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The Caenorhabditis elegans SKN-1 protein binds DNA through a basic region like those of bZIP proteins and
through a flexible amino-terminal arm segment similar to those with which numerous helix-turn-helix proteins
bind to bases in the minor groove. A recent X-ray crystallographic structure suggests that the SKN-1 amino-
terminal arm provides only nonspecific DNA binding. In this study, however, we demonstrate that this segment
mediates recognition of an AT-rich element that is part of the preferred SKN-1 binding site and thereby sig-
nificantly increases the sequence specificity with which SKN-1 binds DNA. Mutagenesis experiments show that
multiple amino acid residues within the arm are involved in binding. These residues provide binding affinity
through distinct but partially redundant interactions and enhance specificity by discriminating against alter-
nate sites. The AT-rich element minor groove is important for binding of the arm, which appears to affect DNA
conformation in this region. This conformational effect does not seem to involve DNA bending, however,
because the arm does not appear to affect a modest DNA bend that is induced by SKN-1. The data illustrate
an example of how a small, flexible protein segment can make an important contribution to DNA binding

specificity through multiple interactions and mechanisms.

Maternally expressed SKN-1 protein is required for cell fate
specification during the earliest embryonic stages in Caeno-
rhabditis elegans (3, 4). SKN-1 is a transcription factor that
binds DNA as a monomer (2). Its unusual DNA binding do-
main (the Skn domain) (Fig. 1A) includes a carboxyl-terminal
basic region (BR) like those of dimeric basic-leucine zipper
(bZIP) proteins and a flexible amino-terminal arm like those
with which homeodomains and other helix-turn-helix proteins
bind in the minor groove (2). The consensus-preferred SKN-1
binding site, as determined by in vitro selection, consists of an
AT-rich element (A/TA/TT) immediately 5’ of the sequence
G/ATCAT (2), which corresponds to the GTCAT half-site
recognized by many bZIP protein BRs (2, 32). Although indi-
vidual BR peptides do not bind DNA stably as monomers, the
purified Skn domain binds to a preferred site with a dissocia-
tion constant (K;) in the range of 10~° M (8). The Skn domain
BR is stabilized on the G/ATCAT sequence primarily by the
adjacent a-helical support segment (Fig. 1A and B), which is
unrelated to either a ZIP segment or a helix-turn-helix motif
and forms a globule that leaves the BR exposed in the major
groove (8, 26, 32). The Skn domain amino-terminal arm, which
is almost identical in sequence to that of the antennapedia
homeodomain (Fig. 1A), is also important for binding affinity
and has been proposed to mediate specific recognition of this
AT-rich element (2, 8).

However, the recent crystal structure of an Skn domain-
DNA complex does not support the idea that the amino-ter-
minal arm contributes to binding sequence specificity (32).
This structure (Fig. 1C) was determined with a preferred
SKN-1 DNA binding site (2) and an Skn domain derivative in
which a tag of six histidine (His) residues was attached imme-
diately amino terminal to the arm at position 2 (Fig. 1A) (32).
The crystal structure is generally consistent with mutagenesis,
footprinting, and nuclear magnetic resonance spectroscopic
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data with respect to how the support segment stabilizes the BR
on DNA (32). However, this structure does not suggest a
mechanism for how the amino-terminal arm might mediate
any base sequence preferences. It indicates that the amino
terminus of the arm points away from the support segment
(Fig. 1C) (32) in an orientation opposite to that of most helix-
turn-helix protein arm segments (Fig. 1B), which usually lie
within the minor groove and contact bases and the adjacent
DNA backbone (1, 10, 14, 17-19, 23, 43, 44). In this structure,
the Skn domain arm does not interact with the DNA minor
groove and appears to make only a single direct contact with
the backbone (Fig. 1C) (32). Based upon these findings, it has
been concluded that the similarity of the SKN-1 amino-termi-
nal arm segment to homeodomain arms (Fig. 1A) derives sim-
ply from a clustering of basic residues, that this segment con-
tributes only nonspecific DNA binding affinity, and that the
SKN-1 binding site consists only of G/ATCAT (32).

For multiple reasons, it is important to elucidate how the
amino-terminal arm contributes to SKN-1 DNA binding. It is
of interest to determine whether the arm increases the number
of bases specified by SKN-1, because we have only a limited
understanding of which target genes SKN-1 might regulate in
vivo (49). In addition, homeodomain arm segments can be
bound by protein cofactors (41, 43, 48) and are critical for
functional specificity that is not directly attributable to DNA
binding (11, 22, 24, 47), suggesting that the Skn domain arm
might be involved in similar interactions. Finally, it is of im-
portance to identify general principles by which such small
peptide segments can contribute to DNA binding affinity and
specificity.

