (P15–P14

(P1/P10nomenclature described by Schechter and Berger,

1968)) are partially inserted into the A b-sheet (Figure 1A).

The partial insertion is similar to that observed in the human

serpins antithrombin and heparin cofactor II, both of which

undergo cofactor-dependent conformational change and acti-

vation against protease targets (Jin et al, 1997; Baglin et al,

2002).

Given the partial insertion of the RCL in the native struc-

ture, we investigated whether DNA was able to induce a

conformational change in MENT or affect the inhibitory

activity of the molecule. Our data reveal that DNA binding

did not induce a change in tryptophan fluorescence in MENT

consistent with RCL expulsion (Supplementary Figure 1) and

had no effect on the inhibitory kinetics against cathepsin L

(Supplementary Figure 1). Together, these data suggest that

DNA is not able to induce RCL expulsion or substantially alter

the conformation of the RCL of MENT.

Identification of DNA-binding sites on MENT

MENT is a basic molecule (pI¼ 9.2) capable of binding

and condensing DNA in a non-sequence-specific manner

(Springhetti et al, 2003). The electrostatic potential surface

of native MENT reveals a large (B20 Å diameter) positively

charged patch centred on and around the D- (K99, K107 and

R109) and E-helices (K137 and K138; Figure 1A and B),

suggesting a potential DNA-binding surface. Twelve addi-

tional basic amino acids that contribute to smaller positively

charged patches on the surface of MENT were also identified

(Supplementary Table 2). Collectively, these residues were

mutated to test their contribution to DNA binding by MENT.

The integrity of all the MENT mutants was verified using (1)

far-UV circular dichroism spectroscopy, (2) thermal stability

and (3) inhibitory activity (the association rate constant, kass,

and the stoichiometry of inhibition, SI) (Supplementary Table

2 and data not shown). Serpin inhibitory activity is sensitive

to structural perturbation and all mutant proteins retained

inhibitory activity. The ability of the mutants to interact with

naked DNA was determined by electrophoretic mobility shift

assays (EMSAs) and chromatin association assays and com-

pared to control proteins. In an EMSA, MENTWT binds DNA

with an apparent KD value of 0.67 mM (where KD is defined as

50% of DNA bound—see Materials and methods), whereas

the deleted M-loop mutant (MENTDMloop) has negligible DNA-

binding affinity (KD value in excess of 10mM; Figure 2A and

B). The mutant MENTR78Q contains a substitution of the

conserved arginine in the AT-hook that impairs its ability to

bind DNA (Figure 2A and B) and associate with chromatin

(Figure 2C). These data confirm the essential role of the

AT-hook in chromatin interactions.

The E-helix mutant MENTK138Q was impaired in its ability

to bind DNA (Figure 2A) with a KD value 43 mM (Figure 2B).

In addition, MENTK138Q was unable to condense chromatin

in vitro (Figure 2C). K138 is located at the top of the E-helix,

and points across the face of the neighbouring D-helix

(Figure 1A). In contrast, MENTK137Q was unaffected and

was not investigated further (Supplementary Figure 2).

Two of the single D-helix mutants, MENTK99Q and

MENTK107Q, have the same affinity for DNA as the

wild-type protein (Supplementary Figure 2). In contrast,

MENTR109Q showed a reduced ability to bind DNA and

compact chromatin (Figure 2A–C). Additional effects

were noted when multiple mutations were present

(MENTK107Q,R109Q and MENTK99Q,K107Q,R109Q; Figure 2A–C).

Whereas both MENTK107Q,R109Q and MENTK99Q,K107Q,R109Q

show reduced DNA-binding affinity (KD values of 1.5 and

1.3 mM, respectively; Figure 2B), MENTK99Q,K107Q,R109Q in

particular was also unable to form the large nucleoprotein

species (Figure 2A, band C) identified using MENTWT.

The mutants MENTR214A, MENTR332A and MENTK338A

showed an almost two-fold decrease in DNA/chromatin-

binding affinity: MENTK338A was the most compromised

with a KD value of 1.3 mM (Figure 2D–F). Interestingly,

R332 and K338 are solvent exposed and are located at the

bottom of the molecule, away from the RCL, on the loop

between the I-helix and strand s5A (Figure 1A). Both are in

close proximity (B10 Å) to the visible C-terminal segment

of the M-loop, suggesting that these residues may aid DNA

coordination by the AT-hook motif. In contrast, R214 is

located at the top of the molecule on strand s4C

(Supplementary Figure 3). The residue is solvent exposed;

in native MENTWT, this residue forms a salt bridge with D384

at the N-terminus of strand s1C and D263 on the loop

between strand s3B and the G-helix (Supplementary Figure

3). Three positively charged residues (K217, K265 and K382)

are also located on s3C/s4C. However, mutagenesis revealed

that K217 and K382, which are located B6 Å from R214, are

not important for DNA binding. Thus, while R214 may

directly interact with DNA, we cannot exclude the possibility

that mutation of this residue has altered the structure of the

serpin gate. Collectively, these data suggest that there are at

least two major DNA-binding sites on the surface of MENT,

one on and around the AT-hook and a second centred on a

positively charged patch encompassing the D- and E-helix.

