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ABSTRACT: Several basic proteins, including the ubiquitous HU proteins, serve histone-like functions in
prokaryotes. Significant sequence conservation exists between HU homologues; yet binding sites varying
from 9 to 37 bp have been reported. TF1, an HU homologue with a 37 bp binding site that is encoded by
theBacillus subtilisbacteriophage SPO1, binds with nM affinity to DNA that contains 5-hydroxymethy-
luracil (hmU) in place of thymine and to T-containing DNA with loops. We evaluated the contribution
of three conserved lysines to specifying the length of the binding site and show that Lys3 is critical for
maintaining a long binding site in T-containing DNA: A mutant protein in which Lys3 is replaced with
Gln(TF1-K3Q) is completely deficient in forming a stable complex. The affinity for 37 bp hmU-containing
DNA is also reduced, from∼3 nM for wild-type TF1 to∼90 nM for TF1-K3Q. The decrease in affinity
of TF1-K3Q for hmU-containing DNAg 25 bp suggests that Lys3 contacts DNA 8-9 bp distal to the
sites of kinking. We propose that Lys3 forms an internal saltbridge to Asp26 in HU homologues
characterized by shorter binding sites and that its surface exposure, and hence a longer binding site, may
correlate with absence of this aspartate.

Prokaryotic cells contain a number of small DNA-binding
proteins whose primary function is to compact and organize
the genomic DNA. Of these so-called histonelike proteins,
the ubiquitous HU protein is the most abundant (1-4). The
most prominent feature of HU is its capacity for wrapping
the DNA into nucleosome-like structures, readily visible in
electron micrographs (5). The structure of HU fromBacillus
stearothermophilusreveals a compact body generated by the
association of two identical monomers from which two
â-strands extend into flexible arms that wrap around DNA,
generating a significant DNA bend (6-8). The structure of
the HU homologue Integration Host Factor (IHF), whose
sequence-specific DNA binding permitted the cocrystalliza-
tion of a protein-DNA complex, revealed two DNA kinks
originating from the intercalation of proline residues from
the minor groove, wedging apart two base pair steps
separated by 9 bp of duplex and generating an∼160° DNA
bend (9). The extensive sequence and structural homology,
including the almost universal conservation of the DNA-
intercalating proline (3, 10), suggests a similar mode of DNA
contact for HU proteins.

ForEscherichia coliHU, linear DNA is saturated at about
one HU dimer per 9 bp of duplex DNA, regardless of
sequence (5, 11). Other HU homologues have been reported
to prefer longer DNA sites and to bind with some sequence
preference (10, 12-14). For instance, IHF and another

sequence-specific HU homolog, theB. subtilisbacteriophage
SPO1-encoded TF1, have∼37 bp binding sites (9, 15, 16).
Sequence-specificity of binding has been proposed to cor-
relate with the short C-terminal extension found in both IHF
and TF1 compared to HU proteins (17-20). However,
general determinants of binding site length have not been
specified, nor predicted from the sequence of HU proteins.

We have addressed the role of the three most highly
conserved, surface-exposed lysines in wrapping of DNA
about the body of the HU homolog, TF1, and in determining
the length of the binding site. For TF1, which binds DNA
as a homodimer, we find that Lys3 is essential for specifying
a long, 37 bp DNA site and propose that its surface-exposure
in TF1 is dictated by the absence of an otherwise highly
conserved aspartate with which it forms a saltbridge in HU
homologues characterized by shorter binding sites.

EXPERIMENTAL PROCEDURES

Protein Preparation.TF1 mutant proteins were generated
by PCR amplification of plasmid pTF1X (a gift from E. P.
Geiduschek), using a forward primer designed to introduce
the appropriate substitution at positions 3 or 18 of TF1 and
a reverse primer positioned to abut the forward primer. TF1-
K3QK86Q was generated similarly, using plasmid encoding
TF1-K3Q as the template and a forward primer designed
to introduce the mutation at position 86 (primer sequences
available on request). The PCR reaction, carried out with a
mixture of Taq and Pfu polymerase, generated a full-length
plasmid containing the mutated TF1 gene. The original
template DNA was removed by Dpn I digestion, and the
plasmid harboring the mutated TF1 gene was used to
transform E. coli BL21(DE3)pLysS. Introduction of the
desired mutation was confirmed by sequencing.
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Purified wild-type TF1 was generously given by E. P.
Geiduschek. Overexpression and purification of TF1 mutant
proteins was accomplished as described for TF1 (21). Peak
fractions of protein eluted from heparin-Sepharose were
judged to be>95% pure by Coomassie blue staining of
SDS-polyacrylamide gels. Protein concentrations were
determined from the absorbance at 280 nm, using an
extinction coefficient of 1200 M-1 for the TF1 monomer
which contains a single tyrosine.

