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ABSTRACT: Understanding the mechanism of protein-DNA interactions at the molecular level is one of
the main focuses in structural and molecular biological investigations. At present, NMR spectroscopy is
the only approach that can provide atomic details of protein-DNA recognition in solution. However,
determining the structures of protein-DNA complexes using NMR spectroscopy has been dependent on
the observation of intermolecular nuclear Overhauser effects (NOE) and their assignments, which are
difficult to obtain in many cases. In this study, we have shown that intermolecular distance constraints
derived from a single spin-label in combination with docking calculations have defined many specific
contacts of the complex between the AT-rich interaction domain (ARID) of Mrf2 and its target DNA.
Mrf2 contacts DNA mainly using the two flexible loops, L1 and L2. While the L1 loop contacts the
phosphate backbone, L2 and several residues in the adjacent helices interact with AT base pairs in the
major groove of DNA. Despite the structural diversity in the ARID family of DNA-binding proteins,
Mrf2 maintains contacts with DNA similar to those observed in the homologous Dri-DNA complex.

Understanding the mechanism of protein-DNA interac-
tions at the molecular level is one of the main focuses in
structural and molecular biological investigations. At present,
NMR1 spectroscopy is one of the two main approaches that
provide atomic details of protein-DNA recognition. Deter-
mining the structures of protein-DNA complexes using
NMR spectroscopy is usually a labor-intensive process,

involving the complete resonance assignments of the proteins
and DNA molecules and the assignments of intra- and
intermolecular nuclear Overhauser effects (NOE). In many
cases, costly heteronuclear enriched DNA samples are needed
to resolve ambiguities in the assignments.

Paramagnetic spin labeling has a long history in NMR
structural studies (1-4). Dipolar interactions between un-
paired electrons and the nearby nuclei can induce either NMR
relaxation effects or chemical shift changes, depending on
the relaxation property and the paramagnetic tensor of a spin-
label. Nitroxide free radical has been frequently used to
provide structural information, because it induces strong
relaxation effects on the nearby nuclei that are strictly
distance dependent (1). Therefore, generating distance re-
straints from the paramagnetic relaxation effect is straight-
forward. However, structure determination based solely on
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these loose distance constraints has been nearly impossible.
Recently, significant progress has been made in docking
calculations of macromolecular complexes using ambigu-
ously assigned distance restraints derived from NMR chemi-
cal shift perturbation (5-7). In this study, we have explored
the use of the paramagnetic relaxation effect in combination
with docking calculations based on NMR chemical shift
perturbation in determining the structure of the AT-rich
interaction domain (ARID) of the Mrf2 protein in complex
with its target DNA sequence.

The ARID family is a family of homologous DNA-binding
domains and is named as such because the initial ARID
proteins to be characterized interacted with specific AT-rich
sequences (8). ARIDs occur in a wide variety of species
ranging from yeast to nematodes, insects, mammals, and one
species of plant and have diverse cellular functions. The
ARIDs have conserved central regions, but the N- and
C-termini are not conserved. The structures of three ARIDs
from the Mrf2, Dri, and SWI1 proteins have been determined
(9-11). These DNA-binding domains form a structurally
similar central region that contains sixR-helices, known as
H1-H6, and two long loops, termed L1 and L2 (11). The
diverse sequences in the N- and C-termini of these domains
correlate to their structural differences in these regions. The
Dri ARID contains two extra helices, located at each of the
N- and C-termini. However, both helices do not exist in the
Mrf2 ARID. The SWI1 ARID contains a short 310 helix at
the N-terminus but lacks the C-terminal helix. Preliminary
NMR studies have shown that the structurally conserved
central regions of ARIDs interact with DNA using homolo-
gous segments of the proteins, suggesting that the conserved
central regions bind DNA using a similar mechanism (9, 11,
12). However, differences in how the structurally different
termini contact DNA exist. To date, only the high-resolu-
tionstructure of the Dri-DNA complex has been determined
using the well-established approach with NOEs and coupling
constants. Consequently, it is not clear how the structural
differences in the ARID family influence their DNA binding
mechanisms.

