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ABSTRACT: HMGB proteins are abundant non-histone components of eukaryotic chromatin. The biological
function of DNA sequence-nonspecific HMGB proteins is obscure. These proteins are composed of one
or two conserved HMG box domains, each forming three a-helices that fold into a sequence-nonspecific
DNA-binding module recognizing the DNA minor groove. Box A and box B homology domains have
subtle sequence differences such that box B domains bend DNA strongly while DNA bending by isolated
box A domains is weaker. Both box A and box B domains preferentially bind to distorted DNA structures.
Here we show using DNA cyclization kinetics assays in vitro and Escherichia coli DNA looping assays
in vivo that an isolated HMG box A domain derived from human HMGB2 folds poorly and does not
enhance apparent DNA flexibility. Surprisingly, substitution of a small number of cationic residues from
the N-terminal leader of a functional yeast box B protein, Nhp6Ap, confers the ability to enhance DNA
flexibility. These results demonstrate important roles for cationic leader amino acids in HMGB folding,
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DNA interaction, and DNA bending.

HMGB' sequence-nonspecific DNA binding proteins are
abundant non-histone proteins in eukaryotic cells (/—3).
These small proteins are composed of one [e.g., Saccharo-
myces cerevisiae NhpO6Ap (4—8) or Drosophila melanogaster
HMG-D (9, 10)] or two [e.g., vertebrate HMGB1, HMGB2
(11—15), and S. cerevisiae Hmolp (16)] repeats of a
conserved ~80-residue “HMG box” motif. Highly charged
flanking sequences are also often present (3). Thus, HMGB
proteins are a subset of the proteins that carry one or two
domains homologous to the ancestral HMG box. HMGB
proteins accumulate to greater than micromolar concentra-
tions in eukaryotic cells such that there is approximately one
HMGB protein for every 5—10 nucleosomes in chromatin.

Among the striking features of HMGB proteins are their
ability to induce strong DNA bending and, consequentially,
their preference for binding to distorted DNA structures such
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as cruciforms (/1, 16—18) and chemical lesions (/9—23).
DNA bending in these complexes can exceed 90°. In this
sense, HMGB proteins are functionally (though not structur-
ally) reminiscent of the prokaryotic nucleoid protein HU (24).
There is evidence that HU functions by inducing a flexible
hinge in DNA (25, 26), and HMGB proteins appear to alter
DNA structure through formation of hinges with enhanced
flexibility (27—29).

The biological functions of HMGB proteins are not
understood. Initial insight into HMGB function came from
pioneering studies by Johnson and co-workers (6, 7, 12).
These authors found that HMGB proteins could substitute
for prokaryotic HU proteins in transactions involving tightly
bent DNA, such as recombination (/2). These observations
were extended to living Escherichia coli where defects
associated with loss of the HU nucleoid protein were
suppressed by HMGB expression (7). There is also evidence
that HMGB proteins facilitate the DNA binding of some
sequence-specific DNA binding transcription factors and
recombinases (reviewed in ref 3). In some cases, this HMGB
participation appears to be catalytic (30). The Nhp6A protein
of budding yeast has been shown to enhance transcription
activation at least in part through facilitation of Gal4p binding
to DNA (6). Similarly, lethal hypoglycemia in newborn mice
lacking HMGB1 may be due to defective glucocorticoid
receptor binding to DNA (37). DNA bending to facilitate
protein—protein interactions may be an important role of
HMGB proteins in the function of enhancesomes (32, 33).
On the other hand, HMGB proteins participate as subunits
of the FACT complex required for efficient transcription of
chromatin templates in yeast (34). In addition, the chromatin
of yeast cells lacking the two-box HMGB protein Hmolp
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A. HMGB2(boxA)

Sebastian et al.

1  MGSSHgSSGLVPRGSHMLEDPGKGDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGDKKGKKKDP

2  MGSSHgSSGLVPRGSHMLETRKKKDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGDKKGKKKDP

3 MGSSHgSSGLVPRGSKKRTTRKKKDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGDKKGKKKDP

4  MGSSHgSSGLVPRGSHMLEDPGKGDPNKPRGKMSSYMFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGDKKGKKKDP

5  MGSSHgSSGLVPRGSKKRTTRKRKKDPNKPRGKMSSYMFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGDKKGKKKDP

6 EESATaN#GK GDPNKPRGKMS SYAFFVQTCREEHKKKHPDS SVNFAEFSKKCS ERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKG

7 EEISHEE#GK GDPNK PRGKMS S YMFFVQTCREEHKKKHPDS SVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKG

8 MGKGDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VP PR GEIOY SR A1

9 MGKGDPNKPRGKIMSS YMFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VP PKGEIEHEand
10 MRKKKDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VP PRGTEHIIAAN
11 MRKKKDPNKPRGKMSSYMFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKGHOSAIIAAN
12 MKKRTTRKKKDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKG OSBRI AAN
13 MKKRTTRRKRKKDPNKPRGKMSSYMFFVQTCREEHKKKHPDSSVNFAEFSKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNYVPPKG TSl
14 FESRTSMVTPRDPKKRTTRKKKDPNAPKRALSAYMFFANENRD IVRSWNP -D- I TFGQVGKKLGEKWKALTPEEKQPYEAKAQADKKRYESEKELYNATLA
15 MVTPRDPKKRTTRKKKDPNAPKRALSAYMFFANENRDIVRSWNP-D-ITFGQVGKKLGEKWKALTPEEKQPYEAKAQADKKRYESEKEL YNATLAO BT jon e
16 MVTPRDPKKRTTRKKKDPNAPKRALSAYMFFANENRDIVRSWNP-D-ITFGQVGKKLGERWKALTPEEKQPYEAKAQADKKRYESEKELYNATLA

