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ABSTRACT: 11F8 is a sequence-specific pathogenic anti-single-stranded (ss)DNA autoantibody isolated
from a lupus prone mouse. Site-directed mutagenesis of 11F8 has shown that six binding site residues
(R31VH, W33VH, L97VH, R98VH, Y100VH, andY32VL) contribute 80% of the free energy for complex formation.
Mutagenesis results along with intermolecular distances obtained from fluorescence resonance energy
transfer were implemented here as restraints to model docking between 11F8 and the sequence-specific
ssDNA. The model of the complex suggests that aromatic stacking and two sets of bidentate hydrogen
bonds between binding site arginine residues (R31VH andR96VH) and loop nucleotides provide the molecular
basis for high affinity and specificity. In part, 11F8 utilizes the same ssDNA binding motif ofY32VL,
H91VL, and an aromatic residue in the third complementarity-determining region to recognize thymine-
rich sequences as do two anti-ssDNA autoantibodies crystallized in complex with thymine.R31SVH is a
dominant somatic mutation found in the J558 germline sequence that is implicated in 11F8 sequence
specificity. A model of the mutantR31S11F8‚ssDNA complex suggests that different interface contacts
occur when serine replaces arginine 31 at the binding site. The modeled contacts between theR31S11F8
mutant and thymine are closely related to those observed in other anti-ssDNA binding antibodies, while
we find additional contacts between 11F8 and ssDNA that involve amino acids not utilized by the other
antibodies. These data-driven 11F8‚ssDNA models provide testable hypotheses concerning interactions
that mediate sequence specificity in 11F8 and the effects of somatic mutation on ssDNA recognition.

Protein-ssDNA interactions are central to many biological
processes such as replication (1, 2), transcription (3, 4),
translation (5), recombination (6), gene maintenance (7, 8),
and gene repair (1). Antibodies provide a unique model
system for studying protein-ssDNA interactions because
their highly conserved sequence and three-dimensional
structure have been systematically mutated to differentiate
residues necessary for structural integrity from those involved
in antigen binding (9). Hence, site-directed mutagenesis can
be applied in studying the role of residues that mediate
antigen binding without altering the overall structure of the
protein.

While antibodies form the basis of the normal humeral
immune response, defects in tolerance can give rise to
autoantibodies, some of which are pathogenic. Anti-DNA
autoantibodies are a prominent serological hallmark of the
autoimmune disease systemic lupus erythematosus (SLE).1

Through a process involving antigen recognition, a subset
of anti-DNA autoantibodies localize to the glomerular
basement membrane (GBM) of kidney tissue and initiate an
inflammatory response that can result in renal damage and
death (10). While anti-DNA autoantibodies that bind both

double-stranded and single-stranded (ss)DNA have been
extensively studied, there is currently no method for dif-
ferentiating pathogenic anti-DNA autoantibodies from those
that are benign or for preventing formation of a complex
between these autoantibodies and their antigens (11-15).

We have previously generated a panel of anti-ssDNA
monoclonal autoantibodies (mAbs) from an autoimmune
mouse (16). Three mAbs, 11F8, 9F11, and 15B10, arose from
the same B-cell precursor (i.e., they are clonally related) with
>99.5% sequence conservation. However, only 11F8 binds
to ssDNA adherent to the GBM and displays sequence
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1 Abbreviations: anti-ssDNA, autoantibodies that bind single-
stranded DNA;a#VX, amino acid variable chain residue nomenclature
in which a# represents the single letter code and residue number and
H or L represents the heavy or light chain, respectively;R31SVX, amino
acid nomenclature in which R31S represents a mutation to either the
heavy (H) or light (L) chain;R31S11F8, structural mutation investigated
by docking simulations; CDR, complementarity-determining region;
SLE, systemic lupus erythematosus; GBM, glomerular basement
membrane; mAb, monoclonal antibody;1, 21-mer high-affinity con-
sensus sequence for 11F8;1(55), full-length high-affinity ligand from
selection experiments; TCEP, tris(2-carboxyethyl)phosphine;Kd, equi-
librium dissociation constant; 5-TAMRA SE, 5-carboxytetramethyl-
rhodamine succinimidyl ester;F11F8, 11F8 species labeled with
fluorescein (superscript F);R1, 1 variant labeled with tetramethyl-
rhodamine (superscript R); trFRET, time-resolved fluorescence reso-
nance energy transfer;R0, Förster distance; Fab, antigen binding
fragment; HADDOCK, High Ambiguity Driven protein-protein Dock-
ing; Evdw, energy resulting from van der Waals interactions;Eelec, energy
resulting from electrostatic interactions;Edist, energy resulting from
unmet distance restraints; BSA, buried surface area;Etot, total energy
of a complex; rmsd, root-mean-square deviation; SASA, solvent
accessible surface area;r2, linear correlation coefficient.
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specificity for ssDNA (17, 18). In vitro selection of the high-
affinity ssDNA consensus sequence (1), in combination with
DNA footprinting, affinity, and binding rate constant mea-
surements, showed that sequence-specific recognition is
achieved by 11F8 when the functional groups of1 are
presented within a well-defined secondary structure (Figure
1) (18). Site-directed mutagenesis revealed that six residues
within the 11F8 complementarity-determining regions (CDRs)
account for∼80% of the binding free energy of the complex
(19). Two amino acids,R31VH andY100VH, mediate sequence
specificity; however, the nature of intermolecular contacts
could not be determined (19). 31VH and 100VH are the only
two residues of 11F8 that differ from the equivalent residues
in both 9F11 and 15B10, implying that contacts between
these two residues and1 should provide insight into the
molecular basis of sequence specificity.

