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The SKN-1 transcription factor specifies early embryonic cell fates in Caenorhabditis elegans. SKN-1 binds
DNA at high affinity as a monomer, by means of a basic region like those of basic-leucine zipper (bZIP)
proteins, which bind DNA only as dimers. We have investigated how the SKN-1 DNA-binding domain (the
Skn domain) promotes stable binding of a basic region monomer to DNA. A flexible arm at the Skn domain
amino terminus binds in the minor groove, but a support segment adjacent to the carboxy-terminal basic
region can independently stabilize basic region–DNA binding. Off DNA, the basic region and arm are unfolded
and, surprisingly, the support segment forms a molten globule of four a-helices. On binding DNA, the Skn
domain adopts a tertiary structure in which the basic region helix extends directly from a support segment
a-helix, which is required for binding. The remainder of the support segment anchors this uninterrupted helix
on DNA, but leaves the basic region exposed in the major groove. This is similar to how the bZIP basic region
extends from the leucine zipper, indicating that positioning and cooperative stability provided by helix
extension are conserved mechanisms that promote binding of basic regions to DNA.
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Members of two large and distinct families of transcription factors, the basic leucine zipper (bZIP) and basic
helix–loop–helix (bHLH) proteins, bind to DNA through
segments of 15–20 residues that are termed basic regions
(BRs) (Ellenberger 1994). These BRs can mediate specific
DNA recognition (Ellenberger 1994), but are incapable of
binding to DNA stably as peptide monomers. bZIP and
bHLH proteins promote stable BR–DNA binding by
forming dimers. Their dimerization is mediated by a-helical ZIP or HLH segments, which are located immediately carboxyl-terminal to their respective BRs (Ellenberger 1994). The BR remains unstructured off DNA, but
upon DNA binding it folds into an a-helix that recognizes a specific half-site in the major groove (O’Neil et al.
1990; Patel et al. 1990; Shuman et al. 1990; Weiss et al.
1990; Anthony-Cahill et al. 1992), and extends from its
respective dimerization segment to form an uninterrupted a-helix (Ellenberger 1994). In part, dimerization
promotes binding of bZIP and bHLH proteins to DNA
simply by linking two BRs together, thus decreasing the
entropy cost of binding an individual BR to DNA (Stanojevic and Verdine 1995). For example, bZIP BR peptides
can bind to DNA sequence specifically when they are
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tethered together chemically as a dimer (Talanian et al.
1990; Park et al. 1992; Cuenoud and Schepartz 1993a,b;
Pellegrini and Ebright 1996). Unlike bZIP proteins, these
tethered BR dimers cannot dissociate into monomers.
Nevertheless, the complexes that they form with DNA
are generally less stable than bZIP–DNA complexes, indicating that the ZIP (and presumably HLH) segments
contribute more to BR–DNA stability than simple tethering (Talanian et al. 1990).
The Caenorhabditis elegans SKN-1 protein provides a
unique tool for examining how binding of an individual
BR to DNA can be stabilized, because SKN-1 is an exception to the dimeric paradigm for BR–DNA binding.
SKN-1 is a maternally expressed transcription factor that
is required for proper cell fate specification during the
earliest stages of embryogenesis (Bowerman et al. 1992,
1993; Blackwell et al. 1994). It binds to DNA as a monomer with high affinity, by means of a bZIP-like BR that
lacks an adjacent ZIP segment (Blackwell et al. 1994).
The preferred SKN-1-binding site is composed of an ATrich region (A/T,A/T, T) located 58 of a single AP-1-like
bZIP half site (GTCAT), to which SKN-1 binds in the
minor and major grooves, respectively (Blackwell et al.
1994). The carboxy-terminal 85 residues of SKN-1 mediate DNA-binding affinity and specificity, and are thus
defined functionally as a novel DNA-binding motif re-

GENES & DEVELOPMENT 11:2227–2238 © 1997 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/97 $5.00

2227

Carroll et al.

ferred to as the Skn domain (Fig. 1) (Blackwell et al.
1994). The BR lies at the Skn domain carboxyl terminus
(Fig. 1). At the Skn domain amino terminus is a segment
(the amino-terminal arm; Fig. 1) which is identical to the
flexible arm that the homeodomain protein Antennapedia places in the minor groove (Blackwell et al. 1994).
Similar minor-groove binding arms are present in other
homeodomains and in various other helix–turn–helix
proteins (Gehring et al. 1994). The residues located between the Skn domain amino-terminal arm and BR are
required for DNA binding (Blackwell et al. 1994) and are
designated here as the support segment. By understanding how the Skn domain promotes high-affinity DNA
binding by a BR monomer, it should be possible to derive
principles that are generally applicable to interactions
between BRs and DNA.
We have investigated how the Skn domain folds when
it binds to DNA, and how the amino-terminal arm and
support segment contribute to BR–DNA binding. The
data show that the amino-terminal arm provides binding
energy by interacting with the AT-rich region in the minor groove, but the support segment can independently
stabilize specific binding. Off DNA, the amino-terminal
arm and BR are unstructured, and the support segment
consists of four a-helices that, surprisingly, lack a stable
tertiary structure. These segments together adopt a cooperative fold when the Skn domain binds specifically to
DNA. Unlike other monomeric domains that recognize
DNA through a-helices, the support segment helices do
not pack directly against the DNA-bound BR. Instead,
BR–DNA binding is promoted entirely through formation of an uninterrupted a-helix consisting of the BR, and
a helix within the support segment. This latter helix is