Preparation and Labeling of DNA Probes.Oligonucle-
otides with hmU content were provided by L. Mayol (21,
22). T-containing oligonucleotides were purchased and
purified by denaturing polyacrylamide gel electrophoresis.
The top strand was32P-labeled at the 5′-end with T4
polynucleotide kinase. Equimolar amounts of complementary
oligonucleotides were mixed, heated to 90°C, and slowly
cooled to 4°C to form duplex DNA.

Electrophoretic Mobility Shift Assay and Quantitation of
Protein-DNA complexes.Electrophoretic mobility shift
assays were performed as described (21). Gels were prerun
for 30 min at 20 mA at room temperature before loading
the samples with the power on, except for experiments with
19-mer and 15-mer duplexes which were performed at 4°C.
Reaction conditions were as described (21, 23), and each
sample contained 50 or 100 fmol DNA in a total reaction
volume of 10µL, except for experiments with wild-type TF1
for which 10 fmol DNA was used. For competition experi-
ments,32P-labeled 37 bp hmU-containing DNA (50 fmol)
and unlabeled competitor DNA was mixed first, followed
by addition of protein. After electrophoresis, gels were dried,
and protein-DNA complexes were visualized and quantified
by phosphoimaging, using software supplied by the manu-
facturer (ImageQuant 1.1). For experiments shown in Figures
4-6, the concentration of DNA was 5 nM.

Equilibrium dissociation constants, Kd, were determined
from the slope of Scatchard plots of DNA titrated with
protein (21). Assuming binding to a single site and introduc-
ing the degree of binding as [TF1]B/[DNA] T, the Scatchard
equation yields [TF1]B/([DNA] T[TF1]F) ) Ka - Ka[TF1]B/
[DNA] T, where [TF1]B and [TF1]F are the concentrations of
bound and free TF1, respectively, [DNA]T is the total
concentration of DNA, andKa is the equilibrium association
constant. This method of determiningKd does not require
correction for dissociation of protein-DNA complexes
during electrophoresis since such correction would entail
adjusting the fractional complex formation [TF1]B/[DNA] T

by an exponential decay factor representing complex dis-
sociation during electrophoresis, a correction that would not
change the slope of the Scatchard plot. All experiments were
carried out at least in triplicate. Kd values are reported as
the average( the standard error of the mean.

RESULTS

Design of TF1 Mutants.Like IHF, the homodimeric TF1
kinks its specific DNA target site at two positions separated
by 9 bp of duplex (9, 21, 24). Since substitution of a residue
at the ends of the DNA-binding arms significantly affect
DNA binding and bending and since compensatory changes
can be made to DNA at the sites that are subject to TF1-
mediated kinking, TF1 is expected to engage its DNA target
similarly to IHF (9, 24, 25). This notion is supported also

by the significant structural homology (9,26). Sequence
alignments of HU homologues reveal several positions of
significant sequence identity, including three positions where
lysine is highly favored (Figure 1;10). As illustrated from
the solution structure of TF1 (Figure 1; 1,26), Lys3 is
positioned about two-thirds down the body of the protein,
relative to the positively charged cradle from which the
DNA-embracingâ-arms protrude. In TF1, Lys3 extends
directly out from the surface. With 9 bp of duplex engaged
by residues lining the top of theâ-sheet, followed by proline-
mediated kinks at either end, contacts with Lys3 would be
predicted to occur with DNA that is appreciably longer than
the 11 bp that participate in these interactions. In IHF, the
corresponding lysines interact with DNA∼9 bp distal to the
sites of kinking (9). We note that conservation of Lys3 does
not correlate with the reported length of individual HU
binding sites. Lys86 is located toward the top of the structure,
in a position to interact with DNA flanking the sites of
kinking. Indeed, the structure of IHF in complex with DNA
shows a lysine equivalent to Lys86 of TF1 interacting with
the DNA phosphodiester backbone within the central 9 bp
of duplex, immediately before the DNA kink (the corre-
sponding residue within theâ subunit, Arg, reaches sideways
and contacts DNA distal to the kink;9). Lys86 would
therefore be expected to be important for contacts to the
central part of the DNA site. The third, highly conserved
lysine is in position 18, located at the opposite end of the
protein relative to the primary region of DNA contact. TF1
is an exception, as it does not feature lysine in this position,
but glutamine.