In this study, we demonstrate that the Skn domain amino-
terminal arm increases binding specificity significantly by con-
ferring a sequence preference for the AT-rich element. Mul-
tiple amino acid residues within the arm appear to interact
with the DNA but are not individually essential for binding
affinity, suggesting conformational flexibility. A conserved ar-
ginine (Arg 9) (Fig. 1A and C) appears to be the most impor-
tant of the basic residues within the arm, but each of them
contributes specificity by destabilizing binding to nonpreferred
sites. A glycine that is interspersed among these basic residues
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FIG. 1. Skn domain and its interactions with DNA. (A) Diagram of the Skn domain, which consists of the carboxyl-terminal 85 amino acids (aa) of SKN-1 (residues
449 to 533) and is numbered as described in reference 2. The sequences of the amino-terminal arm and BR are compared with the corresponding sequences from the
indicated homeodomain and bZIP proteins, respectively. The four support segment a-helices identified by nuclear magnetic resonance and X-ray crystallography (8,
26, 32) are labeled H1 to H4. The arm and BR residues that are designated by open and filled circles contact DNA bases and the backbone, respectively, in the Skn
domain structure determined by X-ray crystallography (32). Arg 9 in the amino-terminal arm (SKN-1 residue 457) is shaded because it is highly conserved in
homeodomains, where it is designated position 5 (34). Sequences are from references 8 and 34. (B) Results of biochemical analyses of Skn domain DNA binding. The
BR o-helix extends into the major groove directly from support segment helix 4. Black circles indicate positions of maximum hydroxyl radical protection by both the
Skn domain and A1-9. Shaded ovals indicate where protection by the Skn domain is greater than by A1-9, with the size of the oval indicating the extent of difference
(8). Black vertical arrows indicate where prior hydroxyl radical cleavage enhances Skn domain binding (8). Black arrowheads indicate positions at which adenine
methylation binding interference is greater for the Skn domain (Fig. 4). The small shaded arrow in the minor groove indicates the approximate direction that
corresponds to the amino terminus of a homeodomain arm, relative to the location of the major groove recognition helix. The wide downward-pointing arrow indicates
the approximate position at which the major groove corresponds to the direction in which the Skn domain and A1-9 bend DNA. (C) Structure of the Skn domain bound
to DNA (32). The Skn domain backbone is shown in blue, along with the Arg 9 (Arg 457) side chain. Other side chains are not shown because they are not positioned
close to the AT-rich region (32). The DNA backbone is orange, the GTCAT base pairs are yellow, and the AT-rich region bases are red. Green spheres indicate the
sugar residues protected from hydroxyl radical attack specifically by the amino-terminal arm (Fig. 1B). Residues that are located amino terminal to Gly 8 (Gly 456)
are disordered and not visible in the structure (32).
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(Gly 8) influences interaction of the entire arm with the DNA
(Fig. 1A and C) and may contact DNA directly. Binding of the
arm appears to depend upon the AT-rich region minor groove
and to influence DNA conformation. This conformational ef-
fect does not seem to involve DNA bending, however, because
binding of the arm does not substantially influence a modest
DNA bend (<10°) that is mediated by the BR and support
segment. These experiments demonstrate that the Skn domain
amino-terminal arm, like those of helix-turn-helix proteins, is
an important DNA specificity segment and that it establishes
these sequence preferences through multiple interactions. The
results of these experiments also suggest a model for how this
small protein segment binds to the DNA.

MATERIALS AND METHODS

Protein expression and DNA binding assays. The Skn domain protein and a
mutant protein that lacks the arm (amino acids 1 to 9) of the Skn domain (A1-9)
were expressed in Escherichia coli, purified, and quantitated by spectroscopic and
amino acid analysis as described in reference 8. Expression and purification of
the glutathione S-transferase-SKN-1 protein were described previously (2). K;s
were determined at room temperature by electrophoretic mobility shift assay
(EMSA) under conditions of protein excess as described previously (8), except
that only siliconized tips and tubes were used. The K, with which the Skn domain
binds its preferred site had been measured as 1 (=0.5) X 10~? M (8), but under
these latter conditions this K, was approximately 3 X 10~'9 M.

Deletion mutations were produced by PCR and confirmed by DNA sequenc-
ing. Substitution mutations were constructed by the circular-mutagenesis change
reaction (45). Expression and quantitation of in vitro-translated proteins were
performed essentially as described in reference 8 with a combined transcription-
translation kit (Promega). Each protein was quantitated multiple times by *°S-
labeled translation and sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. The variability among these translations generally fell within a range of
1.5-fold. EMSAs were performed as described previously (8), with poly(dI-dC)
present at 0.0125 pg/pl in each sample. Each protein was tested as described in
the legend to Fig. 2 with at least two different preparations of unlabeled protein
to ensure reproducibility.

The DNA probe and procedures used in the methylation interference assay
have been described previously (2). To ensure that the observed effects were
reproducible and derived from specific binding, each experiment was performed
multiple times under conditions at which an EMSA (not shown) demonstrated
that 10 to 50% of the input DNA was in the bound fraction and that only a single
protein molecule was bound.

Circular-permutation assay. Probes for the circular-permutation assay were
constructed from a Bluescript plasmid containing an in vitro-selected SKN-1
binding sequence that includes the ATTGTCAT preferred binding site (2).
Three different sets of PCR primers were used to generate probes A, B, and C,
which were each 160 bp in length. In probe A, the SKN-1 binding site was 12 bp
from the 5’ end; in probe B, it was 77 bp from the 5’ end; and in probe C, it was
10 bp from the 3’ end. The probes were purified and end labeled with 3?P by
polynucleotide kinase. The EMSA was performed on 6% polyacrylamide gels as
described in reference 2, with the Skn domain protein, A1-9, and full-length
SKN-1 present at concentrations of 1, 30, and 50 nM, respectively.

Ligation-mediated cyclization kinetics assay. The cyclization kinetics assay
was performed essentially as described by Kahn and Crothers (15). Ligation
substrates were constructed with plasmids (31 and 37 pBluescript IT KS 11T15F)
(15, 27) that were gifts of David Fisher. Each contained a Max protein binding
site located 31 or 37 bp from a sequence of six regularly spaced poly(dA) tracts,
which induces an intrinsic bend. The Max binding sites were replaced by a single
preferred SKN-1 binding site, which was placed at different positions by PCR.
These plasmids were used to generate the cyclization probes (SK32 to SK41)
listed in Table 1, as described previously (27).