Crystal Structure of MENT
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MENT has a high affinity for mononucleosomes

containing two DNA linkers

Our data suggest that, like linker histones (Goytisolo et al,

1996), MENT contains at least two DNA-binding sites and that

two juxtaposed DNA linkers would be predicted to constitute a

strong binding site for MENT. In order to investigate MENT

linker binding, three mononucleosome constructs were gener-

ated using a strong 146-bp-long nucleosome positioning se-

quence from clone 601 (Lowary and Widom, 1998) and

containing either two DNA linkers (two-linker nucleosome),

one linker containing the same DNA length as in the two-linker

nucleosome or a nucleosome core with no linkers (Figure 3).

When MENT was added to the two-linker mononucleo-

somes, discrete protein–nucleosome complexes were re-

solved with increasing MENT concentration (marked as C1,

C2, C3 in Figure 3A). At a MENT/nucleosome ratio approach-

ing one, MENT caused a complete retardation of free mono-

nucleosomes to form a discrete complex (C1). A further

increase in the concentration of MENT yielded a second

complex with lower nucleosome mobility (C2), and higher

ratios resulted in complexes C3 and nucleosome smearing

indicative of higher order nuclear–protein complexes

(Figure 3A, lanes 6 and 7). Interestingly, MENT demonstrated

a significantly reduced ability to bind the one-linker mono-

nucleosomes in particular at protein/core ratio of 1:1

(Figure 3B, lanes 11). A two-linker mononucleosome there-

fore represents a stronger binding partner for MENT than the

one-linker mononucleosome. Furthermore, the nucleosome

core had a sharply reduced MENT affinity compared to the

linker-containing nucleosomes as no MENT-retarded nucleo-

somes were detected (Figure 3C). These data reveal that

MENT has a high affinity for the DNA stem structure formed

by linkers at the entry/exit point of nucleosomes and are

consistent with the molecule containing two DNA-binding sites.

MENT protects linker DNA from digestion by DNase I

We employed clone 601 DNA to map the location of MENTon

a DNA array with precisely defined nucleosome positioning

(Lowary and Widom, 1998). We also aimed to map MENT on

the linkers protected by nucleosome cores from both sides so

that linker organization would be similar to those in native

nucleosome arrays. For this purpose, nucleosome trimers

were reconstituted from clone 601 DNA and core histones.

The 146-bp-long nucleosome positioning sequence from

clone 601 was placed between nucleotides 46 and 192, 259

and 405 and 470 and 616 in the 636-bp-long template. To test

that the clone 601 correctly positions nucleosomes under our

experimental conditions, we treated the reconstituted nucleo-

some trimers with increasing concentrations of DNase I

(Figure 4A, lanes 1–8). The digestion patterns show a clear

and equal protection of the three nucleosome cores at the

expected positions.

We reconstituted the nucleosome trimers with MENT (2

molecules/nucleosome) and digested MENT-reconstituted

nucleosome with DNase I under identical conditions

(Figure 4A, lanes 9–16). All MENT-induced changes in the

DNase I cleavage were observed within the linkers. At the

first linker, not protected by a nucleosome on one side, MENT

protection was spread between more sites (25/26/33/35/44

in Figure 4D), indicating that MENT’s position is less precise

than on the linkers situated between two nucleosomes. A

similar widespread pattern of MENT protection was observed

on the mononucleosome linkers (data not shown). In each of

the two ‘closed’ linkers (flanked by nucleosome cores on

M-loop
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Figure 1 (A) Cartoon of native MENTWT showing the A b-sheet (red), B b-sheet (green), C b-sheet (yellow), RCL (purple) (the disordered
region is dashed) and helices hA–hI (cyan). Residues K99, K107, R109, R332 and K338 are in dark blue bonds (labelled). The partial insertion of
the RCL and the break in s6A (dotted rectangle) of the A-sheet are shown in the inset (hydrogen bonds as green broken lines). (B) CCP4MG
(Potterton et al, 2002, 2004) electrostatic potential surface of native MENTWT. The positions of K99, K107, R109, K137, K138, R332 and K338
are shown.
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both sides), MENT protected two sites (430/438 in Figure 4B

and 222/226 in Figure 4C) located in the middle of the

nucleosome linkers. This location is consistent with (a)

nucleosome linker juxtaposition in MENT-containing chro-

matin (Grigoryev et al, 1999), (b) MENT-induced tramlines of

juxtaposed naked DNA duplexes (Springhetti et al, 2003) and

(c) the higher affinity of MENT for linker DNA in the two-

linker nucleosome (Figure 3). Taken together, these data

strongly support the action of MENTas an architectural factor

organizing nucleosome linker stems in condensed chromatin.