In this study, we used distance constraints derived from
paramagnetic line broadening effects in combination with
docking calculations based on NMR chemical shift perturba-
tion to determine the structure of the Mrf2 ARID in complex
with its target DNA sequence. A well-defined structure of
the protein-DNA complex has been obtained. This approach
is efficient, and the assignments of intermolecular distance
constraints are unambiguous without the need for any
expensive isotope labeling scheme. Well-converged struc-
tures of the protein-DNA complex provide information
about how the Mrf2 ARID recognizes DNA and on how the
structural diversity of the ARID family affects their DNA
binding activities.

MATERIALS AND METHODS

Sample Preparation.The 15N-labeled Mrf2 ARID was
expressed and purified as described previously (9, 13). Mrf2
binds to a specific AT-rich 14 bp oligo with the following
sequence:

To incorporate paramagnetic spin-labels to derive distance
constraints between the protein and DNA, deoxy-4-thiouracil
was incorporated into each end of the oligonucleotide through
standard solid phase synthesis. Such oligonucleotides are
shown as DNA-1 and DNA-2 in Figure 1. Deoxy-4-thiouracil
reacts with 3-(2-iodoacetamido)proxyl (14) and thus allows
the covalent attachment of the spin-label to one end of the
DNA molecule (Figure 1B). A third shortened double-
stranded DNA (DNA-3, Figure 1A) in which the 3′-end of
the upper strand is a dT phosphothioate was also created
(Figure 1B). It was made by a thioation step following
standard DNA synthesis at the DNA/RNA Synthesis Core
Facility at the City of Hope. Phosphothioate can also form
a covalent bond with 3-(2-iodoacetamido)proxyl. Each of
the DNA samples was labeled with proxyl, prior to forming
a complex with Mrf2. The spin-label was reduced by directly
adding excess sodium hydrosulfite to the complex.

Distance Restraint Determination and Structural Calcula-
tions. The spin labeling approach is based on the fact that
the unpaired electron of the spin-label can induce line
broadening effects of nuclei within 25 Å. The magnitude of
the line broadening effects depends on the distances between
the spin-label and the nuclear spins. In this study,1H-15N
HSQC spectra were acquired before and after proxyl was
reduced. Intermolecular distance constraints (between the
spin-label on DNA and amide protons of the protein) were
calculated from the paramagnetic line broadening effects by
comparing peak heights in the1H-15N HSQC spectra before
and after the reduction of the spin-label (1). Specifically,
proton paramagnetic relaxation rate enhancement, denoted
as R2

SP in eq 1, is the difference in proton transverse
relaxation rates between the oxidized and reduced spectra.
This can be determined from the equation

whereIox andIred are the peak intensities (heights) of oxidized
and reduced resonances, respectively,t is the total INEPT
evolution time of HSQC (∼10 ms), andR2 is the transverse
relaxation rate of amide protons in the reduced spectrum that
was estimated from the line widths of cross-peaks in the
proton dimension of the reduced spectrum in this study. Then
theR2

SP values were converted to distance constraints using
(15, 16)

wherer is the distance between the electron and nuclear spins
(protons),S is the electron spin number (S ) 1/2 for the
proxyl), γ is the nuclear gyromagnetic ratio,g is the
electronicg factor,â is the Bohr magneton,τc is the protein
rotational correlation time, which has been determined in
our previous study (13), andωh is the Larmor frequency of
the proton.