Figure 1. The Skn domain. This motif consists of the carboxylterminal 85 residues of SKN-1 and is compared with the corresponding portions of representative bZIP proteins of the cap ’n
collar (CNC) subgroup (Blackwell et al. 1994). The CNC bZIP
subgroup includes at least 12 known genes and numerous expressed cDNA sequences (not shown). The arm, support, and BR
segments are indicated by bars above the sequences and the
beginning of the ZIP segment by an arrow. Related residues are
shaded, and the homeodomain turn motifs (Blackwell et al.
1994) are surrounded by boxes. Skn domain residues present in
the mutants D1–9 (Blackwell et al. 1994) and SknT are indicated
by lines. SknT also contains a Cys → Ser substitution at position 70. Sequences are referenced in Blackwell et al. (1994).
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essential for DNA binding, and is stabilized and positioned by the remainder of the support segment. Extension of the BR helix from the Skn domain support segment is reminiscent of how bZIP and bHLH BR helices
extend directly from their respective dimerization segments, indicating that these monomeric and dimeric
BR–DNA complexes derive stability from similar
mechanisms.
Results
Stabilization of a Skn domain structure by
DNA binding
The precedents set by bZIP and bHLH proteins (O’Neil
et al. 1990; Patel et al. 1990; Shuman et al. 1990; Weiss
et al. 1990; Anthony-Cahill et al. 1992) predict that the
Skn domain BR is likely to be unstructured off DNA and
to form an a-helix upon DNA binding. Circular dichroism (CD) spectroscopy is a useful method for examining
Skn-domain folding, because it is a good indicator of ahelical content (Johnson 1988). At 25°C, the far-ultraviolet CD spectrum of the free Skn-domain displays the
characteristic a-helix minimum at 222 nm and indicates
a helical content of ∼26% (Fig. 2A, see Materials and
Methods). When bound to cognate DNA, the helical content of the Skn domain is ∼46% (Fig. 2A), an increase
consistent with formation of a BR a-helix. Addition of
nonspecific DNA does not affect the Skn domain CD
spectrum (not shown), indicating that this folding transition requires specific DNA binding.
Monitoring of secondary structure during thermal denaturation can reveal whether a protein is folded cooperatively. When the Skn domain is denatured in the absence of specific DNA, its helical content decreases approximately linearly with temperature (as indicated by
increasing ellipticity; Fig. 2B), showing that it has little
stable tertiary structure. In contrast, the Skn-domain–
DNA complex shows a broad cooperative unfolding transition that has a midpoint at 37°C (Fig. 2B), indicating
that the Skn domain adopts a tertiary structure when it
forms a complex with cognate DNA. This transition is
reversible, as shown by the nearly superimposable denaturation and renaturation curves, and by the identical
CD spectra at 25°C before and after denaturation (Figs.
2A,B). Even when the Skn domain is bound to specific
DNA, its melting point is relatively low (Tm = 37°C, as
compared with 55–65°C for a ZIP dimer) (O’Shea et al.
1989; Weiss 1990), and the percent helix increases monotonically as the temperature approaches 0°C (to ∼52%,
Fig. 2B) suggesting that its structure is relatively labile.
Consistent with this idea, the on- and off-rates of the Skn
domain–DNA complex are too rapid to be measurable by
electrophoretic mobility shift assay (EMSA) (not shown;
see Materials and Methods).
Contribution of the Skn domain amino-terminal arm
Like the homeodomain (Gehring et al. 1994), the Skn
domain has an arm segment at its amino terminus and a
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Figure 2. CD spectroscopy of Skn domain folding and DNA binding. (A) CD wavelength spectra of the Skn domain at 25°C. (m) The
spectrum of the Skn domain off DNA; (s and n) the spectrum of the Skn domain–DNA complex before and after thermal unfolding,
respectively (shown in B). (B) Thermal unfolding of the Skn domain. Ellipticity was monitored at 222 nm, as an indicator of a-helical
content. (m) Denaturation of the Skn domain off DNA; (s and n) denaturation and renaturation of the Skn domain–DNA complex,
respectively.

DNA recognition helix (the BR) at its carboxyl terminus
(Fig. 1), suggesting that its amino-terminal arm is likely
to engage the minor groove in the AT-rich element of its
binding site (Blackwell et al. 1994). If this interaction
were required to stabilize the Skn domain structure, or
to position the BR on DNA, then deletion of the aminoterminal arm should eliminate specific DNA binding.
EMSA titrations indicate that the Skn domain binds to
an oligonucleotide containing its cognate site with a dissociation constant (Kd) of ∼1 (±0.5) × 10−9 M (not shown;
see Materials and Methods). This binding affinity is comparable to that of full-length SKN-1 (Blackwell et al.
1994). Remarkably, a Skn domain derivative lacking the
amino-terminal arm (D1–9, Fig. 1) binds to this site with
a Kd of ∼5 (±3) × 10−9 M. The affinities of the Skn domain
and D1–9 for nonspecific DNA are ∼200-fold lower than
their respective specific binding affinities (not shown).
The D1–9 mutant thus binds DNA with far greater affinity and specificity than individual BR peptides (Park et
al. 1996), indicating that the support segment can independently stabilize specific DNA binding. The difference
between the specific Kd values of the Skn domain and
D1–9 is ∼10-fold less than that contributed by the aminoterminal arm of the fushi tarazu homeodomain (Percival-Smith et al. 1990), suggesting that the Skn domain
arm may bind the minor groove less tightly.
To investigate how the amino-terminal arm contributes to SKN-1 DNA binding, we have compared the hydroxyl radical footprinting and interference patterns of
the Skn domain and D1–9 bound to a cognate site. Hydroxyl radical protection footprinting detects close contact with the DNA backbone, and binding in the minor
groove, because hydroxyl radicals cleave backbone sugar