Structural consequences of serpin conformational

change for MENT function

Inhibitory serpins undergo RCL cleavage and conformational

rearrangement throughout the molecule as part of their

inhibitory function. The rearrangement of the RCL in MENT
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Figure 2 Analysis of purified MENT proteins incubated with DNA and chromatin. Gel mobility shift analysis of D- and E-helix mutants (A) and
alanine mutants (D) in comparison to MENTWT (WT) and two negative control proteins, MENTDMloop (DMloop) and a single AT-hook mutant,
MENTR78Q (R78Q) (control proteins only shown in panels A and C). Proteins were incubated with DNA and analysed by agarose gel
electrophoresis. The final concentration (mM) of purified proteins, as indicated, is shown at the top of each gel panel. Arrows indicate the
position of unbound DNA (U), bound DNA/complex (B) and large nucleoprotein species (C). Quantitative analysis of EMSAs of D- and E-helix
(B) and alanine mutants (E) is shown graphically. Graphs represent the % of bound DNA at increasing MENT concentrations (as indicated at
the bottom of graph). Graphed data of the control proteins MENTWT, MENTDMloop and MENTR78Q are shown as solid lines and the mutant
proteins as dashed lines. Affinities (KD) were calculated from gel electrophoresis experiments as described in Materials and methods and are
defined as the concentration (mM) of protein required to bind 50% of DNA. (C, F) Chromatin association assays with increasing concentrations
of D- and E-helix mutant (C) and alanine mutant proteins (F). The final concentration (mM) of purified protein, as indicated, added to soluble
erythrocyte chromatin (OD260¼1.6) is shown at the top of each gel panel.
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is of interest, as in vitro and in vivo studies show that the

sequence and conformation of the RCL is critical for mediat-

ing chromatin bridging. Furthermore, several serpins utilize

conformational change to alter their affinities for target

ligands: for example, native and cleaved antithrombin bind

heparin pentasaccharide with high and low affinity, respec-

tively, as a result of conformational change in heparin-bind-

ing residues (Olson and Bjork, 1992). To investigate such

rearrangements in MENT, we solved the structure of cleaved

wild-type protein at 1.7 Å resolution (Figure 5). The structure

reveals that the P17–P1 region of the RCL is buried in the

centre of the A b-sheet, forming an additional b-strand s4A

(Figure 5A). To accommodate the insertion of the RCL into

the A b-sheet, all structurally characterized inhibitory serpins

undergo major conformational rearrangements in which the

D-, E- and F-helices shift in concert with the first three strands

of the A-sheet (s1A–s3A) (Stein and Chothia, 1991). However,

a comparison of cleaved and native MENTWT structures

reveals that the molecule does not undergo the characteristic

structural repositioning of the D-, E- and F-helices in response

to RCL insertion (Figure 5B). Instead, strands s1A–s3A and

s5A–s6A, which are distorted in the native structure of MENT

(Figure 1A), spring apart to accept the RCL as the fourth

strand of the A b-sheet (Figure 5B). The absence of confor-

mational rearrangement is reflected in the relatively good

superposition of the native and cleaved forms of MENTWT

(1.29 Å over 352 Ca atoms; Figure 5B). Accordingly, the

electrostatic potential surfaces of native and cleaved MENT

are very similar (Figure 5C).

As a consequence of this unusual lack of structural re-

arrangement, all but one of the DNA-binding residues identi-

fied in this study adopt identical conformations in the

wild-type and cleaved structures of MENT (Figure 5B). The

exception, R109, is located in a loop joining the C-terminus of

the D-helix to s2A that undergoes plastic deformation

(Figure 5B). In the native conformation, R109 is solvent

exposed, and the neighbouring N110 adopts a buried con-

formation (Figure 5B). In the cleaved state, these two resi-

dues switch position, with N110 becoming surface exposed,

and R109 more buried, forming side-chain-mediated hydro-

gen bonds with the backbone of A104 (hD), F105 (hD) and

L114 (s2A). Thus, while R109 may exert subtle effects on

MENT DNA binding, insertion of the RCL into the centre of

the A b-sheet is not expected to dramatically change the

DNA-binding function of MENT.