FIGURE 1: Proteins analyzed in this work. (A) Molecular models of sequence-nonspecific architectural proteins: mammalian HMGB domain
HMGB2(box A) [left, PDB entry Ickt (27)], yeast HMGB protein Nhp6Ap [center, PDB entry 1j5n (4)], and E. coli HU [right, PDB entry
1p51 (25)]. Bent DNA is rendered as cyan spheres, and protein is shown as a red ribbon. Potential intercalating residues in the HMGB
proteins are colored blue. The cationic N-terminal leader of Nhp6Ap is colored magenta. (B) Sequence alignments of wild-type (WT) and
chimeric HMGB proteins. Helical regions I—III are indicated above. Potential intercalating residues are indicated by vertical shading.
Residues derived from HMGB2(box A) and Nhp6Ap are shown in plain text and bold text, respectively. The c-Myc epitope tag decapeptide
is indicated by black rectangles. Proteins 1—5 and 16 were tested in vitro for their ability to increase the J factor of 200 bp DNA fragments.

Proteins 6—15 were tested in E. coli for their ability to complement the lac repression defect of hupA/BA cells.

becomes sensitive to micrococcal nuclease digestion (35).
These results suggest multiple roles for HMGB proteins in
chromatin structure and function (36).

We became interested in HMGB proteins after observing
that the activator dependence of in vitro transcription from
plasmid DNA templates in HeLa cell nuclear extract was
not consistent with the expectations of DNA looping over
short distances (37). We subsequently confirmed that mam-
malian nuclear extracts are rich in a heat-resistant activity
that dramatically enhances the apparent flexibility of DNA
(38). This work also shows that recombinant HMGB proteins
could substitute for at least some of this activity. We
hypothesized that HMGB proteins increase the apparent
flexibility of DNA in regions not packaged with histone
octamers. Recent studies using single-molecule force spec-
troscopy confirmed that apparent DNA persistence length
decreases substantially in the presence of low concentrations
of HMGB proteins, while higher HMGB concentrations can
produce a more rigid protein—DNA filament (28, 29).

To study apparent DNA physical properties in vivo, we
have recapitulated classic experiments of Record (39—41)
and Miiller-Hill (42—46) involving DNA looping in the E.
coli lac operon. Our work has confirmed that the physical

properties of DNA measured in vivo suggest enhanced
bending and twisting flexibilities relative to in vitro expecta-
tions and that nucleoid proteins modify these properties
(47, 48). We have recently shown that certain eukaryotic
HMGB proteins can complement the loss of bacterial HU
(49). Thus, effects on in vivo DNA looping in E. coli can
provide a sensitive bioassay for HMGB function.

The HMG box sequence encodes three a-helices that fold
into an L-shaped structure (Figure 1A). This module interacts
with the DNA minor groove to both widen the groove and
allow partial intercalation of one or more amino acid side
chains between stacked base pairs (3). The combination of
these perturbations can cause strong DNA bending away
from the engaged DNA surface. HMG box A of human
HMGB?2 (Figure 1A, left) is shown bound to a DNA segment
distorted by platinum cross-linking (27). Also illustrated in
Figure 1A (center) is the structure of the yeast single-box
protein Nhp6Ap complexed with unmodified DNA (4).
Putative intercalating residues are colored blue. Importantly,
Nhp6Ap also contains a strongly cationic leader sequence
(Figure 1A, center, magenta) disposed in the major groove
to asymmetrically neutralize the compressed sugar—phosphate
backbone. There is evidence that this interaction contributes
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significantly to DNA bending (50). Thus, sharp DNA
bending by HMGB proteins can involve minor groove
widening, amino acid wedging, and asymmetric charge
neutralization. Favorable electrostatic forces have been shown
to dominate other interactions in both DNA binding and
bending by sequence-nonspecific HMGB proteins (50). It is
noteworthy that strong and sequence-nonspecific bending by
the prokaryotic nucleoid protein HU involves minor groove
interactions, but within a completely different scaffold
(Figure 1A, right).

Though similar in sequence and structure, it has been noted
that subtle features of the “A box” domain of the two-box
HMGBI protein distinguish it from the “B box” domain (3).
The A box domain is distinct in the shape and orientation
of helix I, and the identity of potential intercalating residues.
Isolated A box domains are reportedly less effective at DNA
bending (/2). The sequence of a Hises-tagged version of
human HMGB2(box A) is illustrated as construct 1 in Figure
1B. Whereas the intercalating phenylalanine in helix II is
present in both box A and box B domains of two-box HMGB
proteins, the alanine in helix I does not intercalate strongly
(3). Furthermore, box A and box B domains are distinguished
by the relative lengths and geometries of helices I and II,
with helix I being short and straight in box A, but bent in
box B (3). The single-box HMGB protein Nhp6Ap conforms
to the box B family and is shown as construct 16 in Figure
1B. Nhp6Ap is distinguished from HMGB2(box A) by the
identity of the intercalating residue in helix I (methionine in
Nhp6Ap), a longer helix I, and a highly cationic leader
sequence.