Residues that are affected by the spin-label so severely
that their cross-peaks completely disappeared in the spectrum
before spin-label reduction are assumed to be within 12 Å
of the paramagnetic spin-label. For those residues that are
broadened by the spin-label with an intensity ratio (Iox/Ired)

Iox

Ired
)

R2 exp(-R2
SPt)

R2 + R2
SP

(1)

r ) [S(S+ 1)γ2g2â2

15R2
SP (4τc + 3τc

1 + ωh
2τc

2)]1/6
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between 0 and 0.6, intermolecular distance constraints were
calculated using eqs 1 and 2. To avoid the extra steps
required to create the coordinates and potential function terms
associated with the proxyl group, the distance constraints
used in structural calculation are between the sulfur atom of
thiouracil and protons of the protein. Then, to compensate
for the difference in the distances between the sulfur group
and the unpaired electron on proxyl, an additional 8 Å was
added to all distance constraints. For residues that are too
broad to be detected in the spectra with the oxidized spin-
label, lower limits were not used, and 4 Å was added as the
upper limit of the distance constraints. The residues that are
broadened (0< Iox/Ired < 0.6) but detectable in the oxidized
spectrum are constrained with(4 Å bounds. We decided to
use only information derived from peaks for which 0< Iox/
Ired < 0.6 because of their clear paramagnetic relaxation
effects. When the overlapped peaks are excluded, a total of
13 distance constraints (Table 1) were used in the structural
calculation.

The structure of the protein-DNA complex was calculated
using HADDOCK (5) with the intermolecular distance
constraints, dihedral angle constraints on Mrf2, and chemical
shift perturbation constraints. The dihedral angle constraints

were derived from CR chemical shifts of Mrf2 in the complex
with DNA using TALOS (17). The NMR structure of free
Mrf2 (13) and a B-form double-stranded DNA structure,

FIGURE 1: Summary of paramagnetic labeling strategies used in this study. (a) Sequences of three DNA molecules that were synthesized
and used in this study. u denotes deoxy-4-thiouracil, and the red T denotes the 3′-end of phosphothioate. (b) Spin labeling strategies using
both modified base and phosphothiate are employed as depicted here. Both deoxy-4-thiouracil and the 3′-end of phosphothioate react with
3-(2-iodoacetamido)proxyl and thus allowed the covalent attachment of the spin-label to one end of a DNA molecule.

Table 1: Unambiguous Distance Constraints Calculated from
Paramagnetic Line Broadening Effects and Used in the
Determination of the Structure

atom Iox/Ired R2
SP(Hz) ra (Å)

E35 (NH) N/Ab N/Ab 20 + 4
I37 (NH) N/Ab N/Ab 20 + 4
Y24 (NH) 0.209 80.8 22.4( 4
Q44 (HE21) 0.330 54.9 24.7( 4
Q44 (HE22) 0.330 54.9 24.7( 4
N46 (HD21) 0.330 54.9 24.7( 4
N46 (HD22) 0.330 54.9 24.7( 4
A22 (NH) 0.376 45.6 24.3( 4
A86 (NH) 0.504 30.4 25.4( 4
W48 (NH) 0.533 31.5 25.3( 4
W69 (HE1) 0.541 25.3 26.0( 4
A85 (NH) 0.574 26.2 25.9( 4
T89 (NH) 0.593 27.6 25.7( 4

a Distance constraints between the spin-label and the amide or side
chain protons of individual residues.b The peaks in the oxidized
spectrum are too broad to be observed. In these cases, the distance
constraints were set with upper bounds of 20+ 4 Å and no lower
bound was used. Details are described in Materials and Methods.
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manually built, were used as the starting structures. The two
loops of Mrf2 at the binding interface (L1 and L2), the
C-terminus of Mrf2, and the spin-labeled thiouracil of DNA
were defined as being “fully flexible”, because these regions
have high conformational flexibility in the free form (13).
As such, both backbones and side chains of these segments
are allowed to move in the calculation. Other residues of
Mrf2 that exhibited large chemical shift perturbations but
were located in helical regions were defined as being
“semiflexible”. Only side chains of these residues were
allowed to move in the structural calculation. All other
residues on Mrf2 and DNA were fixed in the calculation.
To ensure that Mrf2 does not undergo a change in its overall
structure, several artificial distance restraints between helices
were introduced. A total of 1000 structures were initially
generated. The top 300 structures were subjected to simulated
annealing calculations, and the best 17 structures were
analyzed and are shown here.