To establish protein concentrations that were ideal for complete and specific
binding to these cyclization probes, EMSAs were performed under the condi-
tions that were used for ligation (see below). Nonspecific binding was assayed by
performing side-by-side EMSAs with minicircle substrate identical to the sub-
strate used in the above-described assays except that it lacked an SKN-1 binding
site (27). The Skn domain concentrations chosen for the ligation experiments
varied between 10 and 25 nM (not corrected for activity), depending upon the
protein preparation. However, under these conditions, the levels of specific and
nonspecific binding by A1-9 differed by only 1 order of magnitude at room
temperature, making it advantageous to perform these experiments at 0°C, which
stabilized specific binding (not shown). The A1-9 concentrations then chosen for
ligation experiments ranged between 50 and 125 nM (not corrected for activity),
also depending upon the protein stock. Under these conditions, a nonspecific
probe was not bound appreciably by either the Skn domain or A1-9 and the bulk
of specific probe was bound by a single protein molecule (not shown).

Cyclization kinetics assays were performed at a DNA concentration of 3 X
10~ M, as described previously (27), except that 0.1% Nonidet P-40 was added.
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Experiments involving A1-9 were performed at 0°C, and those involving the Skn
domain were performed at room temperature, but the latter results were con-
firmed at 0°C (not shown). Each ligation reaction mixture contained DNA at a
concentration of 32 pM. Reaction mixtures were incubated for 30 min, and then
cyclizations were initiated by the addition of 50 to 1,000 U of ligase. At 10
different time points, 16 pl of the reaction mixture was removed and the ligation
was halted by the addition of 8 wl of the proteinase K mixture described in
reference 15. By varying the amount of ligase added, these experiments were
performed over times ranging between 4 and 21 h. Reaction mixtures were
heated and then analyzed in a 6% native gel as described previously (15). Dried
gels were analyzed by PhosphorImaging (Molecular Dynamics).

RESULTS

The amino-terminal arm specifies the AT-rich element. To
determine whether the AT-rich element that was selected in
vitro (2) is important for high-affinity binding, we assayed bind-
ing of the Skn domain to an oligonucleotide (SK1) (Fig. 2A
and B, lanes 1 to 5) that matches the preferred consensus (2)
and to an otherwise identical site in which the AT-rich element
had been changed to GCC (—3,-2,—1 GCC) (Fig. 2A and B,
lanes 11 to 15). The purified Skn domain (8) bound to SK1
with an approximately fivefold higher affinity than it bound to
the —3,—2,—1 GCC site (not shown), as indicated by titration
in an EMSA in which the K, was estimated from the protein
concentration that binds 50% of the input DNA (6).

We also tested binding of the Skn domain to these sites by
EMSA titration of in vitro-translated protein, performed at a
low concentration (5 X 1072 M) of specific DNA to obtain a
semiquantitative measurement of binding. These conditions
may be more similar to those of a cellular environment than
are those of assays of binding by a purified protein, because
both reticulocyte lysate proteins and poly(dI-dC) competitor
are present. In this assay, the in vitro-translated Skn domain
appeared to bind the SKI1 site with a moderately higher affinity

Skn A1-9 Skn A1-9
A
i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
ATTGTCAT RT GCCGTCAT
Skn A1-9 Skn A1-9
B I 1] 1T 17 1
88 v, 888,882,882z,

12 3 4 56 7 89 1011 12 13 14 15 16 17 18 19 20
ATTGTCAT 0°C GCCGTCAT

FIG. 2. Involvement of the Skn domain amino-terminal arm in DNA binding
affinity and specificity. (A) Binding of the Skn domain and the A1-9 Skn domain
mutant (2) to DNA, assayed by EMSA at room temperature (RT). The ATTG
TCAT preferred site assayed is the 22-bp oligonucleotide SK1 (2). The GCCG
TCAT mutant site (—3,—2,—1 GC [2]) is identical to SK1 except for these three
base pairs. Protein concentrations are indicated above the gel (in 10~ '2 molar
units), and specific DNA is present at 5 X 107! M. (B) Binding of the Skn
domain and the A1-9 mutant to the SK1 and —3,—2,—1 GCsites at 0°C, assayed
as described for panel A.
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FIG. 3. Mutational analysis of the Skn domain amino-terminal arm. (A) Mutations constructed within the arm, which is compared with homeodomain arm
segments. In each of these proteins, the amino-terminal arm was altered as shown, but the remainder of the Skn domain (Fig. 1) was intact. Each sequence is preceded
by an initiation methionine. Open and closed circles indicate contacts with bases and the backbone, respectively, that were revealed by structural studies (1, 17, 23, 32).
(B) Binding of the indicated proteins (described in panel A) to the SK1 oligonucleotide site (Fig. 2). Equal concentrations (25 pM) of these in vitro-translated proteins
were assayed for DNA binding at room temperature (RT) by EMSA. Only the preferred sequence is shown below the gel, with the AT-rich region being shaded. (C)
EMSA carried out as described for panel B but performed at 0°C. (D) EMSA of the indicated proteins for binding to the —3,—2,—1 GC mutant site (Fig. 2) at room

temperature. (E) EMSA carried out as described for panel D but performed at 0°C.

than was measured previously for the purified Skn domain
(Fig. 2A, lanes 1 to 5) (see Materials and Methods). Signifi-
cantly, a >100-fold-higher concentration of the Skn domain
protein was required to bind —3,—2,—1 GCC at a level com-
parable to that at which it bound the preferred site, SK1 (Fig.
2A, lanes 5 and 11), demonstrating that the AT-rich element is
an important part of the high-affinity consensus SKN-1 binding
site.

To determine whether the amino-terminal arm segment is
involved in this sequence specificity, we assayed binding to
these sites of an Skn domain mutant that lacks the arm (A1-9)
(Fig. 1A) (2). In an assay performed with purified proteins at
room temperature, the Skn domain protein bound SKI1 at a
fivefold higher affinity than did A1-9 (8). However, binding by
in vitro-translated A1-9 was detectable only at 0°C (Fig. 2A
and B, lanes 6). In the latter assay, the concentrations of the
Skn domain protein and A1-9 that gave similar levels of SK1
binding differed by about 2 orders of magnitude (Fig. 2B, lanes
5 and 6). In contrast, these proteins bound at comparable
levels to the —3,—2,—1 GCC mutant site (Fig. 2B, lanes 11 to
20), and A1-9 bound as well to this site as to SK1 (Fig. 2B,
lanes 6 to 10 and 16 to 20), demonstrating that the specificity
of the Skn domain for the AT-rich element is mediated by the
amino-terminal arm.