In this study, we apply in vitro and in vivo assays to
understand what minimal features of an HMG B box confer
on an A box the ability to enhance apparent DNA flexibility.

MATERIALS AND METHODS

Bacterial Strains and Gene Disruptions. The hupA and
hupB genes in parental E. coli strain FW102 (51) were
disrupted as described previously (47, 52). Diagnostic PCR
amplification following conjugation and selection was used
to confirm strain deletion status and the presence of the
proper looping assay episomes.

Expression and Purification of HMGB Proteins. Plasmid
pJ583 encodes human HMGB2(box A) cloned in-frame with
a Hise tag in plasmid pET-15b (Novagen). Mutations were
introduced using the QuickChange site-directed mutagenesis
kit (Stratagene). Plasmids encoding HMGB2(box A) and
variants were transformed into E. coli BL21-Gold (Strat-
agene), and 6 mL overnight cultures were prepared from
single colonies in LB medium containing carbenicillin. Five
milliliters of overnight culture was washed with fresh LB to
remove secreted f3-lactamase, and the cells were used to seed
a 250 mL LB culture. Cells were grown at 37 °C with
shaking until the culture reached a cell density corresponding
to an ODgq of 0.6. IPTG was added to a final concentration
of 1 mM, and cells were grown at 37 °C for 3 h with shaking,
pelleted by centrifugation at 6000g, and stored at —80 °C.
The induced cell pellet was then resuspended in 10 mL of
binding buffer (Novagen) per 250 mL of pelleted cells and
sonicated on ice with 15 s pulses separated by 1 min cooling
intervals. The lysate was then subjected to centrifugation at
15000¢ for 20 min at 4 °C, and the supernatant was
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recovered. Hisg-tagged protein was purified using Ni-NTA
agarose resin (Qiagen) per the manufacturer’s recommenda-
tions. Briefly, washed Ni-NTA agarose resin was added in
a 1:4 (v:v) ratio to the lysate, the mixture gently rotated at
4 °C for 1 h, and the resin collected by centrifugation at
2000 rpm for 2 min at 4 °C in a clinical centrifuge. Beads
were washed three times with wash buffer (10 mL), and
protein was eluted from the resin twice by gentle rotation in
10 mL of elution buffer for 5 min at 4 °C. The eluted sample
volume was reduced to 2 mL using 5000 molecular weight
cutoff centrifugal cartridges (Vivaspin), and proteins were
dialyzed in 3500 molecular weight cutoff cassettes (Slide-
a-Lyzer, Pierce) at 4 °C against 1 L of buffer containing 20
mM HEPES (pH 7.5), 100 mM KCI, 1 mM EDTA, and 1
mM DTT, followed by a second dialysis against the same
buffer containing 5% glycerol. Proteins were then purified
by reverse phase HPLC on a Jupiter C18 column [250 mm
x 21.2 mm, 15 um (Phenomenex, Torrance, CA)] in a 0.1%
TFA/water mixture with a 50 min gradient from 10 to 70%
B, where B was 80% aqueous acetonitrile with 0.1% TFA.
Lyophilized proteins were resuspended and characterized by
mass spectrometry.

HMGB Protein Characterization in Vitro. CD spectra were
recorded using a Jasco 810 spectropolarimeter in continuous
mode, collecting measurements every 1 nm between 200 and
260 nm at 295 K with an averaging time of 5 s. Protein
sample concentrations were 2—10 uM in 20 mM Tris-HCl
(pH 8.0), 30 mM KCl, and 10 mM MgCl, with or without
addition of 400 uM (base pairs) duplex DNA. All buffer
and nucleic acid contributions to ellipticity were subtracted
after data collection, and raw ellipticity data were converted
to mean residue ellipticity (MRE).

Fluorescence anisotropy measurements were used to
characterize DNA—protein interactions and the fraction of
active protein. A 22 bp fluorescein-labeled duplex DNA
probe was created by the annealing of oligonucleotides LIM-
1100 (5’-AGT,GAG,ACT;C3AG,C-F, where F represents
fluorescein) and LIM-1101 (5-GC,TG3A;GTC,TCA,CT-3).
Fluorescein labeling efficiency was confirmed by comparing
absorbance measurements at 495 and 260 nm. Ten nano-
moles of cDNA strands was mixed in 48.5 uL of TE buffer
(pH 8.0); 1.5 uL. of 1 M NaCl was added, and the sample
was annealed (92 °C for 10 min, 65 °C for 5 min, 37 °C for
1.5 h, and 22 °C for 30 min). The resulting duplex was
purified by electrophoresis through a 12% native polyacry-
lamide gel in 0.5x TBE buffer. The fluorescent probe duplex
was cut from the gel after detection over a TLC indicator
plate under ultraviolet illumination and eluted overnight in
300 mM NaOAc (pH 4.5), precipitated from ethanol,
suspended in TE buffer, and quantitated. Fluorescence
anisotropy measurements for equilibrium dissociation con-
stant estimation were performed in 96-well microtiter plates
with 200 uL binding reaction mixtures containing fluorescent
probe (5 nM) and protein dilutions in 20 mM Tris-HCI (pH
8.0), 30 mM KClI, 10 mM MgCl,, and 100 ug/mL BSA.
Protein dilutions were prepared in binding buffer with 10%
glycerol and 100 ug/mL BSA. The Safire2 instrument
(TECAN) was controlled with X-Fluor4. Data were fit to eq
1 to estimate the equilibrium dissociation constant.
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— Aubs - Amin % Pt
Amax - Amin Kd + Pt