residues (Dixon et al. 1991). Both the Skn domain and
D1–9 protect the DNA backbone from hydroxyl radicals
on both sides of the major groove through the bZIP halfsite (Fig. 3A,B,E), indicating contributions from the BR
and support segment. However, the D1–9 footprint is
relatively diminished on both sides of the minor groove
in the AT-rich region, and its maximum on the bottom
strand is changed from −4 to −3 (Fig. 3A,B,E), suggesting
that removal of the amino-terminal arm results in a loss
of minor groove binding in this region. A hydroxyl radical interference assay, in which the DNA is treated with
hydroxyl radicals prior to protein binding, reveals the
consequences of breaking the DNA backbone at a particular position, and of losing the corresponding base
(Dixon et al. 1991). Removal of the amino-terminal arm
decreases the hydroxyl radical interference at −1 on the
top strand (Fig. 3C–E), suggesting a loss of binding. In
addition, prior hydroxyl radical cleavage at positions −3
through −5 on the bottom strand, and at −3 on the top
strand, enhances binding by the Skn domain, but not by
D1–9 (Fig. 3C–E). This last observation suggests that
prior hydroxyl radical cleavage relieves torsional stress
that is placed on the DNA by the amino-terminal arm.
Together, these findings indicate that the amino-terminal arm binds in the AT-rich region in the minor groove,
but is not essential for stabilizing the fold of the Skn
domain, or for positioning it on DNA.

Exposure of the SKN-1 BR in the major groove
The structure of the homeodomain also suggests how
the support segment might promote BR–DNA binding.
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Figure 3. Hydroxyl radical protection footprints of the Skn domain and D1–9. (A) Hydroxyl radical protection analysis. An end-labeled
SKN-1-binding site (Blackwell et al. 1994) is bound by the indicated protein (Skn domain or D1–9), or incubated without added protein
(Free), then cleaved by hydroxyl radicals. Reaction products are then electrophoresed on a sequencing gel alongside a G + A track. (Top
and bottom) Individual DNA strands. The AT-rich region is indicated by a shaded bar and the bZIP half-site by a black arrow that
points away from the center of the complete bZIP site (indicated by 0 in B). (B) Graph of hydroxyl radical protection at individual site
positions. The samples shown in A were analyzed by a PhosphorImager, and the data were converted to a ratio of bound-to-free at each
position and normalized to 1 at positions at which no binding occurred. (C) Hydroxyl radical interference analysis. An end-labeled
SKN-1-binding site (Blackwell et al. 1994) was cleaved by hydroxyl radicals, then bound by the indicated protein. Bound (B) and free
(F) DNA were separated on an EMSA gel and analyzed as in A. (D) Graph of hydroxyl radical interference, calculated as in B. A
bound-to-free ratio <1 indicates binding interference, and a ratio >1 indicates that prior cleavage enhances binding. (E) Skn domain
footprinting along a DNA helix. Large ovals indicate a hydroxyl radical protection bound/free ratio of <0.5, and small ovals a ratio of
<0.7, as depicted in B. Arrows indicate positions at which prior hydroxyl radical cleavage enhanced DNA binding (taken from D). A
box indicates the approximate location of the BR a-helix.

According to this model (model 1, Fig. 4), the support
segment would stabilize the BR helix, and position it on
DNA, by packing directly against the face of the BR that
points away from the DNA (its back side), and by inter-
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acting with the DNA backbone (Fig. 4; Kissinger et al.
1990; Wolberger et al. 1991; Gehring et al. 1994). This
model is in approximate agreement with footprinting
and mutagenesis data (Blackwell et al. 1994), and is simi-
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Figure 4. Models for Skn domain-DNA binding. Model 1 is
based on the homeodomain, in which helices 1, 2, and 3 pack
together to form a globular bundle, and helix 3 is inserted in the
major groove as a recognition helix (Kissinger et al. 1990; Wolberger et al. 1991; Gehring et al. 1994). A homeodomain is depicted for simplicity, but the Skn domain would actually differ
somewhat, because NMR data (Fig. 6A) indicate that its support
segment forms four a-helices, and because interactions between
the Skn domain BR and the support segment would occur only
on DNA binding (Fig. 2). According to model 2, the BR does not
interact directly with the support residues, but instead derives
its stability entirely by extending from an adjacent a-helix (helix 4). The dashed region in model 2 outlines roughly how the
other support segment helices could pack against helix 4 and
the DNA backbone to stabilize and orient the BR, and place the
amino-terminal arm in the minor groove. In both cartoons, the
BR is depicted as a spiral, the amino-terminal arm by an arrow
(of arbitrary direction in model 2), and helices by cylinders.