RESULTS AND DISCUSSION

Need for a Spin-Label.As indicated by localized chemical
shift perturbations induced by DNA binding, Mrf2, like many
DNA-binding proteins, does not undergo an overall confor-
mational change upon forming the complex with DNA (13).
NMR data of the free DNA molecule indicate that the Mrf2
target DNA sequence has a standard B-form conformation
(13). A circular permutation assay (18) indicated that binding
of Mrf2 to DNA did not induce severe DNA bending (data
not shown), which suggests a lack of a major conformational
change in DNA upon formation of the complex. Taken
together, these data demonstrate that both the Mrf2 ARID
and the DNA molecule do not undergo global changes in
their structures upon formation of the protein-DNA
complex.

We investigated whether calculation using ambiguous
distance restraints derived from NMR chemical shift changes
can result in converged structures of the complex, as reported
for some protein-protein complexes (5). Since neither Mrf2
nor the DNA undergoes a major conformational change, the
high-resolution solution structure of Mrf2 and its target DNA

sequence (built as a standard B-form) was used for the
calculations utilizing ambiguous constraints derived from
NMR chemical shift perturbation data. The residues in Mrf2
that exhibited chemical shift changes upon formation of the
complex were defined as the “active residues” in HADDOCK
calculations. All base pairs in the DNA were defined as active
residues, because it is not known which specific base pairs
contact the protein. The initial calculation of the protein-
DNA complex using HADDOCK did not yield converged
structures. In particular, in some of these structures, the
protein reverses its bound orientation on DNA, likely due
to the 2-fold symmetry of the DNA structure.

To determine the bound orientation of the protein relative
to the DNA, we introduced a spin-label at the end of the
DNA molecule as described in Materials and Methods and
illustrated in Figure 1. The unpaired electron of proxyl can
induce line broadening effects of the resonances of residues
within 25 Å of the spin-label. The magnitude of the line
broadening effect depends on the distance between the spin-
label and the nuclear spins. In this study,1H-15N HSQC
spectra were acquired before and after the proxyl group was
reduced. Spin labeling did not change the protein-DNA
interaction, because the1H-15N HSQC spectrum of Mrf2
in complex with the spin-labeled DNA after the reduction
of the proxyl group is very similar to that of Mrf2 in complex
with its target DNA (Figure 2 and ref13).

Dramatic NMR line broadening effects in Mrf2 were
observed in the complex with the spin-labeled DNA-1
molecule (Figure 1). Specifically, the amide resonances of
residues 35 and 37 are completely “bleached out” by the
spin-label, indicating that they are very close to the labeled
end of the DNA (Figure 2). These data immediately provided
information about the relative orientation of the protein on
the DNA. In addition, the cross-peaks of the backbone amide
groups of several other residues, as well as the side chain
NH2 groups of an Asn and a Gln, and the side chain NH
groups of two Trp residues in the protein, were significantly
broadened (Table 1). These data provided intermolecular
distance constraints for structure calculation. To generate
additional distance constraints for structure determination,