Multiple Skn domain amino-terminal arm residues contrib-
ute to DNA binding affinity and specificity. In most homeodo-
main amino-terminal arms, except for those in yeast proteins
such as a2 (Fig. 3A), the Arg residue that corresponds to Skn
domain Arg 9 is conserved and lies carboxyl terminal to a
residue that varies according to protein class but is often Gly or
Pro (Fig. 1A and 3A) (34). The more distal arm residues
(positions 5 to 7) are usually basic but are less conserved (Fig.

1A and 3A) (34). To investigate how these individual residues
contribute to Skn domain DNA binding, we created mutations
in the arm that included amino-terminal deletions and alanine
substitutions to replace individual side chains with a methyl
group (Fig. 3A) and tested their abilities to bind to the SK1
and —3,-2,—1 GCC sites. In the EMSA, a low temperature
noticeably stabilizes binding that involves either the A1-9 mu-
tant protein or the —3,—2,—1 GCC mutant DNA sequence
(Fig. 2A and B, lanes 5 to 20) but not specific binding of the
Skn domain to the optimal sequence, SK1, as indicated by
comparison of the bound and free DNA fractions (Fig. 2A and
B, lanes 1 to 5). Binding by various other mutant proteins and
DNA sequences that we have analyzed was also relatively en-
hanced at low temperature (see below), presumably because
these mutant protein-DNA complexes are less stable. We
therefore tested these mutants for binding at both room tem-
perature and 0°C to allow their binding to be compared strin-
gently with optimal Skn domain-DNA binding and still permit
analysis of weak mutants such as A1-9.

The deletion mutants A1-4 and A1-7 (Fig. 3A) both bound
well to SK1 (Fig. 3B, lanes 8 and 9), and an EMSA titration
indicated that A1-7 and the Skn domain bound to this site with
very similar affinities (Fig. 4A, lanes 1 to 10), indicating that
the more distal (amino-terminal) residues in the arm (positions
1 to 7) (Fig. 3A) are not required for binding affinity. In
contrast, the dramatic difference in levels of binding between
A1-9 and A1-7 (Fig. 2A and 4A, lanes 6 to 10, and 3B and C,
lanes 9 and 12) suggests that residues 8 and 9 are particularly
important. This finding is consistent with the Skn domain crys-
tal structure, in which Arg 9 appears to contact the DNA
directly (Fig. 1C) (32).

Binding to the preferred SK1 site was not affected by sub-
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FIG. 4. EMSA titration of DNA binding by Skn domain amino-terminal arm mutants. (A) Binding of the Skn domain and A1-7 proteins (Fig. 3A) to the indicated
sites, assayed at room temperature (RT) as described for Fig. 2. Protein concentrations are indicated above the gel (in 10~ 2 molar units), and specific DNA was present
at 5 X 102 M. (B) EMSA carried out as described for panel A but performed at 0°C. (C) Binding of the 9R-A and A1-7 9R-A proteins (Fig. 3A) to the indicated
sites, assayed as described for panel A. (D) EMSA carried out as described for panel C but performed at 0°C. (E) Binding of the 8G-A and A1-7 8G-A proteins (Fig.
3A) to the indicated DNA sequences, assayed as described for panel A. (F) EMSA carried out as described for panel E but performed at 0°C.

stitution of Ala for basic residues 5, 6, and 7 (Fig. 3A; Fig. 3B
and C, lanes 1 and 3 to 5) but, surprisingly, was only partially
impaired by substitution of Ala for Arg 9 (Fig. 3A; Fig. 3B and
C, lanes 1 and 7). The latter finding was confirmed by an
EMSA titration experiment (Fig. 4A to D, lanes 1 to 5), and it
suggested that interaction of the Skn domain arm with DNA
may be more complicated than was indicated by the crystal
structure (Fig. 1C) (32). Consistent with this idea, although
deletion of residues 1 to 7 did not decrease the affinity of the
Skn domain for SK1 (Fig. 3B and C, lanes 1 and 9, and 4A and
B, lanes 1 to 10), this deletion modestly impaired binding in the
context of the Arg 9-to-Ala substitution (Fig. 3B and C, lanes
7 and 11, and 4C and D, lanes 1 to 10), suggesting that the
more distal basic residues can contribute affinity. Given these
results, it appears likely that multiple basic residues in the Skn
domain arm can interact with DNA but that they are partially
redundant for binding. In addition, replacement of Gln 4 with
Arg (4Q-R) inhibited binding (Fig. 3B and C, lanes 2), sug-
gesting that this even more amino-terminal residue may also be
located close to the DNA.