lar to other DNA-binding domains with arms that bind
in the minor groove (Gehring et al. 1994). A critical prediction of this model is that residues on the BR back side,
which do not contact DNA (Ellenberger et al. 1992; König and Richmond 1993; Glover and Harrison 1995;
Keller et al. 1995), would be important for binding because they would be involved directly in critical packing
interactions that stabilize the Skn domain fold.
If model 1 were correct, nonconservative substitutions
on the BR back side would disrupt DNA binding, either
by eliminating important interactions or by interfering
with domain folding. We have made such substitutions
in SknT (Fig. 5A,B), a Skn domain truncation mutant
that lacks seven residues at its carboxyl terminus (Fig. 1)
and has comparable secondary structure and DNA-binding characteristics (Fig. 5C, lanes 1,2; not shown). Simultaneous alanine (Ala) substitution of back side residues
G61, V65, R68, Q72, T75, and D76 (Ala BR, Fig. 5A,B)
does not impair DNA binding (Fig. 5C, lane 4), indicating
that their specific side chains are not required. Replacement of the Skn domain BR with that of GCN4 (GCN4
BR; Fig. 5A), which binds to the same half-site (Ellenberger et al. 1992), dramatically alters the charge distribution on the BR back side by swapping a glutamic acid
for V65 and an arginine for T69, but increases the level of
DNA binding (Fig. 5C, lane 5). In the GBR–ER mutant,
which also binds well to DNA (Fig. 5C, lane 6), charges
at GCN4 BR residues E65 and R68 have been switched,
and an additional basic residue has been substituted for
Q72 (Fig. 5A). Substitution of tryptophan for either V65
or R68 in GCN4 BR (Fig. 5A) also fails to prevent binding
(Fig. 5C, lanes 7 and 8). Finally, substitution of the BR

segment from the bZIP protein C/EBP (CCAAT/enhancer-binding protein) introduces multiple changes, including acidic substitutions of G61 and Q72 (C/EBP BR;
Fig. 5A), but still allows binding to a SKN-1 site (Fig. 5C,
lane 9). Remarkably, C/EBP BR binds even more efficiently to a substituted SKN-1 site that contains a C/
EBP bZIP half-site (C/EBP half swap) and is not bound by
the Skn domain or GCN4 BR (Fig, 5C, lanes 13–16). The
Skn domain can accommodate radical substitutions on
the BR back side, and can also promote binding by BR
segments that specify different DNA targets. These find-

Figure 5. DNA binding by Skn domain BR mutants. (A) BRs of
mutants constructed in SknT (Fig. 1). These constitute the carboxyl terminus of each protein, except where indicated by
dashes. (s and d) GCN4 residues that contact bases and backbone phosphates (Ellenberger et al. 1992), respectively. BR back
side residues predicted not to contact DNA are numbered.
Within the mutants, residues that are identical to SKN-1 are
shaded. The C/EBP sequence is derived from Landschulz et al.
(1988). (B) The SknT BR, depicted as a helix. Residues that correspond to GCN4 base contact residues are indicated by an oval;
those that correspond to backbone contact residues are indicated by a square. For simplicity, this helix is depicted with 3.5
residues per turn. (C) An EMSA comparing binding of in vitro
translated Skn domain, D1–9, SknT, and the indicated BR mutants to the SKN-1-binding site SK1, or the C/EBP half-swap
site. Lysate indicates unprogrammed reticulocyte lysate.
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ings demonstrate that the BR back side is exposed in the
major groove as in bZIP proteins, and, therefore, they
rule out model 1 (Fig. 4) as a possibility. By showing that
the Skn domain support segment does not pack against
or constrain the BR in the major groove, these experiments indicate that it stabilizes the Skn domain BR–
DNA complex through the residues located immediately
amino-terminal to the BR (model 2; Fig. 4).

a-Helical secondary structure of the support segment
We have investigated the structure of the Skn domain off
DNA by nuclear magnetic resonance (NMR) spectroscopy. Analysis of two- and three-dimensional nuclear
Overhauser effect spectroscopy (NOESY) spectra show
that the amino-terminal arm and BR segments are in a
random coil configuration, as expected, and that the support segment residues form four a-helices (Fig. 6A).
Within these helices, the chemical shift indices of the
alpha protons are predominantly negative (Fig. 6A), as is
characteristic of a helical conformation (Wishart et al.
1992). However, although numerous short and medium
range NOEs define the a-helical secondary structures, no