FIGURE 2: Paramagnetic line broadening effects used in the structural calculation.1H-15N HSQC spectra of Mrf2 in complex with a
proxyl-labeled DNA (DNA-1 in Figure 1) (a) after and (b) before reduction of the proxyl group. A few severely broadened residues close
to the spin-label were very weak or not detectable in panel b. These residues are marked with a red square, and their assignments are given.
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the proxyl spin-label was introduced into the other end of
the target sequence in DNA-2 and DNA-3 molecules
(Figure 1A). However, the spin-label introduced into DNA-2
did not produce significant line broadening effects. To move
the spin-label on this end of the DNA closer to the protein,
two base pairs were removed from this end in the DNA-3
molecule. Unfortunately, DNA-3 has significantly altered
ability to interact with the protein, as indicated by overall
line broadening effects in the HSQC spectra that are
independent of whether the spin-label is reduced or oxidized
(data not shown). This effect may due to aggregation of the
sample, since complexes with shorter DNA molecules are
less soluble. The effect may also be due to the reduced
affinity that results in an intermediate exchange rate of the
free and bound forms of the protein. Therefore, only the data
from the spin-labeled DNA-1 were used for structure
calculation of the protein-DNA complex.

Structure Calculation of the Protein-DNA Complex.The
intermolecular distance constraints obtained from spin-labels

were incorporated into the structure calculation using HAD-
DOCK (5). The “active” and “passive” residues in the protein
were defined on the basis of chemical shift perturbation for
HADDOCK calculations (Table 2). Since it is not clear which
residues in the DNA were involved in the interaction, all
bases of the DNA-1 molecule were defined as active residues
(Table 2). The calculation led to a well-converged family of
structures (Figure 3A) with favorable covalent geometries
and minimal bond length and angle violations (Table 3). In
addition, the structures have favorable Ramachandran
statistics. Despite the loose constraints, the structures con-
verged well with a root-mean-square deviation (rmsd) of
1.31 Å among backbone atoms of both the protein and DNA
(Table 3). The structure is consistent with all available
experimental data. There is no distance constraint violated
by more than 0.5 Å. In addition, the structures explain the
lack of line broadening effects when Mrf2 forms a complex
with the spin-labeled DNA-2 molecules; the residue of Mrf2
closest to the spin-labeled end of DNA-2 is more than 22 Å
away, so the spin-label would not have a dramatic line
broadening effect induce the disappearance of any cross-
peaks.

The structure of the Mrf2 ARID in complex with DNA is
compared with that of the homologous Dri ARID in complex
with DNA (12). The Mrf2-DNA and Dri-DNA complexes
have major structural similarities (Figure 3B). In particular,
the conserved central regions of Mrf2 and Dri ARIDs have
similar DNA binding modes. Loop L2 and the adjacent helix
H5 insert into the major groove of DNA, whereas loop L1
makes contact with the phosphate backbone. The similarity

Table 2: Lists of Active and Passive Residues Used in the
Definition of the Ambiguous Interaction Restraints (AIRs) in
HADDOCK Calculations

Mrf2 active residues 38, 39, 41-44, 70, 71, 77-84, 87-90,
116-119

passive residues 32, 35, 36, 46, 60, 64, 66-68, 73, 76,
91, 92, 94, 115

flexible segments 38-48, 77-84, 109-119
DNA active residues all 28 bases

passive residues none
flexible segments Thy1 (the residue with the spin-label)

FIGURE 3: Calculated structures of the Mrf2-DNA complex. (a) Superposition of 17 structures of the Mrf2-DNA complex. (b) Side-by-
side comparison of the structures of the Mrf2-DNA complex (left) and Dri-DNA complex (right). All helices, loops, and N- and C-termini
are indicated in the structures. The two extra helices, H0 and H7, at both the N- and C-termini of Dri ARID are shown in red.
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is quite remarkable, given that the structure of the Dri-DNA
complex was determined using thousands of NOE constraints
while the structure of the Mrf2-DNA complex was deter-
mined using chemical shift perturbation constraints and 13
intermolecular distance constraints. The two flexible loops
of the protein rigidified upon binding DNA (13). The
“folding upon binding” phenomenon has been proposed to
be generally important for specificity in protein-DNA
recognition (19), since nonspecific interactions are not likely
to induce formation of a specific structure.