Whereas the structure of TF1 is consistent with the proline-
mediated kinking of DNA bordering a central 9 bp segment,
no strongly electrostatically favored path for distal DNA
along the lateral sides of the protein is evident (26). To
identify residues involved in wrapping DNA about the body
of the protein, we therefore focused our mutational analysis
on the conserved lysines. We assessed the role of Lys3 and
Lys86 by generating TF1 mutant proteins wherein these
residues are replaced with glutamine (TF1-K3Q and TF1-
K3QK86Q). The role of lysine in position 18 was evaluated
by substituting Gln18 for Lys (TF1-Q18K). TF1 mutant
proteins were overexpressed as described for the wild-type
protein and purified to apparent homogeneity, as determined
by Coomassie Blue staining of SDS-PAGE gels (Figure 2).

Affinity of TF1 Mutants for hmU-Containing DNA. TF1
binds to specific sites within bacteriophage SPO1 genomic
DNA and bends its DNA target by an estimated 140° (25,
27, 28). TF1 also exploits the substitution of all thymine
residues with 5-hydroxymethyluracil (hmU) that is a char-
acteristic of SPO1 DNA by binding specifically and with
high affinity only to DNA that contains this modification
(21, 28). TF1 binds 37 bp T-containing DNA without
sequence specificity and with much lower affinity (21, 27).
Notably, the ∼3 nM affinity of TF1 for 37 bp hmU-
containing DNA is reproduced in T-containing DNA that
contains a set of 4-nt loops separated by 9 bp of duplex (21).

We compared the affinity of TF1 and the mutant proteins
to 37 bp hmU-containing DNA that represents the preferred
TF1 binding site that overlaps the PE6 early promoter (Figure
3). For TF1, 37 bp corresponds to the optimal binding site,
accommodating exactly one TF1 dimer (21). Previous
analyses of TF1-DNA complex formation demonstrated that
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binding energy resulted both from interactions with the
central region of the 37 bp binding site and with more distal
DNA sites (21). The affinity of TF1 mutant proteins for
shorter DNA probes, generated by symmetrically shortening
h37 at both ends, was also measured.

The DNA constructs were used in electrophoretic mobility
shift assays to compare the affinity of the TF1 variants. An
∼30-fold reduction in affinity for the 37 bp probe is observed
for TF1-K3Q, which has an apparent equilibrium dissocia-
tion constant Kd∼ 87 nM compared to 2.6 nM for wild-
type TF1 (Figure 4 and Table 1). This reduction in affinity
is accompanied by a significant increase in complex dis-
sociation during electrophoresis (evidenced by density in the

region of the gel between the position of the complex and
the free DNA and data not shown). Complex dissociation
during electrophoresis was previously analyzed for wild-type
TF1, and it does not affect the Scatchard analysis (see
Experimental Procedures). A further reduction in DNA-
binding affinity is evident for TF1-K3QK86Q, which fails
to form complexes that are stable to electrophoresis (Table
1 and data not shown). These observations are consistent
with a role for Lys3 and Lys86 in securing essential contacts

FIGURE 1: Position of conserved lysines. (A) Alignment of TF1; HU fromB. subtilisandE. coli and IHF fromE. coli. Residues highlighted
in blue are>80% conserved among all HU homologues; the most highly conserved lysines are indicated in red (10). The prolines responsible
for kinking the DNA target are indicated in green. SPO1-TF1: TF1,B. subtilisbacteriophage SPO1 (sp|P04445). Bsu: HU,B. subtilis
(sp|P08821). Eco-HUâ: HU â, E. coli (sp|P02341). Eco-HUR: HU R, E. coli (sp|P02342). Eco-IHFR: IHF R, E. coli (sp|P06984). Eco-
IHFâ: IHF â, E. coli (sp|P08756). (B) Structure of the dimeric TF1 (26; PDB accession number 1WTU) with residues targeted for mutagenesis
identified (Q18, yellow; K3 and K86, red). Other lysine residues are highlighted in dark blue, and P63 is shown in green. Illustration
generated with RasMol.