ey

where A indicates sample anisotropy, subscripts obs, min,
and max represent observed, minimum, and maximum,
respectively, P, is the total concentration of added protein,
and Kj is the fit equilibrium dissociation constant. Py ~ Ppe
under these binding conditions of large protein excess over
fluorescent DNA probe. Estimation of the protein active
fraction employed similar methods, except titration was
performed with a fluorescent duplex DNA probe concentra-
tion of 250 nM (>>Kjy), and the discontinuity in the titration
plot indicated the point of protein/DNA concentration
equivalence.

J Factor Estimate by Ligase-Mediated DNA Cyclization
Assay. Plasmids pJ823, pJ825, pJ827, pJ829, pJ831, and
pJ833 contain intrinsically straight ~200 bp sequences and
were the kind gifts of A. Vologodskii (53). Probe sequences
were amplified by PCR using primers LIM-3222 (5’-G;TA,-
CGC,AG;T4-3") and LIM-3223 (5-TGTGAGT,AGCTCAC-
TCAT,AG,-3") such that an additional ~100 bp was included
upstream and downstream of the HindlIII sites defining the
probe. Polymerase chain reaction mixtures included plasmid
template (20 ng), primers (400 nM), BSA (100 ug/mL), Taq
DNA polymerase buffer (Invitrogen), MgCl, (4 mM), dNTPs
(200 uM each), 50 uCi of [a-*?P]dATP, and 3.2 units/uL
Taq DNA polymerase (Invitrogen). Cycle parameters were
as follows: 3 min at 98 °C; 30 cycles of 30 s at 94 °C, 30 s
at 55 °C, and 45 s at 72 °C; 5 min at 72 °C; held at 4 °C.
PCR products were treated with 50 ng/uL. proteinase K in
the presence of 5 mM EDTA, 10 mM Tris-HCI (pH 8.0),
and 0.5% SDS at 37 °C for 1 h. The DNA was extracted
with a 1:1 phenol/chloroform mixture and precipitated from
ethanol. The DNA was digested overnight at 37 °C with 40
units of HindIIl (New England Biolabs) in the presence of
100 ug/mL BSA. Digested product was loaded onto a 5%
native polyacrylamide (29:1 acrylamide:bisacrylamide) gel
and visualized by exposure of the wet gel to BioMAX XR
film. The desired ~200 bp DNA product was cut from the
gel and eluted overnight at 22 °C in 50 mM NaOAc buffer
(pH 7.0). The final DNA concentration was obtained by
determining the fraction of total original radiolabel present
in the purified product, multiplying this fraction by the total
concentration of dATP in the labeling reaction, and dividing
this result by the number of dA residues in each duplex DNA
product.

DNA cyclization reactions (10 L) were performed with
10 nM DNA probe and the indicated concentration of HMGB
protein in T4 DNA ligase buffer [20 mM Tris-HCI (pH 8.0),
30 mM KCI, 100 ug/mL BSA, 1.8 mM ATP, and 10 mM
MgCl,], and T4 DNA ligase [20—50 units/uL (New England
Biolabs)] at 22 °C. Reactions were stopped at the indicated
times by adjusting the EDTA concentration to 20 mM. DNA
was purified using QIAQuick PCR clean up columns
(Qiagen). DNA was eluted in 30 uL of elution buffer, and
15 uL samples were loaded onto 5% (29:1 acrylamide:
bisacrylamide) native polyacrylamide gels. After electro-
phoresis in 0.5x TBE buffer, gels were dried and exposed
to storage phosphor screens. Circular DNA products were
identified in preliminary experiments by their resistance to
Bal31 exonuclease (New England Biolabs).

Sebastian et al.

Image quantitation was performed with ImageQuant.
Intensities of the monomer circle (MC) product and the sum
of linear dimers and all other ligation products (LD) were
determined for each time point and corrected for background
signal, and their ratio was plotted versus time. The J factor
was determined using eq 2:

J = 2MJim(MC/LD) 2)
jn

where M, is the initial DNA concentration and the indicated
limit is the y-axis intercept of the plot. Conditions of time,
ligase concentration, and initial DNA concentration were
empirically determined for each DNA probe and HMGB
protein so that labeled starting material was not significantly
depleted and linear fits were obtained.