Figure 6. NMR spectra of the Skn domain.
(A) Summary of NOE data for the free Skn
domain, numbered as in Fig. 1. The intensity of the sequential NOEs, aN, bN, and
NN, is indicated by the thickness of the
line. An overlap of resonances is indicated
by +. The CSI is the chemical shift index for
a protons (Wishart et al. 1992), in which 0
indicates a chemical shift close to random
coil values, + indicates a chemical shift
higher than random coil, and − indicates a
value less than the random coil chemical
shift. The approximate boundaries of helices 1–4 are indicated by cylinders. (B)
HSQC spectra of free Skn domain (1) and
1:1 complex of Skn domain and DNA (2).
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long-range NOEs are observed. This makes it impossible
to orient the helices relative to one another and supports
the idea that they are not folded in a stable tertiary structure.
Helix 1 (residues 12–21) is defined by only a few NOEs
(Fig. 6A), suggesting that it is in rapid exchange with an
unfolded conformation, but helices 2–4 are defined by
multiple aN (i, i + 3) and strong sequential NN NOEs
(Fig. 6A). Helix 4 (residues 47–60) appears to be the best
defined and most stable of these helices and, significantly, it includes the BR amino terminus (R60; Fig. 5 A
and B, and 6A). The helical content derived from these
NMR assignments (45%; Fig. 6A) is higher than indicated by CD (26%; Fig. 2A), as has been observed for
some helical peptides (Bradley et al. 1990). Residues 33–
38 and 45–50, which correspond to the homeodomain
turn motif (Fig. 1) (Blackwell et al. 1994) overlap with
spaces between helices (Fig. 6A). In homeodomains, related sequences form the turn between helices 2 and 3,
and the amino terminus of helix 3 (Gehring et al. 1994).
At the amino terminus of each helix is an SXXE or Q
capping box (Harper and Rose 1993), and at the carboxyl
terminus of helix 4 is an apparent G cap (Presta and Rose
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1988; Richardson and Richardson 1988) that is flanked
by residues favoring helix termination (Aurora et al.
1994).
Amide protons of the Skn domain exchange within 10
min at pH 5 in D2O (not shown), indicating that the
hydrogen bonds within the helices are fluctuating. Comparison of heteronuclear single-quantum coherence
(HSQC) spectra (Fig. 6B) of the free Skn domain, however, and of a 1:1 complex of the Skn domain bound
specifically to DNA, reveals structural changes accompanying DNA binding. The free protein spectrum (Fig.
6B, panel 1) is highly overlapped and has a narrow range
of amide proton chemical shifts, consistent with a-helical and random coil structure. In contrast, the spectrum
of the complex (Fig. 6B, panel 2) shows much improved
resolution of the cross peaks, and a somewhat broader
range of amide proton chemical shifts, consistent with
the BR becoming helical and the Skn domain adopting a
tertiary structure. These changes are not observed in the
presence of nonspecific DNA (not shown), suggesting
that the Skn domain is not fully folded when binding
DNA nonspecifically.
Direct extension of the SKN-1 BR from helix 4
The mutagenesis experiments described above, and the
observation that Skn domain helix 4 (Fig. 6A) overlaps
the BR segment, together suggest that both the position
and helical fold of the BR are stabilized by formation of
an uninterrupted helix together with helix 4 (Fig. 7A).
This model (Fig. 4, model 2) predicts that the integrity
and stability of helix 4 should be essential for DNA binding. Accordingly, DNA binding was prevented, even at
0°C, by insertion of residues that should form a flexible
loop into the carboxy-terminal end of helix 4, and between residues 56 and 57 (link 1 and link 2, respectively;
Fig. 7B; Fig. 7, C and D, respectively, lanes 6 and 7).
Various proline substitutions (Fig. 7B) similarly inhibited binding (Fig. 7, E and F, respectively, lanes 15–18), as
did insertion of two Ala residues [54(AA)55; Fig. 7B], or of
two-residue duplications [55(KI)56 and 56(IR)57; Fig. 7, B,
C, and D, respectively, lanes 8–10]. This latter group of
insertions should preserve the helical character of helix
4, but shift the register of the carboxyl-terminal BR with
respect to the rest of the Skn domain. By demonstrating
that DNA binding depends upon the integrity of helix 4,
and requires an appropriate configuration of its side
chains relative to the BR, these data support the idea that
the BR helix extends directly from helix 4 (Fig. 4, model 2).
Model 2 (Fig. 4) also predicts that, unlike the BR, helix
4 would be stabilized and/or oriented by packing interactions with other support segment residues. Alanine
scanning of helix 4 revealed that DNA binding was not
impaired by substitution of multiple individual residues
(Y49, R51, Q52, and K56, Fig. 7B; Fig. 7, E and F, respectively, lanes 4,6,7,11) that are located either distal to the
BR, or along the same side of helix 4 as the DNA (Fig.
7A). Other single Ala substitution mutants (at Q50, L53,
I54, R55, and R59) bound with lower affinities (Fig. 7E,