The structure of native MENTDMloop reveals

intermolecular loop–sheet interactions

Protein–protein interactions and oligomerization of linker

histones and non-histone chromatin architectural proteins

may play a role in mediating chromatin bridging (Luger

and Hansen, 2005). However, the structural basis of such

an interaction remains obscure. We have previously shown

that within MENT, the sequence of the RCL is crucial for

chromatin bridging. Specifically, a MENT construct

(MENTOV) in which the sequence of the RCL has been

changed to that of the non-inhibitory serpin, ovalbumin,

binds to DNA with an affinity indistinguishable from

Figure 3 Native agarose gel electrophoresis of MENT interactions with reconstituted mononucleosomes. Mononucleosomes with two linkers
(A, lanes 2–7), one linker (containing the same quantity of free DNA as panel A) (B, lanes 9–14) and no linkers (C, lanes 16–22) were
reconstituted from histones and clone 601 DNA (Lowary and Widom, 1998) labelled with [32P]ATP. Lanes 1, 8, and 15 contain free DNA used
for the two-linker (lane 1), one-linker (lane 8) and no-linker (lane 15) nucleosomes, respectively. MENT/nucleosome core ratios are indicated
at the top of the agarose gel panels. Arrows indicate the position of complexes corresponding to unbound nucleosomes (CU) and discrete
MENT–nucleosome complexes (C1–C3).
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MENTWT, but is unable to promote chromatin bridging in

vitro in a defined system (Springhetti et al, 2003). In contrast,

MENTWT formed large self-associated particles of extensively

bridged chromatin and in complex with DNA or chromatin,

it could be crosslinked in dimers and higher order oligomers

suggesting polymerization within the complex (Springhetti

et al, 2003). Given the ability of serpins to form loop–

sheet oligomers mediated by the RCL, we suggest that

loop–sheet polymerization may be central to MENT function.

Furthermore, we have shown that the M-loop blocked

the spontaneous formation of MENT oligomers and that

the MENTDMloop mutant spontaneously polymerizes

(Springhetti et al, 2003). Thus, in order to investigate

MENT oligomerization, we determined the structures of

native and cleaved MENTDMloop.

Native and cleaved MENTDMloop adopt similar conforma-

tions to their wild-type counterparts: in particular, the RCL of

native MENTDMloop is partially inserted into the top of the A

b-sheet. The structure of native MENTDMloop revealed four

molecules in the asymmetric unit, with two modes of

Figure 4 DNase I footprinting of MENTreconstituted with trinuclesomes. (A) Reconstituted nucleosome trimers labelled with 32P-ATP without
MENT (lanes 1–8) or reconstituted with two molecules of MENT per nucleosome (lanes 9–16) were incubated with DNase I for 0 (1,9), 1 (2,
10), 2 (3, 11), 5 (4, 12), 10 (5, 13), 20 (6, 14), 30 (7, 15) and 40 (8, 16) min and analysed on a 6% polyacrylamide/urea gel. The molecular size
markers (lane MW) represent 32P-labelled DNA of pUC19 (GenBank accession no. L09137) and pEGFP-C3 (GenBank accession no. U57607)
simultaneously digested with MspI restriction enzyme. (B–D) Magnified regions of the gel where MENT interferes with DNase I digestion. The
molecular sizes of the DNA bands (bp) are indicated. On the left of panels B–D quantitation of DNase I footprints is shown. The extent of
protection of each region in trinucleosome from DNase I without (heavy line) and with MENT (light line) was quantitated using ImageJ.
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interaction (Figure 6A). Firstly, a ‘back-to-back’ MENT inter-

action is present, whereby the A-, C-, G-, H- and I-helices of

two molecules are in contact (Figure 6A). Secondly, a loop–

sheet interaction is seen where the RCL of one molecule

forms b-strand interactions with strand s6A of the A-sheet

of its neighbour, to form a seventh strand (s7A0; Figure 6A

and B; Supplementary Table 3 and Supplementary Figure 4).

Such ‘strand s7A’ interactions have been previously observed

in the structure of native PAI-1 and represent a reversible

mechanism of loop–sheet polymerization (Sharp et al, 1999).

In the cleaved form of MENTDMloop no such RCL mediated

protein–protein interaction is present, as the RCL is buried as

s4A in the A b-sheet.