Cloning and Expression of HMGB Proteins in Bacteria.
HMG protein expression constructs were created by inserting
purified PCR products into plasmid pJ1035, a modified
version of pLX20 (57) containing a promoter for a moderate
level of protein expression and an inactive lac operator. In
addition, a 10-amino acid c-Myc epitope tag (EQKLISE,DL)
was added either to protein N-termini (constructs 6 and 7)
or to C-termini (constructs 8—13) to facilitate analysis of
accumulation. To create plasmid construct 8 (pJ1491), for-
ward primer LIM-3314 (GCTCTAGA,TG3TA;G,AGAC,-
A,C) and reverse primer LIM-3318 [CGA,GCT,GCAGC-
TACAGATCT,CT,;CAGA;TA,GTsGT,CAC,T:G;AG,AC (c-
Myc tag in bold italics)] were used to amplify the portion
from M1 to G83 of HMGB2(box A). Plasmid construct 6
(pJ1493) was created using forward primer LIM-3315 (GCT-
CTAGA,TGGA,CAsCT,AT;CTGA,GA,GATCTGG,TA;G;-
AGAC,4A,C) and reverse primer LIM-3327 (CGA,GCT,-
GCAGCTA,C,T3G3AG,A,CGTA,T5C). Plasmid construct
10 was created by PCR amplification using forward primer
LIM-3621 (GCTCTAGA,TGAGA;GA,GA,G,AC4A,CALG-
C,G) and reverse primer LIM-3318. Plasmid construct 12
was created with forward primer LIM-3620 (GCTCTAGA,-
TGA,GA,GAGA,C,ACTAGA;GA,GA,G,AC4A,CA,GC,G)
and reverse primer LIM-3318. All PCR products were
inserted between Xbal and Hindlll restriction sites of pJ1035.
Site-directed mutagenesis (Stratagene) employed primers
LIM-3613 (CA,TGTC,TCGTACATGT,CT,CGTGCAG-
AC) and LIM-3614 (GTCTGCACGA,GA,CATGTACGA-
G,ACAT,G) to introduce the A17M mutation in constructs
7,9, 11, and 13 from constructs 6, 8, 10, and 12, respectively.
Accumulation of epitope-tagged HMGB proteins was moni-
tored by Western blotting of E. coli extracts using primary
antibody op10T (CalBiochem) as previously described (49).

In Vivo DNA Looping Assay. DNA looping constructs
were based on plasmid pJ992, created by modifications of
pFW11-null (57) as previously described (47—49). Reporter
gene assays were performed as previously described (49).

RESULTS

Experimental Strategy. The experimental strategy for
comparing activities of single-HMGB box chimeric proteins
is shown in Figure 2. In vitro analyses of DNA flexibility
enhancement were performed as shown in panel A. Purified
Hise-tagged HMGB protein was mixed with a radiolabeled
sample of 200 bp intrinsically straight duplex DNA contain-
ing HindlIIl cohesive termini (53) and incubated with T4
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FIGURE 2: Experimental strategy. (A) In vitro measurement of HMGB
protein enhancement of apparent DNA flexibility by ligase-catalyzed
DNA cyclization kinetics. The top panel shows the HMGB protein
was incubated for various times with ~200 bp radiolabeled DNA (M)
in the presence of T4 DNA ligase to produce a mixture of intramo-
lecular monomer circles (MC) and products derived from linear dimers
(LD). The middle panel is the electrophoretic analysis. The bottom
panel shows quantitation and extrapolation estimating the J factor. (B)
The top panel shows in vivo measurement of HMGB protein
complementation of the /ac repression loop defect in hupA/BA E. coli
cells. Lac operator spacing was varied between 75 and 85 bp in an E.
coli hupA/B deletion strain that is disabled in lac repression looping.
The bottom panel shows the strength of DNA repression looping as a
function of operator spacing, and HMGB protein expression is
monitored by the repression ratio.

DNA ligase for different times to generate a mixture of
labeled products (Figure 2A, top). These DNAs were
separated by native polyacrylamide gel electrophoresis and
quantitated by storage phosphor technology (Figure 2A,
middle). The ratio of monomer circles (MC) to all other
species, including (and derived from) linear dimers (LD), is
extrapolated to time zero to estimate the J factor [Figure
2A, bottom (54)]. The J factor, in turn, expresses the effective
local concentration of one terminus of the 200 bp DNA with
respect to the other, a parameter that should increase with
an increase in longitudinal DNA flexibility. The J factor also
measures DNA twist because cohesive termini must be in
proper rotary alignment for ligation. Our simulations of ring
closure kinetics in the presence of HMGB proteins (L.
Czapla, E. Bystry, W. Olson, and L. J. Maher, manuscript
in preparation) have shown that J factors can be influenced
by protein-induced changes in both DNA twist and DNA
bending at the site of the bound protein. In addition, we have
shown that bound HMGB proteins cause enhanced aniso-
tropic DNA flexibility in the protein—DNA complex (27).
This combination of effects (changes in DNA twist, DNA
bending, and anisotropic DNA flexibility) increases the J
factor associated with the ensemble of DNA complexes
present during the ligation reaction.