The main difference in the DNA binding modes between
Mrf2 and Dri is in the structurally different C-termini. The
C-terminal segment of the Dri ARID is four residues longer
than that of Mrf2, forms a helix (H7 in Figure 3B) that is
absent in Mrf2, and interacts with the minor groove of DNA
(12). In contrast, the Mrf2 C-terminus is disordered and
appears to form transient nonspecific contacts with DNA.
The ensemble of structures indicates that the C-terminus of
Mrf2 can bind to a position on the DNA analogous to that
bound by the Dri ARID C-terminus. The C-terminus of the
SWI1 ARID, which also lacks the helix, does not interact
with DNA at all, as indicated by the lack of significant
chemical shift perturbation upon formation of the complex
(11). The conformational flexibility of the Mrf2 C-terminus
in the structural ensemble is consistent with15N relaxation
measurements (13); the C-terminal residues of Mrf2 retain
significant conformational flexibility in the complex with
DNA, as indicated by1H-15N NOE values close to zero.
The reduction in the conformational flexibility of the
C-terminal residues, as signified by the increase in1H-15N
NOE values from-0.7 in the free form to approximately 0
in the complex with DNA, is likely due to electrostatic
interactions between the highly positively charged residues
at the C-terminus and the negatively charged DNA backbone.

Mechanism of Mrf2-DNA Recognition.Mrf2 contacts
DNA mainly using the two flexible loops, L1 and L2. Despite
the modest resolution of the structures, consistent protein-
DNA interactions can be defined in the family of structures.

The side chains of residues Arg36 and Pro38, which are
located in loop L1, interact with the sugars of Cyt3, Ade4,
and Ade5 in the minor groove (Figure 4). Lys70, Ser82,
Thr83, Ser84, and Cys88 in helices H4 and H5 and loop L2
form base-specific contacts with AT base pairs in the major

Table 3: Structural Statistics of 17 Final Structures

dihedral angle restraints derived from chemical shifts
all 150
Φ 75
Ψ 75

rmsd from the average structure
backbonea excluding the C-terminus 1.31( 0.83 Å
all heavy atoms for residues at the

protein-DNA interface
1.29( 0.78 Å

distance violations
unambiguous distance restraints (>0.5 Å)b 0

rmsd from idealized covalent geometry
bonds (Å) 0.009( 0.00004
angles (deg) 1.12( 0.005
impropers (deg) 1.84( 0.01

Ramachandran analysis (excluding the C-terminus)
residues in most favored regions (%) 83.0
residues in additional allowed regions (%) 16.5
residues in generously allowed regions (%) 0.5
residues in disallowed regions (%) 0.0

a The protein backbone atoms include C, CR, and N. The DNA
backbone atoms include P, C3′, C4′, C5′, O3′, and O5′. b Violations
of the AIR restraints were not analyzed, because they are based on
loosely defined active and passive residues. Violations of the dihedral
angle constraints generated by TOLAS were not analyzed either, as
the upper and lower bounds were artificially defined by model
molecules.

FIGURE 4: Intermolecular contacts between the Mrf2 ARID and
DNA. (a) Summary of the contacts observed between the protein
and DNA. Dashed lines represent intermolecular van der Waals
interactions. Arrows indicate intermolecular hydrogen bond interac-
tions with arrowheads denoting the hydrogen bond acceptors. (b)
Detailed view of the protein-DNA interface. The amino acid
residues involved in DNA binding are from loops L1 and L2 and
helices H4 and H5.
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groove. Most of these base-specific contacts in the major
groove appear to be van der Waals interactions, except for
the hydrogen bond between Ser84 and the base of Thy8. In
addition, His92 forms intermolecular hydrogen bonds with
the phosphate backbone, and Arg67 from helix H4 makes
contact with the sugar-phosphate backbone. Furthermore,
Arg36, Arg67, and Lys70 also form electrostatic interactions
with the negatively charged phosphate backbone of the DNA.
Since the structural studies were carried out at pH 6.0, His92
is likely to be protonated and also contributes to the
electrostatic interaction between Mrf2 and DNA. The
combination of the interactions mentioned above is present
in more than 35% of the structures.