lanes 5,8–10,14), but at 0°C their binding affinities were
more comparable with that of Skn T (Fig. 7F, lanes 5,8–
10,14). Ala substitution of I57 or R58 eliminated detectable binding, even at 0°C, however, indicating affinities
lower than that of D1–9 (Fig. 7, E and F, respectively,
lanes 3, 12, and 13). The importance of multiple individual helix 4 side chains for DNA binding contrasts
markedly with the variability allowed on the BR back
side (Figs. 5C and 7A). These critical helix 4 side chains
are located primarily in a patch (Fig. 7A) that includes a
small hydrophobic cluster (residues L53, I54, and I57)
and is oriented away from the DNA, suggesting that they
are involved in intramolecular packing interactions. Presumably, these residues promote BR–DNA binding by
stabilizing and/or orienting helix 4 when the Skn domain is folded on DNA (Fig. 4, model 2). Simultaneous
Ala substitution of nonessential residues R51, Q52, and
K56 (51, 52, 56A; Fig. 7B) increases DNA-binding affinity
slightly (Fig. 7, C and D, respectively, lane 4). In contrast,
the corresponding glycine (Gly) substitution mutant (51,
52, 56G; Fig. 7B) binds DNA detectably only at 0°C (Fig.
7, C and D, respectively, lane 5), indicating that the helical character of helix 4 is also important for BR–DNA
binding.
Discussion
In sharp contrast to binding of isolated BR peptides to
DNA, which occurs only at micromolar peptide concentrations (Park et al. 1996) or when the BR is tethered
directly to the DNA (Stanojevic and Verdine 1995), the
Skn domain monomer binds DNA at high affinity (see
above). The amino-terminal arm contributes binding energy, but the support segment (Fig. 1) can independently
promote BR–DNA binding. Although the support segment is composed of a-helices, the Skn domain differs
from other monomeric helical DNA-binding domains
(Harrison 1991; Gehring et al. 1994) in that its BR recognition helix is not part of a globular helical bundle (Fig.
4, model 1). Instead, remarkably, the BR helix is exposed
in the major groove and is stabilized entirely through its
extension from support segment helix 4 (Fig. 4, model 2;
Fig. 7A).
It was expected that the Skn domain amino-terminal
arm and BR segments would be unstructured off DNA
(Ellenberger 1994; Gehring et al. 1994), but it is surprising that the support segment helices do not fold cooperatively. A secondary structure in the absence of a tertiary fold is characteristic of a molten globule (Kuwajima
1989; Ptitsyn 1996). Molten globules appear to mimic
folding intermediates that are subject to some nativelike tertiary interactions (Kuwajima 1989; Jennings and
Wright 1993; Peng et al. 1995; Kay and Baldwin 1996;
Ptitsyn 1996; Wu et al. 1996). The molten globule state is
most commonly observed in partially denatured protein
fragments, but is also seen in native sequences (Seeley et
al. 1996). The Skn domain is a native molten globule that
folds to perform a specific function (BR stabilization).
This is consistent with proposals that the molten globule state is involved in some molecular recognition and
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Figure 7. Stabilization of the BR–DNA complex is mediated through helix 4. (A) A continuous helix consisting of the BR and helix
4, and indicating the results of alanine-scanning mutagenesis (E,F; Fig. 5C). This helix is viewed looking approximately toward the BR
back side. Residues corresponding to GCN4 residues that contact DNA are indicated as in Fig. 5B. Green indicates BR residues that
could be substituted simultaneously without impairing DNA-binding affinity. Blue indicates helix 4 residues at which Ala substitution was similarly allowed, and those that were substituted simultaneously are circled by thick lines. Substitutions at yellow residues
impaired binding at room temperature, but not at 0°C. The substitution indicated by orange bound weakly at room temperature, but
those indicated by red did not bind at detectable levels either at room temperature or 0°C. Residues on the other side of this helix are
shown only within helix 4 and are depicted underneath those facing the viewer. (B) Helix 4 mutants that were constructed in SknT
(Fig. 1). Only the helix 4 sequences (Skn domain residues 47–61; Figs. 1 and 6A) are shown. Dashes indicate residues that are identical
to SknT. (C) An EMSA comparing binding of the Skn domain, D1–9, SknT, and the indicated helix 4 mutants (described in A) to the
SK1 site (Fig. 5C). (D) An EMSA identical to that shown in C but performed at 0°C. (E) EMSA of binding of the indicated helix 4
mutants to the SK1 site. (F) An EMSA identical to that shown in E but performed at 0°C.

membrane insertion events (van der Goot et al. 1991;
González-Mañas et al. 1992; Mach and Middaugh 1995;
Tortorella et al. 1995; Boniface et al. 1996; De Filippis et
al. 1996; Evans et al. 1996; Runnels et al. 1996). The Skn
domain binds DNA with an affinity comparable to that
of full-length SKN-1 (Blackwell et al. 1994), indicating
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that the remainder of SKN-1 is dispensable for binding,
but other SKN-1 residues (or another protein) could potentially stabilize a Skn-domain fold off DNA. SKN-1
diverges from its close C. elegans relative SRG-1 17 residues amino-terminal to the Skn domain (B. Bowerman,
pers. comm.), however, and NMR evidence shows that
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this conserved motif of 102 SKN-1 residues also lacks a
defined tertiary structure (not shown).
Specific DNA binding may generally involve an induced fit (Spolar and Record, Jr. 1994), in which the
DNA, protein, or both, undergo a structural accommodation when they dock together. The Skn domain is an
extreme example of this phenomenon, because DNA
binding drives folding of the entire motif. This is unusual, because the DNA-binding domains studied so far
all adopt some tertiary structure off DNA (Harrison
1991; Ellenberger 1994; Gehring et al. 1994; Berg and Shi
1996). The flexibility of the free Skn domain could be
advantageous, if the support segment helices adopt an
extended arrangement to place both the amino-terminal
arm and the BR on DNA (Fig. 4, Model 2). Complete
folding apparently is not required for the Skn domain to
bind DNA nonspecifically (not shown), and thus to
sample potential binding sites. These observations are
consistent with recent proposals that some bZIP proteins bind DNA initially as monomers, then dimerize
and adopt both secondary and tertiary structure on DNA
(Park et al. 1996; Metallo and Schepartz 1997).
The Skn domain is notably versatile, in that the support segment can accommodate BRs from bZIP proteins
with distinct binding specificities (Fig. 5C, lanes
5,9,15,16). Base contact residues are conserved among
bZIP proteins (Fig. 5A) (Ellenberger et al. 1992), implying
that variations in positioning of these residues mediate
differences in binding specificity. BR monomers bind
with native half-site specificity when substituted into
the Skn domain (Fig. 5C, lanes 5,9,15,16), indicating that
base contact residue positioning is intrinsic to the BR
segment. Members of a bZIP protein subfamily (the
CNC proteins, Fig. 1) are defined by residues that are
related to the Skn domain support segment, but these
proteins lack an adjacent amino-terminal arm. The corresponding residues of the NF–E2 p45 protein (Fig. 1)
contribute to binding of the NF–E2 bZIP dimer to DNA
(K. Kotkow and S. Orkin, pers. comm.) and, when linked
to the Skn domain amino-terminal arm, can promote
monomeric BR–DNA binding at low temperature (not
shown). These residues of CNC-type proteins (Fig. 1)
thus appear to constitute a support segment that is functionally related to that of the Skn domain.
By forming an extension of support segment helix 4,
the Skn domain BR helix is stabilized on DNA through
two mechanisms. First, other support segment helices
(Fig. 6A) are likely to pack against the DNA backbone, as
well as against helix 4 (Fig. 4, model 2; Fig. 7A), and
through helix 4 could anchor the BR helix in the major
groove. The intense hydroxyl radical footprinting between top strand residues −1 and +1 (Fig. 3A,B,E) is consistent with this model. BR positioning is probably of
general importance for DNA binding, because the BR
cannot completely fill the wide major groove, and does
not bind parallel to it (Ellenberger 1994). In contrast,
RNA hairpins are more flexible than DNA, and thus can
provide a snug fit for an a-helix, and can be bound more
stably by short helical peptides (Tan et al. 1993; Harada
et al. 1996). In a second mechanism, the BR is stabilized