As shown in Figure 2B, in vivo studies of single-HMGB
box chimeric proteins were performed by expression of the
epitope-tagged proteins in E. coli. The experimental strains
harbored F’ episomes engineered to carry a lacZ reporter gene
driven by a promoter flanked by two lac operators (47). The
upstream operator strongly binds lac repressor, while the down-
stream operator is weaker. Operator spacing is varied so that
the stability of the lac repression loop (Figure 2B, top) varies
with DNA looping energy. This relationship can be monitored
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FIGURE 3: HMGB protein characterization in vitro. (A) Analysis of
protein folding by circular dichroism spectroscopy showing mean
residue ellipticity (MRE) as a function of wavelength for protein
constructs 1—5 and 16. (B) Rescaled plot of CD data for construct 4
showing a weak o-helical folding signature. (C) Example HMGB
protein DNA binding data obtained by fluorescence anisotropy. Raw
anisotropy values are fit to a simple binding isotherm to estimate the
equilibrium dissociation constant as described in Materials and
Methods: construct 1 (@), construct 2 (), construct 3 (O), and
construct 5 (H).

as the ratio of induced to uninduced 3-galactosidase activity as
shown schematically in the bottom panel of Figure 2B.
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Table 1: In Vitro Characteristics of HMGB Chimeric Proteins

©° anisotropy“
construct” length® pI without DNA with DNA Ky (nM) % active J factor (nM)*
1 116 9.69 —614 =711 570 £+ 40 nd® 1.5+£0.7
2 116 9.9 —619 —398 268 £+ 27 nd* 9.6£32
3 116 10.1 =730 =311 31£6 40 282 +4.7
4 116 9.69 —600 —660 103 +£20 nd* 22+0.6
5 116 10.1 —6354 —2567 11+2 100 140+25
16 93 9.72 —1585 —1488 10/ 40 82+0.7

“See Figure 1. ” Amino acid residues. “ MRE by CD (deg cm? dmol™"). ¢ Fluorescence anisotropy measurements as described in Materials and
Methods. Ky estimates (average =+ standard error) were based on three determinations. ¢ Determined for a 200 bp DNA fragment (intrinsic J factor of
1.5 £ 0.3 nM) as described in Materials and Methods. / Determined previously from pooled data. ¢ Not determined because of insufficient DNA affinity.

In Vitro Characterization of Single-HMGB Box Chimeric
Proteins. HMGB protein variants 1—5 and 16 (Figure 1B)
were expressed in E. coli and purified. The proteins represent
HMGB2(box A) (construct 1), Nhp6Ap (construct 16), and
chimeras differing in terms of the identity of the primary
intercalating residue in helix I (constructs 4 and 5) and the
amount of basic leader sequence substituted from Nhp6Ap
(constructs 2, 3, and 5). Proteins were initially characterized
by circular dichroism spectroscopy to monitor folding in the
absence of DNA (Figure 3 and Table 1). Nhp6Ap (construct
16) exhibited a moderate ellipticity signal consistent with
a-helix formation in the absence of DNA (Figure 3A). The
corresponding a-helical signal from construct 5 (seven
cationic leader substitutions and methionine as the primary
intercalating residue) was particularly strong (Figure 3A).
Interestingly, signals from constructs 1—4 were all weak
(Figure 3A), though clearly a-helical (Figure 3B). Surpris-
ingly, CD signals did not substantially change in the presence
of excess DNA (Table 1), suggesting that the various similar
HMG box proteins strongly differed in their folding stabilities.

DNA binding was further characterized by fluorescence
anisotropy measurements. Example data are shown in Figure
3C, with compiled results listed in Table 1. Equilibrium
dissociation constants for DNA binding ranged from 10 nM
(Nhp6Ap, construct 16) to >500 nM [HMGB(box A),
construct 1] with affinities decreasing as follows: 16 ~ 5 >
3>4>2>1 (Table 1). In the cases where strong DNA
binding activity was detected, the active protein fraction was
measured by binding titration in the presence of DNA duplex
concentrations much higher than K, and found to be in the
range of 40—100% (Table 1). Overall, these data suggest
that both intrinsic protein folding stability and DNA interac-
tion are strongly correlated with the protein isoelectric point
(Table 1).

In Vitro Enhancement of Apparent DNA Flexibility by
Single-HMGB Box Chimeric Proteins. Results of in vitro
cyclization kinetics experiments are shown in Figure 4.
Examples of electrophoretic data fitting results for J factor
assays of DNA probe alone (solid line) or in the presence
of 40 nM HMGB proteins 16 and 5 (Figure 1B) are shown
in panels A and B of Figure 4. Estimated J factors are given
in Figure 4C and Table 1. Consistent with previous studies
(53), the naked 200 bp DNA duplex is characterized by a J
factor of 1.5 nM. This DNA flexibility is significantly
enhanced by incubation with 40 nM construct 16 (Nhp6Ap)
but not by incubation with human HMGB2(box A), even
when the primary intercalating residue of helix I is changed
from alanine to methionine (Figure 4C, constructs 1 and 4).
Interestingly, certain chimeras between Nhp6Ap and HMGB2-
(box A) exhibited activities at least as strong as that of

Nhp6Ap. For example, substitution of the leader residues of
HMGB2(box A) (construct 1) with a small number of the
corresponding cationic residues from Nhp6Ap (Figure 4C,
constructs 2 and 3) resulted in strong enhancement of
apparent DNA flexibility, independent of whether the primary
intercalating residue of helix I was alanine (constructs 2 and
3) or methionine (construct 5). These results strongly
correlate with the predicted protein isoelectric point and
observed DNA binding affinity, indicating that a cationic
leader is sufficient to endow any of these HMGB2(box A)
variants with the ability to enhance apparent DNA flexibility.
Asymmetric phosphate neutralization of the compressed
major groove (as in Nhp6Ap) may play a role in this effect.