To evaluate how individual residues in the arm contribute to

sequence specificity, we assayed binding of these mutants to
the —3,—2,—1 GCC site (Fig. 3D and E). Although the Arg
9-to-Ala substitution (Fig. 3A) decreased binding of the Skn
domain to SK1 (see above), surprisingly, this mutation mod-
estly increased its affinity for —3,—2,—1 GCC (Fig. 3B to E,
lanes 1 and 7, and 4A to D, lanes 1 to 5 and 11 to 15).
Supporting this idea, in a binding site competition assay, the
SK1 site more effectively competed binding by the Skn domain
than by the 9R-A mutant protein, but the —3,—2,—1 GC site
more effectively competed binding by the 9R-A mutant than by
the Skn domain (Fig. SA and C, lanes 1, 2, 13, and 14). Sur-
prisingly, replacement of individual distal basic residues (posi-
tions 5 to 7) (Fig. 3A) with Ala comparably enhanced binding
of the Skn domain to the —3,—2,—1 GCC site (Fig. 3B to E,
lanes 1 and 3 to 5). Consistent with this finding, the Al-4
mutant retained the complete AT-rich element preference
(Fig. 3B to E, lane 8), but the A1-7 mutant bound with higher
affinity than the Skn domain to the —3,—2,—1 GCC site (Fig.
3D and E, lanes 1 and 9; 4A and B, lanes 1 to 20; and 5C, lanes
1, 3, 17, and 19). Simultaneous removal of these distal basic
residues (positions 1 to 7) and replacement of Arg 9 with
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FIG. 5. Binding site competition analysis of Skn domain amino-terminal arm mutants. (A) Binding of the indicated in vitro-translated proteins (Fig. 3A) to the
labeled SKI1 site at room temperature, assayed as described in the legend to Fig. 3B. Protein and labeled DNA concentrations were 45 pM and 1 nM, respectively.
Unlabeled SK1 competitor was added to binding reaction mixtures at the indicated ratios of competitor to labeled probe. (B) EMSA of binding to the labeled —3,-2,—1
GC mutant site, performed as described for panel A, with unlabeled SK1 competitor added as indicated. (C) EMSA of binding to the SK1 site, with unlabeled —3,—2,—1
GC competitor added as indicated. (D) EMSA of binding to the —3,—2,—1 GC site, with unlabeled —3,—2,—1 GC competitor added as indicated.

alanine further diminished the relative preference for the AT-
rich element (Figs. 3B to E, lane 11, and 4C, lanes 6 to 10 and
16 to 20), as confirmed by binding site competition analysis
(Fig. 5, lanes 4 and 8). However, the A1-7 9R-A mutation did
not impair binding as severely as did the A1-9 deletion (Fig. 3B
to E, lanes 11 and 12), a difference that may involve additional
DNA contacts by the mutant arm (see below) or a stabilizing
effect on the overall Skn domain fold (35). Together, these
experiments indicate that although individual basic residues in
the arm are not required for binding affinity, each enhances
specificity by diminishing binding to the GC-rich mutant site.
Mutagenesis experiments also indicated that Gly 8 (Fig. 3A)
is important for DNA binding. The Gly 8-to-Ala mutation
significantly impaired binding of the Skn domain to SKI,
thereby diminishing the AT-rich preference (Fig. 3B to E, lane
6,and 4, B, E, and F, lanes 1 to 5 and 11 to 15). In the context
of the A1-7 mutant, however, this substitution decreased spe-
cific binding affinity to a lesser extent (Fig. 3B to E, lanes 6, 9,
and 10, and 4A, B, E, and F, lanes 1 to 10), indicating that the
distal arm residues (positions 1 to 7) destabilize binding when
Gly 8 is replaced with Ala. The last observation is in sharp
contrast to the finding that these distal residues stabilize bind-
ing by the 9R-A mutant (see above). These experiments sug-
gest that the Gly 8-to-Ala substitution may destabilize Skn
domain DNA binding by impairing the interaction of the entire
arm with DNA, a model that may explain why the DNA-bound
8G-A Skn domain mutant migrates at a relatively decreased
mobility (Fig. 3B to E, lanes 1 and 6), but they are also con-
sistent with the possibility that Gly 8 contacts DNA directly.

GCCGTCAT

Binding of the amino-terminal arm at the AT-rich region. In
the Skn domain crystal structure, the amino-terminal arm does
not interact with bases or appear to influence DNA conforma-
tion at the AT-rich region (Fig. 1C) (32). Instead, this structure
indicates that the Arg 9 amino group is located approximately
3.7 and 4.7 A (Protein Data Bank; 1SKN) from the bottom-
strand phosphates at —3 and —4, respectively (Fig. 1B and C)
and that salt bridges may occur between the arm and DNA
positions further from the GTCAT consensus (32). The Skn
domain amino-terminal arm protects DNA from hydroxyl rad-
ical cleavage around —4 on the bottom strand and to a lesser
extent at —1 and —2 on the top strand (Fig. 1B and C) (8),
suggesting that the arm lies close to the backbone, or the minor
groove, at and distal to the AT-rich region. The crystal struc-
ture is consistent with the protection detected at —4 but does
not readily explain the remaining protection. In addition, dis-
crimination by the Skn domain against GCC at positions —3
through —1 is mostly relieved by replacement of these G - C
pairs with inosine (I) - C pairs (2). Inosine lacks the guanine
amino group that protrudes into the minor groove; therefore I -
C base pairs are indistinguishable from A - T base pairs in this
case. The last finding indicates that the AT-rich region minor
groove is important for Skn domain binding.

To investigate further how the Skn domain arm might spec-
ify the AT-rich region, we studied how N3 methylation of
adenine in the minor groove interferes with DNA binding by
the Skn domain protein and the A1-9 mutant. The methylation
interference pattern for the Skn domain (Fig. 6) was not ap-
preciably different from that of full-length SKN-1 (2). Adenine
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FIG. 6. Methylation interference with Skn domain DNA binding. An end-labeled and partially methylated SKN-1 binding site was bound by the indicated purified
protein (Skn domain or A1-9) and then bound (lanes B) and free (lanes F) DNA fractions were separated by EMSA. After cleavage, these DNA samples were run
on sequencing gels, which were analyzed with a PhosphorImager. A representative experiment is shown. Shaded and black arrows alongside the gel indicate the AT-rich
region and bZIP half-site, respectively, with the arrow pointing away from the center of the complete bZIP binding site. Top and bottom indicate the DNA strands shown
between the graphs on the right. Band intensities at each position were converted to ratios of bound-to-free DNA fractions, which were normalized to 1 at positions
at which no binding occurred, and are represented in graphs to the right. Site positions are numbered so that 0 corresponds to the center of a bZIP dimer site.