directly by being coupled to the more stable helix 4 (Fig.
6A), although presence of a kink in this uninterrupted
helix cannot be ruled out. a-helices are stabilized by increased length, through cooperative hydrogen bonding of
main chain atoms (Zimm and Bragg 1959), and also by
having appropriate terminal residues (Presta and Rose
1988; Richardson and Richardson 1988; Serrano and
Fersht 1989), particularly at the amino terminus (Scholtz
and Baldwin 1995). The BR has intrinsic helical propensity (Weiss 1990; Saudek et al. 1991; Krebs et al. 1995),
but in the Skn domain it is stabilized further by the
additional helix length contributed by helix 4, as well as
by the helix 4 amino-terminal cap. The impairment of
DNA binding that resulted from G substitutions at three
nonessential helix 4 positions (Fig. 7, C and D, respectively, lane 5), is consistent with both BR stabilization
mechanisms, particularly the second.
The Skn domain provides stability to the BR monomer
that is lacking in tethered BR peptide dimers, which are
missing the ZIP segment, and generally bind DNA only
at lower temperatures, and/or when stabilized by terminal modifications (Talanian et al. 1990; Park et al. 1992;
Talanian et al. 1992; Cuenoud and Schepartz 1993a,b;
Stanojevic and Verdine 1995; Pellegrini and Ebright
1996). In bZIP and bHLH proteins, the BR helix extends
directly from the amino terminus of the respective
dimerization segment helix (Ellenberger 1994). This arrangement is analogous, in reverse, to how the Skn domain BR helix extends from the carboxyl terminus of
helix 4. Presumably, then, the ZIP and HLH dimerization segments also stabilize the BR through both of the
mechanisms described above. In bZIP and bHLH dimers,
each BR is positioned on the DNA by its extension from
the dimerization segment complex, which in turn is anchored by the other BR. In addition, these dimerization
segments increase BR helix length, and provide the carboxyl terminus of the continuous helix. Our findings
show that helix extension is a conserved means of supporting DNA binding by short, exposed BRs.
Materials and methods
Protein expression and DNA binding assays
The Skn domain and D1–9 proteins consist of the residues indicated in Figure 1, preceded by a methionine. They were expressed in Escherichia coli BL21 cells from T7 expression
(Studier 1991) plasmid vectors (T7Skn and T7D1–9). Coding region inserts were produced by PCR, and their fidelity was confirmed by DNA sequencing. Proteins were expressed by IPTG
induction (Studier 1991) and purified to >95% homogeneity by
ion exchange chromatography. Their concentrations were determined by tyrosine fluorescence (Edelhoch 1967). The Skn
domain concentration was confirmed by quantitative amino
acid analysis (Harvard University Microchemistry Facility).
Kd values for binding to specific and nonspecific DNA were
estimated by EMSA titration, as the protein concentration at
which 50% of the DNA is bound under conditions of vast protein excess (Carey 1991). Specific DNA binding was measured
with the 22-bp double-stranded oligonucleotide SK1 (Blackwell
et al. 1994), which contains a consensus SKN-1-binding site,
and nonspecific binding was assayed with the MSK1 oligo-
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nucleotide, in which the bZIP half-site in SK1 was changed to
CGTGT. For each Kd measurement, annealed DNA was freshly
diluted in 100 mM NaCl to 1 × 10−11 M. Protein dilutions were
made in 200 mM NaOAc, 5 mM DTT, and added at a 1:10 ratio
to the binding cocktails. DNA labeling with 32P and EMSA
analyses were performed as described (Blackwell et al. 1994),
except that the binding cocktail salt consisted of 110 mM KCl.
Error ranges given indicate the approximate upper and lower
limits predicted by a plot of four EMSA titrations that were
quantitated by a PhosphorImager. These Kd values were corrected to account for the fraction of each protein that participated in binding, as estimated by titrations performed at DNA
and protein concentrations both vastly higher than the Kd
(Carey 1991). The on-rate for the Skn domain-DNA complex is
so rapid that a binding cocktail that is mixed and loaded immediately onto a running EMSA gel is at equilibrium before the
bound and free fractions can be separated. In off-rate measurements, addition of excess unlabeled specific competitor rapidly
disrupts Skn domain–DNA complexes so rapidly that they are
undetectable even if the gel is loaded immediately.
BR and helix 4 mutants were constructed by PCR as derivatives of SknT, in the T7Skn expression plasmid (Figs. 1 and 5A).
EMSAs of in vitro-translated proteins were performed by use of
32
P-labeled probes and approximately equal (within twofold accuracy) protein concentrations in each sample (0.3 × 10−10 to
1.0 × 10−10 M), as described (Blackwell et al. 1994). The C/EBP
half swap site was identical to SK1, except that the bZIP half
site was GCAAT (Johnson 1993; Suckow et al. 1993). In EMSAs
performed at 0°C, samples were mixed and incubated for 20 min
on ice, and run on a prechilled gel in the cold room.
CD spectroscopy
CD spectra were obtained with an AVIV 62DS spectrometer by
use of a 1-mm cell. Samples contained the Skn domain at
1.6 × 10−5 M and, when appropriate, DNA at 2.0 × 10−5 M. The
scans shown were performed at 0.4 M NaCl, but the Skn domain
wavelength spectra did not vary substantially between NaCl
concentrations of 0.1 and 1 M. These samples also contained 0.1
mM DTT and either 20 mM NH4OAc (pH 7.0) or 20 mM phosphate buffer (pH 6.5). Both buffers gave comparable results. Each
spectra represents the average of 10 scans, and has been baseline-corrected with spectra of buffer alone (for the Skn domain
alone) or of the DNA fragment in buffer (for Skn domain–DNA
complex scans). The ellipticity of the Skn domain alone was
linearly proportional to its concentration (not shown). The midpoint of the Skn domain:DNA complex folding transition was
obtained by plotting the first derivative of the plot shown in
Figure 2B. The double-stranded DNA fragment used (SK2101)
was ATGACCATTGTCATCCCACTG. The percent helix is estimated from the mean residue ellipticity at 222 nM, assuming
a value of −33,000°/cm2 per dmole for a 100% helical peptide at
0°C, and a correction of 0.3% per °C (to 30,500 at 25°C) (Weiss
et al. 1990).
Hydroxyl radical footprinting and interference
Hydroxyl radical footprinting and interference assays were performed essentially as described (Blackwell et al. 1994), except
that the footprints were obtained without separation of bound
and free fractions. Previously, after hydroxyl radical cleavage,
bound and free DNA fractions were separated by EMSA to maximize contrast (Blackwell et al. 1994). The extremely rapid on
and off rates of the Skn domain–DNA complex, however, suggested that such footprints might be influenced by binding interference patterns (Dixon et al. 1991), because these complexes
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could repeatedly dissociate and reform during the incubation.
The footprints shown in Figure 2, therefore, were performed by
incubating labeled DNA with a protein concentration that
yielded maximal specific (but minimal nonspecific) binding,
then cleaving with hydroxyl radicals. Because the binding affinities were lower under these conditions than in the EMSA
assay of SK1 oligonucleotide binding, the final concentrations of
the Skn domain and D1–9 used averaged ∼20 and 200 nM, respectively. The resulting Skn domain footprint was reproducibly broader along the bottom strand than the previous footprint
of full-length SKN-1 (Fig. 3A) (Blackwell et al. 1994), but was
not distinguishable from a bottom strand full-length SKN-1
footprint obtained by this method (not shown). Quantitative
analysis of PhosphorImager (Bio-Rad) data was performed with
Molecular Analyst and Microsoft Excel. PhosphorImaging of
the top strand samples was performed on a duplicate gel that
lacked the small spot at position −4 of the D1–9 footprint (Fig.
3A).