The intermolecular contacts between Mrf2 and DNA are
very similar to those observed in the homologous Dri-DNA
complex (12). Arg304, Ala309, and Lys310 in Dri loop L1
interact with the sugar-phosphate backbone in the minor
groove of the DNA, analogous to the aforementioned
interaction of Arg36 and Pro38 of Mrf2 with DNA. Residues
Ile350-Ser352 of Dri, corresponding to Ser82-Ser84 of
Mrf2 in the sequence alignment, are located in the major
groove and make base-specific contacts with the DNA. In
particular, in the Dri-DNA complex, many intermolecular
NOEs between Thr351 and Ser352 and among Ade10,
Thy21, and Ade20 of DNA were observed. Thr356 of Dri,
corresponding to Cys88 of Mrf2 in the sequence alignment,
makes base-specific interactions similar to those of Cys88.
The extensive intermolecular contacts between the polar
residues of the proteins, such as Thr and Ser, and the Ade
and Thy base pairs of the DNA are seen in both complexes.
Therefore, these major groove interactions are likely critical
for sequence-specific DNA recognition. Despite the signifi-
cant difference in their overall folds, Mrf2 and Dri ARIDs
afford similar base-specific contacts through the highly
conserved sequences in their L2 loops and adjacent helices.
Therefore, the length and sequence of the L2 loop appear to
correlate well with the sequence-specific DNA binding
activity of an ARID and thus are good indicators of ARID
DNA binding activity. In contrast, the comparison between
Mrf2 and Dri (Figure 3B) shows that the overall folds of
ARIDs are not correlated with their DNA binding mechanism
and activity. This finding is consistent with a previous study
of the DNA binding properties of the human SWI1 homo-
logue p270 (20).

An Efficient Approach to Determination of the Structure
of Protein-DNA Complexes.In this study, we demonstrated
the success of an alternative approach to determining the
structure of a protein-DNA complex. Proteins in the ARID
family, like many other DNA-binding proteins, do not readily
produce NMR spectra of workable quality for structure
determination. The residues at the binding interfaces of both
Dri and Mrf2 have broad resonances that have prevented
the identification of intermolecular NOEs. The quality of
NMR spectra of the Dri ARID-DNA complex was improved
dramatically by a site-directed mutation at the binding
interface (12). We have sought to improve the quality of
NMR spectra of the Mrf2-DNA complex and tested
different lengths of DNA and buffer conditions. Helix H5
in Mrf2 contains a Cys residue, which is not conserved in
the ARID family. We mutated the Cys to a Ser in an effort
to prevent spectral complications due to oxidation. This
amino acid substitution improved the spectral quality of the

protein-DNA complex to some extent but was not sufficient
to allow us to obtain intermolecular NOEs.

As shown here, intermolecular distance constraints derived
from a single spin-label in combination with docking
calculations are sufficient to define many of the interactions
that are important for formation of the Mrf2-DNA complex.
It is usually much easier to observe backbone resonances in
HSQC or TROSY spectra than to detect intermolecular NOEs
in NOESY spectra. First, a HSQC spectrum is much more
sensitive than a three-dimensional NOESY spectrum. Second,
backbones of proteins may not engage in conformational
exchange and fast motions as extensive as those of their side
chains. Thus, the signal intensities of backbone resonances
are generally much higher in HSQC spectra that those of
side chain resonances in NOESY spectra. This approach is
also less labor intensive, and the assignments of intermo-
lecular distances are unambiguous. In cases where intermo-
lecular NOEs can be readily obtained, a global fold generated
by spin-label constraints can be used to verify or guide NOE
assignments when some of the NOE assignments are
ambiguous. Similar approaches can also be applied to the
determination of the structure of RNA-protein complexes.
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