methylation within the AT-rich region, especially at positions
—2 and —1 on the bottom strand, had a greater relative inhib-
itory effect on DNA binding by the Skn domain than that by
A1-9 (Fig. 1B and 6; compare the relative levels of interference
at —2, —1, and +4 on the bottom strand). This is similar to
how, at these positions, the presence of guanine NH, groups in
the minor groove interfered with binding by the Skn domain
but not by A1-9 (see above; Fig. 2B). In contrast, adenine
methylation at —5 and positions further from the bZIP half site
did not impair Skn domain binding (Fig. 6). These findings fur-
ther support the model that the AT-rich region minor groove
is specifically involved in binding of the amino-terminal arm.

DNA bending associated with SKN-1 binding. The impor-
tance of the AT-rich region minor groove may potentially
reflect direct binding by the SKN-1 amino-terminal arm, or
alternatively, this sequence may more readily accommodate an
indirect conformational effect. Consistent with the latter mod-
el, prior hydroxyl radical cleavage next to the AT-rich region
enhanced binding of the Skn domain but not of A1-9 (Fig. 1B)
(8). This observation indicates that binding of the arm involves
an energy cost which is decreased by breaking the DNA back-
bone at these positions, suggesting that the arm normally sta-
bilizes a less favorable DNA conformation. Since A - T base
pairs allow bending towards the minor groove, it is possible
that the arm specifies the AT-rich region because it can more
readily bend or otherwise distort the DNA through this par-
ticular arrangement of base pairs.

We used the circular-permutation assay (46) to test whether

the Skn domain protein or the A1-9 protein promotes DNA
bending. If a protein bends DNA, the electrophoretic mobility
of the protein-DNA complex is influenced by the position of
the binding site along a linear DNA fragment. If the binding
site is in the middle of the fragment (probe B) (Fig. 7A),
bending will induce a more distorted shape than if the site is at
either end (probes A and C) (Fig. 7A), resulting in a relatively
slower gel mobility. In the absence of added protein, probes A,
B, and C migrated with indistinguishable mobilities (Fig. 7B,
lanes 1 to 3). In contrast, complexes of either the Skn domain,
A1-9, or full-length SKN-1 with probe B (Fig. 7A) migrated
with comparably decreased mobilities (Fig. 7B, lanes 4 to 9,
and data not shown). These findings suggest that full-length
SKN-1, the Skn domain, and A1-9 proteins may each bend
DNA, but they should be interpreted conservatively because
the shapes of certain DNA binding domains can cause similar
gel mobility anomalies (27, 36, 37).

As an independent bending assay, we performed cyclization
kinetics (15), which measures whether protein binding affects
the rate at which DNA that contains a fixed bend can form a
ligated minicircle (Fig. 8A). Cyclization is enhanced if a pro-
tein bends DNA in the same direction as that of the fixed bend
and is inhibited if the DNA is bent in the opposite direction
(15) or held straight (27). The relative kinetics of circular
versus bimolecular ligation can be quantitated as the J factor
(Table 1), which is proportional to the bending angle (15). This
assay also reveals the approximate direction of bending, be-
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FIG. 7. Circular-permutation analysis of Skn domain DNA binding. (A) Di-
agrams of probes A, B, and C. In each probe the SKN-1 binding site is located
at a different position relative to the ends. The AT-rich region and bZIP half-site
within the SKN-1 binding site are indicated by a filled and open box, respectively.
(B) EMSA in which the purified proteins designated below the gel were bound
to probes A, B, and C, as indicated above the gel.

cause in these substrates the site is phased around a helical
turn of DNA relative to the fixed bend (Fig. 8A).

Binding of either A1-9 or the Skn domain protein inhibited
cyclization of the SK34 and SK36 substrates (Fig. 8B and D;
Table 1) but stimulated SK40 and SK41 cyclization (Fig. 8C
and E; Table 1). These effects correlated with phasing of the
SKN-1 binding site around a DNA helical turn (10.5 bp), so
that opposite effects were observed on opposite sides of the
helix (Table 1), suggesting that these proteins bend DNA in
similar directions. Consistent with this idea, neither protein
affected cyclization of SK32 and SK38 (Table 1), in which the
sites are located at intermediate positions. The J ratios derived
from binding of either of these proteins to SK34 or SK36
differed from those associated with SK40 or SK41 binding by a
factor of approximately 3 (Table 1), suggesting that they each
induce a modest DNA bend (5 to 10°) (12, 13). The positions
of these SKN-1 binding sites relative to the fixed bend indicate
that both proteins bend DNA approximately towards the major
groove at position +6 within the SKN-1 binding site (Fig. 1B).
The magnitude and direction of this DNA bend are consistent
with the 7° bend that occurs in the Skn domain-DNA crystal
structure (32). These experiments suggest that the amino-ter-
minal arm does not significantly influence DNA bending but
leave open the possibility that AT-rich sequence specificity de-
rives from a different type of conformational effect.