The RCL-mediated interaction creates a b-sheet polymer

running down the three-fold screw axis throughout the

crystal lattice. Comparison of the structures of native forms

of MENTDMloop and MENTWT reveals significant conforma-

tional changes in the C-terminus as well as strands s6A and

s5A in the A-sheet in order to allow the RCL to interact with a

neighbouring molecule (Figure 6C). Furthermore, the trajec-

tory of the RCL changes from a central orientation to one in

which the P14–P9 (358–363) residues lie across the top of

strand s3A (Figure 6C).

MENT oligomers are functionally active against

cathepsin L

The observation that MENTDMloop was able to form an s7A

polymer raised the question of the role of such an interaction

in MENT function and the impact of this interaction on the

inhibitory activity of the molecule. Sharp et al (1999) have

previously observed that s7A-mediated polymers of PAI-1

were reversible and did not affect inhibitory activity. We

induced MENT polymerization by incubating both MENTWT

and MENTDMloop at 441C for 16 h (Supplementary Figure 5),

producing oligomers similar to those we have previously

reported (Springhetti et al, 2003). We also noted that
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Figure 5 (A) The structure of cleaved MENTWT labelled as in Figure 1A. The termini of the M-loop (between hC and hD) are indicated by *.
(B) Superposition of native (green) and cleaved (brown) MENTWT. The change in conformation at the top of the D-helix is indicated by a dotted
square and shown in the inset. Hydrogen bonds are shown by dashed lines and R109, N110, Y112, F105 and A104 are labelled. (C) CCP4MG
(Potterton et al, 2002, 2004) electrostatic potential surface of cleaved MENTWT, coloured as in Figure 1B.
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MENTDMloop polymerized more readily than MENTWT

(Springhetti et al, 2003). Consistent with an s7A loop–sheet

interaction, the formation of MENT oligomers at 441C had

no effect on the inhibitory activity of the molecule against

cathepsin L (Supplementary Figure 5). In contrast, and in

common with numerous other serpins characterized to date

(e.g. Devlin et al, 2001), incubation of MENT at a higher

temperature (551C) resulted in the formation of typical in-

active serpin polymers and aggregated material (data not

shown). Thus, we show that MENT is able to form active

MENT oligomers in vitro consistent with an s7A-mediated

interaction; however, our data also reveal that, like other

serpins, MENT is also able to form inactive s4A-mediated

loop–sheet polymers in response to heating at temperatures

close to the thermal melting point of the molecule (Irving

et al, 2002).

An RCL/s7A peptide is able to inhibit MENT activity

in vitro

We investigated the possibility that an RCL/s7A peptide

might be capable of interfering with MENT’s condensing

ability. We reasoned that a 12-mer peptide, encoding the

RCL of MENT, should be able to form similar s7A b-strand

interactions with strand s6A and would block the formation

of the s7A-mediated oligomerization. To assess the effect of

the peptide on MENT activity, protein was mixed with an

RCL/s7A peptide and then reconstituted either with 1092 bp

DNA (Figure 7A) or with soluble chromatin (Figure 7B).

When reconstituted with DNA, MENTþRCL/s7A was

unable to condense DNA with the same efficiency as MENT

alone. As the protein/DNA ratio increased, MENTwas able to

alter the mobility of the DNA (Figure 7A, lanes 8–12), and by

a ratio approaching 3.0, was able to condense the DNA to the

point where solubility was lost (Figure 7A, lanes 13 and 14).

In contrast, when the peptide was present, the protein/DNA

ratio required to completely condense the DNA was greater

than 5.0 (Figure 7A, lanes 6 and 7). A similar result was noted

when the peptide was added to chromatin association assays

where MENT was capable of complete chromatin condensa-

tion at a ratio of 0.4 (Figure 7B, lane 11) whereas soluble

chromatin was still present at a ratio of 0.8 (Figure 7B, lane 6)

when the RCL/s7A peptide was present. The combined

results of these assays indicate that a 12-mer RCL/s7A pep-

tide is indeed able to significantly inhibit the condensing

ability of MENT.

Discussion

Serpins are the largest and most diverse family of protease

inhibitors. Within multicellular eukaryotes, these proteins

have evolved to control important extra- and intracellular

processes such as coagulation, inflammation and apoptosis.

In rare cases, the serpin fold has been adapted for non-

inhibitory function (Silverman et al, 2001). Here we investi-

gate an extreme example of this adaptation and reveal the

role of MENT in the fundamental process of chromatin

condensation.

The hallmark of serpins is their ability to undergo large

conformational rearrangements. Primarily, these structural

transitions drive inhibition of target proteases (Huntington

et al, 2000). However, uniquely among protease inhibitors,

conformational change also allows for exquisite modulation

of inhibitory activity. The native structure of MENT reveals

that the RCL is partially inserted into the top of the A b-sheet.