In Vivo Characterization of Single-HMGB Box Chimeric
Proteins. The results of in vitro experiments showed surpris-
ingly strong effects of N-terminal cationic leader sequences
on protein folding, DNA binding, and enhancement of DNA
flexibility by HMG domains. We wished to rule out the
possibility that these effects were due to artifacts of protein
purification and/or refolding. The same chimeric single-HMG
box proteins were therefore evaluated in vivo for their
abilities to complement the lac repression looping defect
observed in living hupA/BA E. coli cells (47, 48). Accumula-
tion of epitope-tagged HMGB constructs 6—15 (Figure 1B)
was first assessed by Western blotting as shown in Figure
5. Panel A of Figure 5 indicates that epitope tagging of the
N-terminus supports an increased level of HMGB protein
accumulation (constructs 6 and 8 are otherwise identical).
The exposure in panel B of Figure 5 is shorter, allowing
visualization of the comparable accumulation levels of
constructs 6, 7, and 10—13. Panel C of Figure 5 compares
accumulation of constructs 14 and 15. Importantly, although
construct 15 (C-terminally epitope-tagged Nhp6Ap) ac-
cumulates to the lowest level of all tested HMGB constructs,
even this level of accumulation has previously been shown
to be sufficient for strong complementation of the hupA/BA
repression looping defect (49). Thus, all of the tested HMGB
proteins and chimeras accumulate within E. coli cells at levels
with the potential to complement the hupA/BA defect.

lac repression looping in hupA/BA E. coli cells was
assessed for operator spacings in the range of 75—85 bp.
The results are shown in Figure 6. Top panels show
repression ratio data (ratio of induced to uninduced [3-ga-
lactosidase activity). Higher peak values indicate favorable
DNA loop geometries. Middle and bottom panels display
[-galactosidase output (E’) in the presence (middle panel)
or absence (bottom panel) of IPTG inducer. E’ normalizes
the raw reporter gene signal in a given genetic strain
background to the output from an unlooped promoter lacking
an upstream [ac operator in that same strain. Higher E” values
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FIGURE 4: In vitro assay of DNA flexibility enhancement by HMGB
proteins and chimeras. (A) Example data from a T4 DNA ligase
cyclization assay for 200 bp DNA probe in the absence (—) and
presence of 40 nM HMGB constructs 16 and 5 (see Figure 1). (B)
Graphical analysis and extrapolation to estimate J factor. Data for
DNA probe alone (O), construct 16 (@), and construct 5 (H) are
shown. (C) Summary data for in vitro measurement of effects of
HMGB proteins and chimeras on the J factor of 200 bp DNA. The
residue at potential intercalating position 17 (alanine vs methionine)
and upstream cationic chimeras (RKKK “+4” vs KKRTTRKKK
“+77) are highlighted schematically (see Figure 1B). Black and
white regions indicate sequences derived from Nhp6Ap and
HMGB2(box A), respectively.

indicate more gene expression (less energetically favorable
DNA repression loops). Figure 6A compares repression in
WT and hupA/BA genetic backgrounds. Shaded regions
highlight the increased promoter “leakiness” in cells lacking
HU (white symbols).

Graphs B—F of Figure 6 compare complementation of the
hupA/BA looping defect by various single-HMG box chi-
meric proteins. The bottom panels of Figure 6 (reporter
activity under repressed conditions) are especially informa-
tive. Box A derived from HMGB2 could not complement
the hupA/BA looping defect, regardless of epitope tag

Biochemistry, Vol. 48, No. 10, 2009 2131
A wm @B

8 9 v 6

B.
6 7 10 11 12 13

C. o=
14 15

FIGURE 5: In vivo expression of HMGB proteins and chimeras.
Accumulation of the indicated proteins (see Figure 1B) was
analyzed by Western blotting. (A) Exposure comparing expression
of HMGB2(box A) variants carrying C-terminal Myc tags (con-
structs 8 and 9) vs an N-terminal tag (construct 6) or vector control
(v). (B) Shorter exposure showing expression levels of other
HMGB2(box A)—Nhp6Ap chimeric HMGB proteins. (C) Com-
parison of expression levels of the Nhp6A protein carrying an
N-terminal (construct 14) or C-terminal (construct 15) epitope
tag.