Sequence preferences of the amino-terminal arm. To inves-
tigate further how the amino-terminal arm might specify base
recognition within the AT-rich region, we assayed how muta-
tions within the arm affected binding of the Skn domain to a
panel of binding site mutants. The Skn domain and various
mutant derivatives bound at higher affinities to the —3,—2,—1
GCC mutant site than to a site in which ATT was replaced with
CGG (Fig. 9, lanes 7 to 17), indicating that its sequence spec-
ificity in this region may be even greater than was indicated by
the experiments described above. The difference in levels of
binding between these two mutant sites does not derive en-
tirely from the amino-terminal arm, however, because the
A1-9 mutant also bound at lower affinity to the —3,-2,—1
CGG site (Fig. 9, lanes 11 and 17). Binding by either the Skn
domain or Al1-7 was reduced by replacement of ATT with
TAA (Fig. 9, lanes 1, 3, 19, and 21), indicating that the partic-
ular arrangement of these A - T base pairs is important for

MoL. CELL. BIOL.
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TABLE 1. Summary of cyclization kinetics analyses

Ratio of Jyguna t0 Jiree

Probe
Skn domain A1-9

SK32 1 1
SK34 0.6 0.7
SK36 0.5 0.5
SK38 1 1
SK40 2.0 2.3
SK41 1.5 1.8

“ The value J is derived from the relative ratio of circularization to bimolecular
ligation and is proportional to the slopes of the plots in Fig. 8D and E (15). The
difference in J that results from protein binding is obtained from the ratio of the
respective slopes and is indicative of bending angle (12, 13, 15). The J ratios
shown were determined by averaging results of multiple representative experi-
ments such as those shown in Fig. 8B to E. In these experiments, the final value
for In(total DNA/linear DNA) ranged between 0.7 and 1.6, as shown in Fig. 8B
and C. The number in each probe name corresponds to the distance in base pairs
from the link between SKN-1 binding site positions —1 and —2 (Fig. 1B) to the
center of the nearest dA tract.

binding. To investigate the contribution of individual A - T
base pairs, we back-substituted the corresponding SK1 residue
for each residue within the —3,—2,—1 GCC site. Each of these
substitutions enhanced binding by the Skn domain (Fig. 9,
lanes 7, 25, 31, and 37), suggesting that each base pair normally
contributes to binding. In addition, the A1-7 mutant bound
comparably to each back-substituted site, indicating that no
single A - T base pair is sufficient to restore high-level binding
by this truncated arm (Fig. 9, lanes 3, 27, 33, and 39). This last
finding is consistent with the model suggesting that binding of
the arm involves a conformational effect that depends upon
each of these positions. However, some residues within the
arm may still interact specifically with particular positions
within the AT-rich element, as was suggested by the finding
that the 9R-A mutant binds at higher affinity to the —3,—2,—1
ACC and —3,-2,—1 GTC sites than to the —3,—2,—1 GCT
site (Fig. 9, lanes 26, 32, and 38).

DISCUSSION

Multiple amino-terminal arm residues contribute to SKN-1
DNA binding specificity. We have demonstrated that an AT-
rich element adjacent to the bZIP half-site is important for
high-affinity DNA binding by the Skn domain and that this
sequence specificity is mediated almost exclusively by the ami-
no-terminal arm (Fig. 2), although the remainder of the Skn
domain may have a minor influence (Fig. 9, lanes 5, 11, and
17). Each base pair within the AT-rich element contributes to
this specificity, and variations within this sequence can result in
a range of binding affinities (Fig. 9). In light of previous ex-
periments, which have indicated that the preferences of the
Skn domain and full-length SKN-1 for the AT-rich element are
comparable (2), our findings suggest that this sequence ele-
ment is likely to be relevant to SKN-1 function in vivo.

Site-directed mutagenesis experiments showed that individ-
ual residues within the Skn domain amino-terminal arm make
distinct contributions to DNA binding affinity and specificity,
particularly at room temperature (Fig. 3 and 4). Replacement
of Arg 9 decreases binding affinity, especially when the distal
arm residues (positions 1 to 7) are deleted, and diminishes the
AT-rich preference further by enhancing binding to the
—3,—2,—1 GCCssite (Fig. 3B to E, lanes 1, 7, 9, and 11; Fig. 4
and 5). The Skn domain structure predicts that Arg 9 is likely
to be important, because it suggests that this residue contacts
DNA directly (Fig. 1C) (32). However, replacement of Gly 8
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FIG. 8. Cyclization kinetics analysis of DNA bending by SKN-1. (A) Cartoon (not drawn to scale) of minicircle ligation probes in which the SKN-1 binding site is
phased along a turn of the DNA helix relative to a fixed bend. (B) Effects of A1-9 binding on ligation of the SK36 probe. The products of a representative ligation
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in which the SKN-1 binding site is located 5 bp further from the fixed bend than in SK36. A representative ligation experiment was analyzed by electrophoresis. (D
and E) Plots of the results of the ligation experiments shown in panels B and C, respectively.

within the Skn domain even more markedly impairs binding
(Fig. 3B to E, lanes 1, 6, and 7; Fig. 4), even though this residue
does not contact DNA in the crystal structure (Fig. 1C) (32).
Gly 8 is less critical for binding affinity when residues 1 to 7 are
removed (Fig. 3B to E, lanes 1, 6, and 10, and 4E and F),
indicating that it might provide the rotational flexibility re-
quired for proper positioning of these residues. In addition,
contacts between glycine residues and nucleic acids have been
observed (10, 23, 31), suggesting that Gly 8 may also interact
directly with the DNA. The distal basic residues in the arm
(positions 5 to 7) (Fig. 3A) are disordered in the Skn domain
structure (Fig. 1C) (32) and not required for binding affinity
(Fig. 3B, lane 9; Fig. 4), but individual Ala substitutions at
these positions each diminish the AT-rich preference (Fig. 3B
to E, lanes 3 to 5). In addition, residues 1 to 7 stabilize binding
by the 9R-A mutant (Fig. 3B to E, lanes 7 and 11; Fig. 4 and
5), indicating that they can make otherwise redundant contri-
butions to binding affinity. These last observations suggest that
residues 5 to 7 can contribute to DNA binding, presumably
through heterogeneous or unstable interactions. The distinct
functions of these different Skn domain arm residues indicate
that this segment does not represent simply a random collec-
tion of basic residues. However, the functional significance of

its similarity to homeodomain arms (Fig. 1A) remains to be
determined.