To date, this feature has been identified only in serpins that

undergo RCL expulsion in response to the binding of specific

cofactors (Jin et al, 1997). Although our studies revealed that

MENT is able to coordinate DNA via residues on the D- and

E-helices, we were unable to detect any change in tryptophan

fluorescence within the MENT molecule in response to DNA

binding. Furthermore, DNA binding did not affect the inhibi-

tory activity of MENT against the protease, cathepsin L.

Together, these data suggest that DNA does not promote

RCL expulsion in MENT.

Our biophysical studies coupled with the crystal structure

of MENT reveal that there are two clusters of DNA-binding

residues 430 Å apart. Mutagenesis data confirmed that

MENT coordinates DNA via residues on the D- and E-helices,

as well on and around the AT-hook in the M-loop. It is shown

that MENT demonstrates a strong affinity for reconstituted

nucleosomes that contain two linkers and that when recon-

stituted with nucleosome trimers, MENT is predominantly

located in the middle of the nucleosome linkers. Together,

these data support a role for MENT in organizing nucleosome

linker stems where MENT contains two DNA-binding sites

and may be able to simultaneously coordinate two linkers.

A B
hD

hE

Loop-sheet linkage

s6A s5As7A´

C

s6A

s5A

RCL

s7A´

C-terminus

Figure 6 (A) Structure of the native MENTDMloop tetramer in the
asymmetric unit. Each monomer is coloured differently; the orange
and green monomers form a ‘back to back’ dimer (indicated by
a dotted oval); the orange molecule forms a loop–sheet linkage
(arrow) to the cyan molecule and a loop–sheet linkage to the
magenta molecule. hD and hE are labelled. (B) Loop–sheet hydro-
gen bonds formed by the RCL (brown) of one molecule with the s6A
of an adjoining molecule (green). Hydrogen bonds are shown as
magenta broken lines. (C) Comparison of native MENTWT (blue)
and MENTDMloop (green) reveals conformational change in the
C-terminus (labelled) and s5A/s6A of the A b-sheet of MENTDMloop

in response to the interaction with the RCL of a neighbouring
molecule (magenta). Note also the different trajectory of the RCL
(labelled).
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We cannot, however, completely exclude an alternative

model where linkers are coordinated by two or more MENT

molecules in concert.

Surprisingly, the structure of cleaved MENT revealed

that the molecule does not undergo substantial rearrange-

ment of the ligand-binding region in response to the S to R

transition. Only one residue, R109, undergoes conformational

change; however, movement of this residue alone would

not be predicted to seriously compromise DNA binding.

Thus, although we cannot exclude conformational

control of MENT by a cofactor other than DNA, it is

suggested that MENT adopts the partially inserted

conformation in order to minimize the structural transitions

that the molecule has to undergo during inhibitory function.

Such a feature of MENT would allow the molecule to

assemble onto chromatin fibres and also function to control

a protease without major perturbation of the DNA-binding

surface.

Considerable biophysical and biochemical data indicate

the importance of protein oligomerization for chromatin

condensation by non-homologous histone and non-histone

architectural proteins. In particular, linker histone H5

and the non-histone MeCP2 proteins have both been

shown to oligomerize in the presence of DNA (Carter and

van Holde, 1998; Georgel et al, 2003), the heterochromatin

protein 1 can self-associate in solution in the absence

of DNA (Wang et al, 2000) and it has been postulated

that nucleosome arrays in yeast heterochromatin are

constrained by SIR polymers spreading along the chromatin

fibres (Strahl-Bolsinger et al, 1997; Rudner et al, 2005). In

common with these proteins, MENT forms large nucleo-

protein suprastructures and it is possible to crosslink MENT

oligomers in the presence of DNA or chromatin (Springhetti

et al, 2003). This activity is important for the bridging

of distinct chromatin arrays. Electron microscopy as well as

extensive biochemical data reveals that the sequence and

conformation of the RCL is important for this bridging func-

tion, as mutations in this region compromise chromatin

bridging in vitro (Springhetti et al, 2003) and in vivo (Irving

et al, 2002).

The ability of MENT to form higher order oligomers

suggested that MENT may have adapted loop–sheet linkages

for function (Figure 8). The serpin fold is susceptible to

forming long chain, strand s4A-mediated loop–sheet poly-

mers; however, to date, serpin polymerization has been

exclusively linked with pathogenesis and disease (Carrell

and Lomas, 1997).