FIGURE 2: Purified TF1 and mutant proteins. Coomassie Blue-
stained SDS-PAGE gel showing molecular weight markers in lane
1. Lanes 2-5 contain ∼0.5 µg of TF1, TF1-K3Q, TF1-
K3QK86Q, and TF1-Q18K, respectively (arrow). Small variations
in electrophoretic mobility correlate with the number of surface-
exposed lysines. Samples in lanes 3 and 4 contain BSA. FIGURE 3: Sequences of hmU-containing oligonucleotides of

decreasing length. DNA constructs were generated by symmetrically
shortening h37 at both ends. H stands for hmU. The sequence of
h37 corresponds to a preferred binding site for TF1 within the SPO1
genome. Base pair steps that are subject to protein-mediated kinking
are underlined (21, 24). The position of a short inverted repeat is
indicated by arrows.
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to DNA. TF1-Q18K also has reduced affinity for 37 bp
DNA (Kd ) 13 nM). We surmise that a local redistribution
of electrostatic surface potential resulted from introduction
of the additional lysine and that this altered surface potential
is less favorable for DNA contacts.

In analogy with the IHF-DNA complex, TF1 is expected
to recognize a central 9 bp duplex bordered by two sites of
enhanced DNA flexibility that serve as target sites for proline
intercalation from the minor groove (9, 21, 24, 26). DNA
extending beyond this central segment makes additional
contributions to binding interactions. The expectation would
therefore be for the K3Q and Q18K mutations to affect
primarily affinity for the longer DNA constructs. Not
surprisingly, TF1-K3QK86Q is unable to form stable
complex with the shorter duplexes (Table 1 and data not
shown). As for TF1, both TF1-K3Q and TF1-Q18K exhibit
a diminution of affinity when the DNA length is decreased
from 37 to 29 bp (Figure 5 and Table 1). No significant
change in affinity is observed for TF1-K3Q upon reducing
duplex length from 37 to 33 bp, suggesting that maximal
binding interactions are attained with the 33-mer (Figure 5B).
However, neither mutant protein is able to form a complex
with 25 bp DNA that is stable to electrophoresis. As a
decrease in affinity correlates with an increased rate of
complex dissociation during electrophoresis (21; data not
shown), we suspect that any complex that formed with 25
bp DNA would have dissociated during electrophoresis. The
reduction in binding energy that accompanies a decrease in
duplex length from 29 to 25 bp may be explicitly rationalized
in terms of binding interactions between the end of the h29
duplex and sites on the lateral sides of the protein that the
shorter duplexes cannot reach. The absence of complex
formation between TF1-Q18K and h25 again suggests that
introduction of additional surface charge causes a redistribu-
tion of electrostatic potential across a more extended region
of the protein surface.

Lys3 is Critical for TF1 Binding to T-Containing DNA.
All mutant proteins retain a preference for hmU-containing
DNA compared to T-containing DNA, forming only barely
detectable (TF1-Q18K) or undetectable (TF1-K3Q and
TF1-K3QK86Q) complex with the 37 bp fully duplexed
T-containing DNA (data not shown). High-affinity binding
to T-containing DNA is restored upon introduction of a set
of 4-nt loops separated by 9 bp of duplex for both wild-type
TF1 (21) and TF1-Q18K; however, no complex formation
is seen with TF1-K3Q (Figure 6). This observation dem-
onstrates that Lys3 is critical for TF1 binding to T-containing
DNA, either because TF1-K3Q no longer binds preferably
to DNA with loops or due to a paucity of interaction with
DNA flanking the central loop-containing DNA segment.
The remarkable difference in TF1-K3Q complex formation
with 37 bp hmU-containing DNA and 37 bp T-containing
DNA with loops was further explored by assessing complex
formation with 37 bp heteroduplex DNA in which one strand
has T content and the other contains hmU. Regardless of

FIGURE 4: Electrophoretic analysis of TF1 variants binding to 37
bp hmU-containing DNA. Proteins are identified at the left, and
their concentrations are indicated below each panel.