The finding that alanine substitution for any basic residue in
the Skn domain arm enhances binding to the —3,-2,—1 GC
mutant site (Fig. 3B to E) suggests that these residues interact
with DNA more readily if the AT-rich element is present and
destabilize the protein-DNA complex if they are not bound to
the DNA. This effect may contribute to destabilization of 8G-A
DNA binding by residues 1 to 7 (Fig. 3B to E, lanes 6 and 10)
and may involve not only steric incompatibility but also their
highly basic charge. For example, basic DNA binding regions
related to the Skn domain BR have an intrinsic a-helical char-
acter (20, 33, 42) but form an a-helix only upon DNA binding
(see reference 8), presumably because they require some neu-
tralization of positive charges. Similarly, the SKN-1-DNA
complex may potentially be destabilized if the amino-terminal
arm cannot properly engage a nonpreferred site and if its basic
charges are not at least partially neutralized. This mechanism
might have contributed to destabilization of binding by intro-
duction of an Arg residue at position 4 (4Q-R) (Fig. 3B to E,
lanes 2), at which an initiation methionine is tolerated (A1-4)
(Fig. 3B and D, lanes 8).

The DNA sequence specificity of protein-DNA binding is
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and specific protein concentrations were 1 nM and 50 pM, respectively.

generally understood to involve hydrogen bonding and van der
Waals interactions that contribute affinity, and numerous ex-
amples of how individual amino acid residues can bind to
particular bases have been described (29, 39). Specificity can
also be profoundly influenced by intrinsic DNA structure (30)
and by how well the protein and DNA adapt to each other (38).
Our findings suggest an additional mechanism, in which resi-
dues that do not necessarily contribute affinity can enhance
binding specificity by inhibiting interactions with nonpreferred
DNA sequences. Presumably, such residues destabilize the over-
all interaction if they are not properly engaged in the binding
surface. This mechanism of energetic exclusion can narrow the
field of potentially favorable binding sites that are specified on
the basis of affinity alone.

Interaction of the SKN-1 amino-terminal arm with DNA.
Our experiments indicate that models for how the Skn domain
amino-terminal arm interacts with DNA must account for the
AT-rich sequence specificity mediated by the arm and for the
involvement of multiple amino acid residues within the arm in
binding. The models must also explain how binding of the arm
apparently affects DNA conformation, which was suggested by
the observation that prior hydroxyl radical cleavage adjacent to
the AT-rich element enhanced binding by the Skn domain but
not by A1-9 (Fig. 1B) (8). Supporting the idea that specifica-
tion of the AT-rich element may involve indirect mechanisms,

these cleavage experiments did not identify individual bases
within this region that are specifically required for binding of
the arm (8), and each individual base pair made a comparably
modest contribution to binding by the A1-7 mutant, in which
the arm is truncated (Fig. 9A and B, lanes 9, 27, 33, and 39).
Models for binding of the amino-terminal arm to DNA should
also account for the importance of the AT-rich element minor
groove, which was indicated by hydroxyl radical footprinting,
the I - C substitution experiments, and the methylation inter-
ference assay (2) (Fig. 1B and 6). Finally, the locations of the
arm and the adjacent helix 1 (Fig. 1A) in the Skn domain
crystal structure (Fig. 1C) (32) provide an additional caveat,
because they indicate that a major conformational adaptation
would be required if the arm is oriented analogously to home-
odomain amino-terminal arms (Fig. 1B) and lies deeply in the
AT-rich element minor groove.

In light of the propensity of A - T base pairs to bend toward
the minor groove, one plausible model by which the AT-rich
element minor groove might be important for a conforma-
tional effect is that it allows the arm to promote a DNA bend
or kink. However, our experiments suggest that the Skn do-
main arm does not promote DNA bending but also that the
Skn domain BR and support segment induce a modest DNA
bend that should increase the surface area along which SKN-1
interacts with DNA (32). Various assays have indicated that



VoL. 19, 1999

some related bZIP proteins bend DNA (16, 21, 30, 40), but this
issue has remained controversial (12, 28, 36, 37). However, our
evidence comes from both gel-based (circular-permutation)
and solution (circularization kinetics) assays and is in general
agreement with crystallographic data (32). An effect of DNA
bending or conformation on SKN-1 binding may be important
because transcription factors generally function within multi-
protein complexes, the composition of which can be influenced
by subtle intermolecular interactions and effects on DNA con-
formation (7). In addition, SKN-1 activity in vivo is modulated
by the POP-1 protein, a high-mobility-group protein of the
TCF (TCF/LEF) family (25), members of which are both Wnt
signalling targets and “architectural” proteins that bend DNA

A model that is consistent with the experimental evidence is
that the amino-terminal arm interacts with the DNA backbone
around position —4 and that it lies above or across the minor
groove, as suggested by the hydroxyl radical protection foot-
print (Fig. 1B and C). In doing so, it induces a localized con-
formational effect that is favored by the AT-rich element mi-
nor groove (29, 39) and makes multiple interactions with the
DNA, including some that are unstable. These interactions
help discriminate against G + C base pairs in this region, and
some may directly involve bases in the distal portion of the
AT-rich element. The data also do not rule out a more exten-
sive direct interaction with the AT-rich element minor groove.
However, that model would require the arm to be oriented
more similarly to those of homeodomains (Fig. 1B) and is
more difficult to reconcile with the Skn domain crystal struc-
ture (Fig. 1C) (32). Further structural investigations will be
necessary to determine exactly how the arm specifies the AT-
rich element as it interacts with DNA. However, our experi-
ments illustrate how mutagenesis and biochemical analyses can
complement and extend structural studies and how short poly-
peptide segments that are relatively unstructured can make
important contributions to binding specificity.
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