We investigated the mechanism of MENT polymerization

by determining the structure of a MENT mutant that sponta-

neously oligomerizes. Our data reveal that rather than form-

ing inactive archetypal s4A serpin linkages, MENTDMloop is

able to form RCL b-strand (s7A) interactions with the edge

b-strand of the A b-sheet of a neighbouring molecule. These

data rationalize the observation that the sequence and con-

formation of the MENT RCL is important for mediating

chromatin bridging in vitro and in vivo (Irving et al, 2002;

Springhetti et al, 2003), as mutations that would be expected

to disrupt the b-strand conformation of the RCL would no

longer be expected to properly interact with the A-sheet

(Figures 6 and 8). In support of these structural data, we

show that an RCL/s7A peptide is able to inhibit the ability

of MENTWT to condense chromatin and coordinate DNA

in vitro, presumably by mimicking RCL and effectively block-

ing polymer formation (Figures 7 and 8).

The structure of the native MENTDMloop oligomer and

comparison with the native MENTWT structure reveals mod-

est conformational changes in the C-terminus and strands

s6A and s5A. The RCL is partially inserted in the structures of

both native MENTWT and native MENTDMloop; however, the

broad trajectory of the RCL in the MENTDMloop structure is

altered to allow the RCL to interact with the neighbouring

molecule. The reason why MENTDMloop and not MENTWT is

able to spontaneously polymerize is not immediately appar-

ent; however, it is suggested that the M-loop may prevent

oligomerization via steric interactions. It is presumed that

upon or after DNA binding, the position of the M-loop

changes, allowing the s7A-mediated oligomerization.

The s7A MENT–RCL interactions observed in the structure

of native MENTDMloop do not block the central (s4A) region of

the A-sheet and thus would not be predicted to affect in-

hibitory function (Zhou et al, 2001). Consistent with this type

of polymerization, we have shown that oligomerization

of MENTDMloop and MENTWT in vitro at 441C does not affect

inhibitory function against cathepsin L (Supplementary

Figure 5). The use of a reversible s7A-type oligomerization

raises the possibility that MENT polymerization may be

dynamic within the nucleus and possibly influenced by

other controlling factors.

The recent discovery of nuclear localization by cathepsins

(Goulet et al, 2004) suggests that the interplay between

MENT and proteases may control chromatin structure.
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Figure 7 An RCL/s7A peptide interferes with MENT-induced self-
association of naked DNA and chromatin. (A) Agarose gel electro-
phoresis of DNA (1092 bp long) reconstituted with control MENT
(lanes 8–14) and MENT reconstituted with an RCL/s7A peptide (1–
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We have also shown that nuclear cathepsin L stimulates

the relocation of MENT away from heterochromatin, its

subsequent association with euchromatin and also repression

of cell proliferation (Irving et al, 2002). Remarkably, a

cathepsin L null mutant dramatically reduces histone H3

methylation showing a surprising link between the protease

and chromatin epigenetics (Bulynko et al, 2006). Although

the precise role of cathepsin L requires clarification, we

speculate that the protease could trigger MENT exit from

heterochromatin by destabilizing histone H3 methylation and

allowing spreading of MENT molecules into uncondensed

euchromatin. As cathepsin L is present in the nuclei of

dividing but not quiescent cells, this might be especially

important to prevent cells from escaping differentiation and

resuming proliferation.

The MENT structure reveals that the RCL of MENT per-

forms two important, but distinct functions. Like all inhibi-

tory serpins, it is responsible for interacting with target

proteases. Uniquely, however, the structural data reveal that

the native, exposed RCL of MENT can be utilized for mediat-

ing physiological linkages within condensed chromatin,

rather than the pathogenic b-strand interactions normally

associated with serpin oligomerization. It would appear

that both functions apparently evolved to fulfil one goal—to

remodel and condense heterochromatin in its transition from

proliferation to terminal differentiation.

Materials and methods

Protein expression and purification
Plasmid constructs expressing MENTWT, MENTOV and MENTDMloop

were described previously and were used to over-express and purify
MENT mutants as described previously (Irving et al, 2002). The
purity of the proteins was verified using SDS–PAGE.

Crystallography
Crystals were grown in all cases using the hanging drop method and
diffraction data collected using both in-house and synchrotron
X-ray sources. The structures of all forms were solved by molecular
replacement. Data collection and refinement statistics are detailed
in Supplementary Table 1. Further details of structural determina-
tion are found in Supplementary Methods.

Mutagenesis and analysis of MENT mutants
Details of the mutagenesis and analysis of the mutants are given in
Supplementary data.

Determination of kinetic parameters
The stoichiometry of inhibition (SI) and second-order association
rate constants (kass) were determined as described previously and
in Supplementary Figure 1 (Irving et al, 2002).