location (Figure 6B). In contrast, both N- and C-terminally
epitope-tagged versions of yeast Nhp6Ap were active in
complementation, with the more strongly expressed N-
terminally epitope-tagged construct 14 being particularly
effective (Figure 6C). Regardless of epitope tag location,
replacement of alanine with methionine as the primary
intercalating residue in helix I of HMGB2(box A) did not
confer complementation activity (Figure 6D). When the
Nhp6Ap contribution to the HMGB2(box A) construct was
limited to four basic amino acids in the leader (RKKK),
complementation depended on the identity of the primary
intercalating amino acid in helix I. A protein with alanine
in this position (Figure 6E, construct 10) had no detectable
function. In contrast, the combination of RKKK leader and
primary intercalating methionine (Figure 6E, construct 11,
note bottom panel) supported complementation even though
the methionine substitution was ineffective when tested alone
(Figure 6D, construct 9). Finally, as observed for DNA
flexibility enhancement in vitro (Figure 3), substitution of
Nhp6Ap leader sequence KKRTTRKKK endowed the oth-
erwise nonfunctional HMGB2(box A) construct with the
ability to fully complement DNA looping in hupA/BA E.
coli, independent of whether alanine or methionine was in
the primary intercalating position of helix I (Figure 6F).

DISCUSSION

We are interested in understanding features of HMG boxes
A and B that distinguish their abilities to enhance apparent
DNA flexibility in vitro and in vivo. Discussion has focused
on differentiating characteristics of helix I and the loop
between helices I and II (3, 10). For example, the Drosophila
single-HMG box B protein HMGD has been carefully
analyzed (/0). A sequence-nonspecific HMGB protein,
HMGD resembles yeast Nhp6Ap in its bulky methionine
residue at the primary intercalating position of helix I, where
HMGB(box A) has alanine at this position. Mutation of
methionine to alanine in HMGD somewhat reduced the
thermal stability of the protein (2 °C) and its DNA binding
affinity (6-fold) (/0). Importantly, these authors found that
residues near the primary intercalating amino acid in helix I
also played roles in DNA binding and bending. These results
clearly point to the importance of the primary intercalating
residue for tuning function. On the other hand, these
mutations of the primary intercalating residue of HMGD
caused relatively subtle effects on DNA binding and bending
(10). In fact, detailed thermodynamic analysis indicates that
it is electrostatic interactions that drive sequence-nonspecific
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FIGURE 6: Complementation analysis of the lac repression looping defect in hupA/BA cells by expression of HMGB proteins and chimeras.
Top panels show the repression ratio. The shaded reference regions illustrate the differences in repression ratio behavior for WT and mutant
E. coli. The shaded region is replicated in all top panels for reference. The bottom panels show reporter gene expression (E’) in the presence
(middle) or absence (bottom) of IPTG. The shaded regions are replicated in all bottom panels for reference to contrast reporter gene

expression in WT and hupaA/BA E. coli cells.

HMGB proteins onto DNA (50, 55). In addition, results of
fluorescence resonance energy transfer experiments showed
that the positively charged leader sequence of yeast Nhp6Ap
(Figure 1A, magenta spheres; Figure 1B, construct 16)
contributes significantly to DNA bending (50). Strongly
cationic sequences are found N-terminal to helix I in
Nhp6Ap, and C-terminal to helix III in HMGD and HMGB1/
2. The HMG box fold places both N-terminal and C-terminal
sequences in approximately the same position near the major
groove of DNA where both release of condensed counterions
and asymmetric phosphodiester charge neutralization could
enhance binding affinity and DNA bending. We therefore
wished to compare the functional significance of (i) a primary
intercalating residue in helix I and (ii) a cationic leader
sequence for HMGB function. We have studied HMGB2(box
A) as an example.

We previously showed that budding yeast Nhp6Ap (a
member of the box B family of HMGB domains) could
complement loss of HU protein in an E. coli assay of DNA
looping in the lac operon, while human HMGB2(box A)
could not (49). This result suggested an experimental
approach to understanding functional features distinguishing
Nhp6Ap from HMGB2(box A). In this study, we constructed
a small number of chimeric proteins by substituting the
primary intercalating methionine residue of Nhp6Ap helix I
and /or cationic segments of the Nhp6Ap leader with
corresponding sequences in HMGB2(box A). Our in vitro
and in vivo results show that substitution of cationic leader
residues of Nhp6Ap can determine protein folding stability
and DNA binding affinity. In fact, a nine-amino acid segment
(seven cationic residues) of the Nhp6Ap leader is sufficient
to confer full activity on HMGB2(box A), whereas substitu-
tion of HMGB2(box A) with the primary intercalating
methionine of Nhp6Ap makes a detectably favorable con-
tribution only when a smaller number of Nhp6Ap cationic
leader residues is included.

The similarity of our results obtained in vitro and vivo
suggests a remarkably dominant effect of leader cationic
residues in HMGB folding, DNA binding, and DNA bending.
The cationic leader (and thus the higher protein isoelectric
point) correlates with more stable protein folding and stronger
DNA binding. It has previously been shown that truncation
of the basic residues of Nhp6Ap reduces binding affinity and
the level of DNA bending (50). These authors estimated that
each ionic contact in the major groove contributes ~6° of
DNA bending (50). Our data are consistent with these results.
Sequence-nonspecific HMGB proteins asymmetrically neu-
tralize DNA charges at their random DNA binding sites, with
a corresponding contribution to DNA bending at each site.
Analogy can therefore be drawn between this natural DNA
bending strategy and the ability of sequence-specific DNA
binding proteins with engineered basic domains to induce
directed DNA bending at specific binding sites (56—59).
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