Table 1: Dissociation Constant Kd (nM) for hmU-Containing DNA
of Decreasing Lengtha

TF1b TF1-Q18K TF1-K3Q TF1-K3QK86Q

h37 2.6( 0.3 13.1( 1.0 87.1( 5.6 n/c
h33 5.7( 1.0 31.0( 4.7 94.6( 5.7 n/c
h29 9.5( 0.9 71.0( 6.6 199.9( 16.4 n/c
h25 26.3( 3.2 n/c n/c n/c
h19 50.1( 2.3 n/c nd nd
h15 n/c n/c nd nd

a The sequences of DNA probes are shown in Figure 3. The notation
n/c indicates the absence of a complex that is stable to electrophoresis;
nd, not determined.b From ref21.

FIGURE 5: Affinity of TF1-K3Q and TF1-Q18K for shorter hmU-
containing DNA. (A) Binding of TF1 variants, identified at the
left, to 29 or 25 bp hmU-containing DNA. Protein concentrations
are indicated below each panel. (B) The standard free energy of
association,-∆G°, determined from Scatchard plots, as a function
of duplex length. (b) Wild-type TF1; (9) TF1-Q18K; (2) TF1-
K3Q.

FIGURE 6: Lys3 is critical for interaction with T-containing DNA
flanking the sites of protein-mediated kinking. (A) 37 bp loop-
containing DNA (T-292). The top strand sequence corresponds to
h37, except hmU is replaced with T. Loops are tandem mismatches
(in boldface and underlined), generated by altering the sequence
of the bottom strand to generate mismatches composed of identical
opposing bases. (B) Electrophoretic analysis of TF1 variants binding
to T-containing DNA with loops shown in (A). Protein concentra-
tions are indicated below each panel.
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which strand harbors the hmU-for-T substitutions, no com-
plex was detectable with TF1-K3Q (data not shown). By
contrast, wild-type TF1 displays an intermediate affinity for
such heteroduplexes between that observed for all-T- or for
all-hmU-containing DNA (21).

The ability of TF1-K3Q to bind preferentially to loop-
containing DNA was also explored by comparing complex
formation with heteroduplex DNA and heteroduplex DNA
with 4-nt loops. As pointed out above, no complex was seen
with heteroduplex DNA; however, TF1-K3Q does form
complex with the loop-containing heteroduplex that is stable
to electrophoresis, indicating that it retains the ability to bind
with increased affinity to loop-containing DNA (data not
shown).

The interpretation that Lys3 is important for contacts to
T-containing DNA distal to the sites of kinking is valid only
if TF1-K3Q makes comparable contacts with hmU-contain-
ing DNA and T-containing DNA with loops across the
central∼11 bp segment, an explicit inference made with
regard to wild-type TF1 (21, 24). Accordingly, TF1-K3Q
may exhibit comparable interaction with h25 and the 37 bp
T-containing DNA with loops (T-292; Figure 6A), but neither
DNA construct forms a complex with TF1-K3Q that is
stable to electrophoresis. We therefore assessed the ability
of h25 and T-292 to inhibit complex formation with h37
(Figure 7; these experiments were performed with a DNA
concentration above the Kd). For wild-type TF1 and TF1-
Q18K, complex formation with h37 is effectively inhibited
by T-292, as expected. A more modest inhibition of TF1-
K3Q-h37 complex formation is seen with T-292, but this
DNA construct competes more efficiently for complex
formation than h25, consistent with the notion that TF1-
K3Q does make contact both to h25 and T-292 across the
central segment. An important finding in support of this
interpretation is that fully duplex, 37 bp T-containing DNA
has no inhibitory effect on complex formation within this
concentration range (data not shown). These observations
demonstrate that introduction of loops into T-containing
DNA significantly increases binding to TF1-K3Q and
suggest that the diminished affinity of TF1-K3Q for T-292
compared to h37 is due primarily to a paucity of interaction
with distal DNA segments. We also note that the inhibitory

effect of T content on TF1-K3Q binding to heteroduplex
DNA is not absolute; heteroduplex DNA inhibits complex
formation with h37 at a level intermediate between that seen
with T-292 and with h25 (Figure 7 and data not shown).
This is consistent with the properties of wild-type TF1 which
has lower affinity for heteroduplex DNA compared to h25
(21).