Electrophoretic mobility shift assays
For EMSAs, 20ml reactions containing 10 mM Hepes (pH 7.0),
0.5 mM EDTA, 40 mM NaCl, 0.5% (w/v) Brij-35, o0.3 mM of
annealed oligonucleotides (65 bp) (50-GATCCTTGAAAATACAGG
TTTTCGGTACCAGATCTACCATGATGATGATGATGATGAGAACCCCG
CA-30) and between 1 and 10mM MENT protein were used.

∆Mloop
native (3.0 Å)

No spontaneous
polymer formation*

Spontaneous polymer
formation*
β-Sheet polymer
observed throughout
crystal lattice

No DNA binding 
no compaction of
nucleosome arrays

WT
native (2.7 Å)

DNA binding and condensation
of nucleosome arrays

DNA binding and condensation of
nucleosome arrays. RCL-mediated

polymers not formed.
No bridging possible

∆Mloop polymer (3.0 Å)

RCL/s7A peptide

Peptide mimics RCL,
interfering with bridging

RCL-mediated bridging of
nucleosome arrays

RCL

M-loop

MENT
*Springhetti et al (2003 )
Irving et al (2000 )

(containing AT-Hook motif )

Nucleosome core (blue)
and linker histone (green)

Figure 8 Model for MENT function. Studies on mutants of MENT (red ovals) reveal that deletion of the M-loop (and hence the AT-hook motif)
(blue lines) results in the loss of DNA binding and therefore MENTDMloop (DMloop) is unable to condense nucleosome arrays. Linker histone
H5 is depicted with the nucleosome as MENT and linker histone meet together in chicken blood cells and act synergistically (Springhetti et al,
2003). Deletion of the M-loop in MENT leads to spontaneous polymerization of the molecule (Springhetti et al, 2003) demonstrating that the
M-loop in the absence of DNA prevents MENT polymerization. In contrast, the MENTWT (WT) is unable to spontaneously form polymers;
however, we have previously shown that oligomeric MENTWT structures form in the presence of DNA (Springhetti et al, 2003). It is suggested
that MENTWT, utilizing dynamic s7A–s6A interactions to form oligomers, can bridge distinct nucleosome arrays. Consistent with this model, an
RCL/s7A peptide (grey line) is able to disrupt the edge-strand interactions and partially block MENT function.
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Reactions were incubated at room temperature for 15 min. Samples
were loaded onto 2% agarose (Amresco) gels after the addition of
5ml of 50% glycerol. Electrophoresis was performed for 30 min at
100 V. Gels were visualized using ethidium bromide and imaged on
an AlphaImager (Alpha Innotech). DNA that remained unbound
in each reaction was quantified (ImageJ) from digital images.
Affinities were calculated by plotting the log of the protein
concentration versus the log of (b/1�b), where b is the fraction
of bound DNA (Allain et al, 1999). When the value of log(b/1�b)
is 0, 50% of DNA is bound. Apparent equilibrium dissociation
constants (KD) were estimated from an average of at least three
independent experiments. MENTWT bound DNA rapidly
(Figure 2A) with an apparent KD of 0.67mM (Figure 2B). The
smearing seen at 1 mM protein is indicative of the presence of
multiple nucleoprotein species (Carruthers et al, 1998; Georgel et al,
2001, 2003). Incubation with 41mM MENTWT produced nucleo-
protein complexes that were too large to migrate through an agarose
gel (0.5–2.0% agarose, data not shown).

Chromatin association assays
Chromatin association assays were performed in a similar fashion
to those described previously (see details in Supplementary
Methods).

MENT linker positioning and DNase I protection experiments
Details of the nucleosome reconstitution, deoxynucleoprotein
electrophoresis and DNase I protection experiments are detailed
in Supplementary Methods.

Preparation of MENT complex with an RCL/s7a peptide
MENT preincubated with the 12-mer peptide M12 (TEAAAATAVIIS)
was used in EMSA and chromatin association studies (as detailed in
Supplementary data).

Figures
Figures 1A, 5A, C and 6A–C and Supplementary Figure 2 were
prepared with Pymol (http://www.pymol.org). Figures 1B and 5C
were prepared with CCP4MG (Potterton et al, 2002, 2004).
Supplementary Figure 4 was prepared using O (Jones et al, 1991).

Structural coordinates
The coordinates of all four structures have been deposited in the
Protein Data Bank (PDB identifiers: native MENTWT, 2H4R; cleaved
MENTWT, 2H4P; native MENTDMloop, 2H4S; cleaved MENTDMloop,
2H4Q).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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