NMR spectroscopy
NOE data were obtained from a two-dimensional NOESY spectrum acquired at 750 MHz and a three-dimensional NOESY–
HSQC acquired at 600 MHz. Residues 9–66 were assigned based
on two-dimensional NOESY and three-dimensional 15N
NOESY–HSQC and 15N total correlation spectroscopy
(TOCSY)–HSQC spectra. Samples for these NOESY spectra contained 2 mM Skn domain in 20 mM phosphate (pH 5), 0.1 M
NaCl, 10 mM DTT. They were degassed in the NMR tube and
blanketed with argon or nitrogen to prevent oxidation of the free
cysteine. 15N-Labeled Skn domain was purified from E. coli on
M9 medium with 15NH4Cl as the sole nitrogen source. The
three-dimensional NOESY–HSQC was recorded on a Bruker
AMX600 spectrometer and the two-dimensional NOESY acquired on a Varian Unity plus 750 MHz spectrometer. Both
NOESY spectra had mixing times of 100 msec. HSQC samples
contained 0.2 mM Skn domain in 20mM phosphate (pH 6.5), 0.1
M NaCl, and 10 mM DTT. The sample of the specific Skn domain/DNA complex also contained 0.2 mM duplex DNA
(TACATTGTCATCCCTCA). For the corresponding spectrum
with 0.2 mM nonspecific DNA, the oligonucleotide CGTCGGAGGACTGTCCTCCGACG was annealed to create a duplex
with a single T:T mismatch. One thousand twenty-four complex points were acquired for 256 complex points in the indirect
dimension. The final size of each data set was 512 × 512 points.
All NOESY and HSQC spectra were acquired with Watergate for
water suppression (Sklenar et al. 1993) and all data processed
with Felix 2.3 (Biosym Technologies).
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Note added in proof
After submission of this manuscript, Pal et al. (Proc. Natl. Acad.
Sci. 94: 5556–5561) reported that the SKN-1 BR folds upon binding DNA and showed NMR evidence that residues 49–59 (the
core of helix 4) are helical in solution. They also reported that a
Skn domain version that contains a Cys → Ser substitution at
position 70 and lacks the four most amino-terminal residues
forms a complex with DNA that melts at 71°C.
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