In contrast, no inhibition of complex formation with TF1-
Q18K was observed within this concentration range upon
addition of h25, but a modest, yet finite, increase. Since
TF1-Q18K can form higher-order complex on the 37 bp
DNA (data not shown), we surmise that oligomerization in
solution may also occur and that this oligomerization is
inhibited by h25, increasing the effective concentration of
TF1-Q18K (both T-292 and h25 inhibit formation of higher
order complex; data not shown).

DISCUSSION

On the basis of the experimentally determined DNA-
binding properties (17, 20, 21, 23, 24, 27, 28), analysis of
the electrostatic surface potential of TF1 (26), and by
comparison to the IHF-DNA structure (9), the positively
charged cradle and the flexibleâ-ribbon arms of TF1 are
expected to engage the DNA target through minor groove
interactions, culminating in two prolines (Pro63, Figure 1)
wedging apart hmU-A base pair steps separated by 9 bp
(Figure 3). Mutagenesis of residues within the DNA binding
arms of TF1 confirm that this region is indeed in contact
with the DNA and establish that Pro63 is situated at the sites
of DNA kinking (24, 25). Correspondingly, conserved
arginine residues within theâ-ribbon arms ofB. stearother-
mophilusHU were shown to play a key role in DNA binding
(29). TF1 binds sequence-specifically to the DNA probe used
in this study, with the two hmU-A base pair steps disposed
symmetrically about the center of the probe (underlined in
Figure 3) being essential and sufficient for high-affinity
binding (21, 24, 25). As the primary DNA binding region,
theâ-ribbon arms, is unaltered in the described TF1 mutant
proteins, it is therefore a strong expectation that the mutant
proteins, like wild-type TF1, engage a central DNA segment
via their DNA-binding arms and that they kink their DNA
target by means of Pro63 intercalation.

Residues from each IHF subunit, equivalent to Lys86 of
TF1 (Figure 1), are seen in the IHF-DNA structure to contact
the phosphodiester backbone at either side of the proline-
mediated DNA kink (9). The inability of TF1-K3QK86Q
to engage DNA stably suggests that Lys86 of TF1 likewise
contributes important stabilizing interactions by contacting
DNA in the vicinity of the DNA kinks. Consistent with this
interpretation, we note that a previously reported mutational
analysis ofB. subtilisHU showed that substitution of Lys86
for alanine resulted in a mutant protein that retained only
∼20% binding activity (30).

A DNA path anchored by Pro63 mediating kinks at the
hmU-A base pair steps places Lys3 in a position to interact
with a distal DNA region: DNA distal to each kink is
expected to return quickly to B-form, to remain largely in a
single plane and to follow a relatively straight path, presum-
ably towards positive electrostatic patches at Lys8 or Lys30
which are situated immediately below and to either side of
Lys3 (Figure 1;9, 26). The location of Lys3 in the projected

FIGURE 7: Inhibition of complex formation with 37 bp hmU-
containing DNA. Relative inhibition is plotted as a function of the
concentration of competitor DNA. (b) T-292 (Figure 6A); (9) h25
(Figure 3). Relative inhibition is calculated asC0-Ci/C0 whereC0
is complex formation in the absence of competitor andCi is complex
formation in the presence of competitor. The concentration of
competitor, indicated below the bottom panel, is identical for all
panels. Protein concentrations: TF1, 10 nM; TF1-K3Q, 50 nM;
TF1-Q18K, 20 nM.
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path of distal DNA is consistent with a critical role in
specifying a long binding site. Lys3 may contact residues at
the end of a 25 bp duplex or immediately beyond, consistent
with the diminution of DNA binding that accompanies a
decrease in duplex length from 29 to 25 bp with TF1-K3Q
(Figure 5). DNA longer than 25 bp may reach Lys8 or Lys30,
permitting more stable complex formation with TF1-K3Q.
A direct interaction between the two Lys3 residues of the
TF1 dimer and central DNA regionssor DNA bordering the
sites of kinkingswould not be compatible with the physical
location of Lys3 at the protein surface (i.e., the central DNA
region is much too short to span the two Lys3 residues), nor
with the requirement for interaction between sites of DNA
kinking and Pro63. In support of these interpretations, we
also point out that another TF1 mutant protein, in which two
internal, buried residues were substituted, was recently
studied by NMR. It was shown that this TF1 mutant protein,
whose overall structure is essentially superimposable on the
structure of the wild-type protein, exposes additional positive
surface potential on each lateral side of the protein dimer
that results in an∼40-fold higher affinity, but only for DNA
that is longer than 25 bp (21, 31). This is consistent with an
important contribution to affinity at a position that corre-
sponds to the location of Lys3.

TF1 identifies its target site largely through recognition
of sequence-dependent DNA deformability (21, 24). Al-
though TF1 binds with sequence preference only to DNA
that contains hmU in place of thymine, the hmU-requirement
can be localized to the two hmU-A base pair steps that are
subject to protein-mediated DNA intercalation (Figure 3);
no significant difference in binding affinity is observed
whether the intervening sequence or distal DNA has T or
hmU content (24). Since the requirement for hmU-A base
pair steps may be bypassed in T-containing DNA that
contains two 4-nt loops separated by 9 bp of duplex
(construct T-292; Figure 6A), hmU-A base pair steps were
inferred to impose local DNA flexure (21, 24). Other DNA-
bending proteins, including IHF, have also been shown to
bind with higher affinity to the more pliable hmU version
of their target sites (32, 33). Our data clearly show that T
content is inhibitory to complex formation with TF1-K3Q
and that the loops confer increased binding affinity compared
to fully duplex T-DNA, as only T-292 and not the fully
duplexed T-DNA is capable of inhibiting binding to hmU-
DNA (Figure 7). Thus, comparable interactions within the
central DNA segment in hmU-containing DNA and in
T-containing DNA with loops (T-292) appear to exist both
for wild-type TF1 (21, 24) and for TF1-K3Q and TF1-
Q18K. The stimulatory effect of 4-nt loops on complex
formation with TF1-K3Q is also evident in heteroduplex
DNA; TF1-K3Q fails to form stable complex with hetero-
duplex DNA but binds heteroduplex with loops with a
modest increase in affinity (data not shown). We have shown
previously that hmU-A base pair steps (underlined in Figure
3) or 4-nt loops (underlined in Figure 6A) are necessary and
sufficient for high-affinity binding by wild-type TF1 and that
no hmU-requirements exist for flanking DNA (21, 24). As
emphasized above, theâ-ribbon arms of TF1 that interact
with the central DNA segment are unaltered in TF1-K3Q.
The simplest interpretation of the current experiments is,
therefore, that TF1-K3Q, like wild-type TF1, recognizes
the sites of increased flexure in T-292 (i.e., the loops),

resulting in enhanced binding. We therefore infer that the
inability of TF1-K3Q to form stable complex with T-292
(Figure 6) is a consequence of a paucity of stabilizing
interaction with DNA distal to the sites of kinking and that
Lys3 is critical for specifying a long binding site in
T-containing DNA.

Differences in affinity for h19 between wild-type TF1 and
TF1-K3Q exist (Table 1). However, h19 does inhibit h37-
TF1-K3Q complex formation at a level equivalent to that
seen with T-292 and h25 (Figure 7), consistent with retention
of significant interaction between h19 and TF1-K3Q (data
not shown). As TF1 exposes several lysines on the surface
(Figure 1B), we suggest that a change in electrostatic surface
potential may result, and that such a change may modulate
DNA binding affinity. Without structural information for the
mutant protein, these considerations are speculative, although
we submit that a change in electrostatic surface potential
would not be an unexpected consequence of making charge-
altering mutations to an already highly charged surface. Such
considerations apply particularly to the interpretation of
binding properties of TF1-Q18K, as additional positive
charge was introduced adjacent to the existent Lys23. The
rationale for substituting Gln18 was to assess whether a
glutamine in this position contributes to the preference for a
long binding site. Although the properties of TF1-Q18K
are complex, the answer to the question that formed the
rationale for its generation does get answered by the available
data: wild-type TF1 and TF1-Q18K have comparable
affinities for 37 bp DNA, suggesting that Gln18 is not a
significant determinant in conferring a long binding site.

Lys3 is known to be surface-exposed from the structure
of TF1. In deciding on a suitable residue with which to
substitute this lysine, we opted to introduce another polar,
but uncharged residue as opposed to the much smaller and
less polar alanine. It is possible that Gln3 may interact with
the DNA. However, since our primary observation is a
diminution in binding affinity for TF1-K3Q, we would
argue that it is the absence of lysine that is detrimental to
binding. Second, another primary conclusion is that interac-
tions with DNA distal to the sites of bending are critical, as
discussed below. These conclusions would remain valid even
if glutamine does interact with DNA at this position, as it
would have to be argued that it does so in a distinct and less
favorable fashion.

These interpretations of course raises the question of why
Lys3 is almost universally conserved despite differences in
the reported length of HU binding sites. Second, it implies
that the basis for the difference in affinity of TF1-K3Q for
37 bp hmU-containing DNA and T-containing DNA with
loops resides in differential contacts to DNA distal to the
kinks. Examination of structural information for HU homo-
logues offers a rationale for the conservation of Lys3. In
TF1 and IHF, Lys3 extends out from the surface, poised for
interaction with a DNA target (9, 26). In contrast, Lys3 is
buried within the interior ofB. stearothermophilusHU, held
in place through a saltbridge to Asp26 (6-8). In TF1, Asp26
is substituted by Ala, whereas the IHFâ subunit has Lys in
this position. We therefore propose that surface exposure of
Lys3, which is located in a position where contacts to a
longer DNA site evidently are critical, depends on the
absence of a negatively charged residue at position 26 and
that HU homologues without Asp or Glu in this position
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bind a longer target site. The requirement for DNA contact
∼9 bp distal to the sites of kinking is also suggested from
the structure of HU fromThermotoga maritima, which buries
Lys3 in the interior, but instead features a unique, surface-
exposed Lys4 (PDB Id: 1B8Z;34); T. maritima HU has
also been shown to prefer an∼37 bp target site (10).

In its complex with a 44 bp duplex, another DNA-bending
protein, CAP, forms DNA contacts 12-14 bp from the center
of the binding site that contribute strongly to affinity; contacts
to more distal DNA (beyond a 28 bp core) contribute only
modestly (35). Evidently, TF1 also derives significant
binding energy from contacts at the edges of a 29 bp core;
the fact that such contacts contribute significantly to affinity
was also demonstrated by the abrupt increase in affinity of
a TF1 mutant protein upon increasing target size from 25 to
29 bp (21). It is reasonable to expect the free energy of
binding to reach a local maximum in a region of the DNA
that is not bent, since bending requires energy that may be
expected to counteract favorable interactions with the protein.
In the case of the CAP-DNA complex, it was proposed that
the most efficient use of binding energy may be attained
when the interactions necessary for bending are located far
from the bend center, allowing the protein to anchor the ends
of the DNA and pull them toward the center (35). Our data
suggest that Lys3 may contribute such optimized interactions.

Interactions of TF1-K3Q with the central region of the
binding site appear comparable in hmU-containing DNA and
T-containing DNA with loops, leading to the conclusion that
it is interactions with distal DNA that cause the observed
difference in affinity (Figure 7). Since TF1 binding sites show
little sequence conservation and since replacement of hmU-
containing DNA flanking the sites of kinking with T-
containing DNA has no effect on affinity of wild-type TF1
(21), we find it less likely that TF1-K3Q engages in base-
specific DNA contacts or in recognition of structural features
imposed by hmU content. We suggest instead that the
removal of a protein-DNA contact that otherwise serves as
a critical means of anchoring the ends of bent DNA exposes
a differential flexibility of hmU-containing DNA compared
to T-containing DNA with loops (or heteroduplex DNA),
otherwise masked in its presence. Contacts to DNA too far
from the bend center may be inferior in terms of optimizing
leverage, thus permitting only stable complex formation with
the more pliable hmU-containing DNA.
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