Efforts to obtain a crystal structure of the 11F8‚1 complex
so far have been unsuccessful. To investigate the structural
basis for ssDNA binding specificity, we here utilized a
docking approach driven by experimental distance constraints
from time-resolved fluorescence resonance energy transfer
(trFRET) to build and optimize a model of the 11F8‚1
complex. The resulting lowest-energy ensemble of structures
suggests that stacking andπ-cation interactions promote the
high affinity of the complex, while selectivity arises from
two sets of bidentate hydrogen bonds and an aromatic residue
in the center of the antigen binding site. Modeling of the
mutant R31S11F8‚1 complex (reflecting a non-sequence-
specific mAb sequence prevalent in the J558 germline)
suggests possible differences in the recognition motif in the
absence of the critical binding site arginine 31. Our models
suggest that a single arginine acquired during antibody
maturation affords an extended interface with ssDNA beyond
the contacts accessible by other anti-ssDNA mAbs and that
conformational differences and contacts facilitated by this
arginine could mediate sequence specificity.

MATERIALS AND METHODS

11F8 Cysteine Variant Preparation and Validation.The
His-tagged single-chain 11F8 construct cloned into pET-28b-
(+) (Novagen, Madison, WI) was used as the template for
11F8 mutants (19). Plasmids encoding individual 11F8
cysteine mutantsS17CVH, T30CVH, S53CVH, Q105CVH, S10CVL,

S43CVL, S60CVL, S67CVL, and T94CVL were constructed using
site-directed mutagenesis following the Quickchange protocol
(Stratagene, La Jolla, CA). Successful incorporation of each
mutation was confirmed by DNA sequencing. Expression
and purification were performed as described for the wild-
type protein with the following modifications (19). Denatured
11F8 variants were isolated from the insoluble bacteria pellet
and purified on Ni2+ agarose (Qiagen Inc., Santa Clarita,
CA). Resultant fractions containing protein were refolded
by rapid dilution (1:200) into DNA binding buffer [50 mM
NaiPO4 (pH 8.0), 150 mM NaCl, and 0.1 mM tris(2-
carboxyethyl)phosphine (TCEP)], supplemented with oxi-
dized glutathione (0.4 mM), reduced glutathione (4 mM),
and 1% (v/v) ssDNA agarose matrix, which was stirred for
at least 24 h at 4°C (20). The suspension was poured through
a fritted glass column to concentrate the protein-bound
ssDNA agarose, and the resin was washed with 5 column
volumes of DNA binding buffer containing NaCl (400 mM).
Protein was eluted from the ssDNA agarose with DNA
binding buffer containing NaCl (2 M) and urea (2 M) and
immediately exchanged into conjugation buffer [50 mM Nai-
PO4, 150 mM NaCl, and 0.1 mM TCEP (pH 8.0)] by dialysis.
Protein (>98% pure by SDS-PAGE analysis) was concen-
trated with an Amicon Ultra YM10 membrane (Millipore,
Bedford, MA) to micromolar concentrations. Purified cys-
teine mutants were stored at-80 °C or conjugated to
fluorescein as described below.

Fluorescein Labeling.Fluorescein 5-maleimide (Molecular
Probes, Eugene, OR) was dissolved (50 mg/mL) in DMSO,
and a 50-fold molar excess was added to a stirring solution
of concentrated folded protein (15-100µM) in conjugation
buffer. The reaction proceeded at room temperature with
stirring for 2 h and then at 4°C with stirring for an additional
18 h. Unreacted dye was removed by passing the reaction
mixture over a 2.5 mL bed volume PD-10 column (Amer-
sham, Piscataway, NJ) equilibrated with conjugation buffer.
Eluted protein was dialyzed against 4 L of conjugation buffer
for 24 h to remove trace amounts of unconjugated dye. The
degree of labeling was calculated for each 11F8 variant by
comparing the protein absorbance at 280 nm [extinction
coefficient of 11F8 of 51 970 cm-1 M-1 (21)] with the
absorbance of the fluorophore at 495 nm [extinction coef-
ficient of fluorescein of 83 000 cm-1 M-1 (22)] and correct-
ing for the UV absorbance contributed by fluorescein at 280
nm. Labeling efficiencies for 11F8 variants ranged from 60
to 90%. Site specificity of labeling was evaluated using wild-
type 11F8 as a negative control. No dye conjugation to wild-
type 11F8 was observed using the same protocol, confirming
that the four cysteine side chains involved in disulfide bridge
interactions do not react with maleimide dye. Equilibrium
dissociation constants (Kd) were determined in 20 mM Tris
and 150 mM NaCl (pH 8.0) at 25°C for each cysteine mutant
and corresponding fluorophore conjugate as previously
described (23).

DNA Variant Preparation and Validation. Amine variants
of 1 containing a single copy of Amino-Modifier C6 dT or
C6 dC (Glen Research, Sterling VA) were synthesized using
standard phosphoramidite chemistry. Oligonucleotides were
synthesized by replacing cytosine or thymine at T4, C8, C9,
T10, and C12 as well as the two positions flanking the 5′
and 3′ ends of the hairpin with a C5 alkylamine nucleobase,
and amine-modified 21-mer hairpin variants were purified

FIGURE 1: 1, a high-affinity ssDNA ligand of 11F8, is the truncated
analogue of the consensus sequence selected from a pool of DNA
oligonucleotides with a seven-nucleotide random region and lacking
secondary structure (18). Mutations introduced during PCR am-
plification afforded the stable hairpin secondary structure that,
together with the initial randomized region shown in bold, was
selected by 11F8. Truncation of PCR primer sites on the full-length
selected ligand [1(55)] as well as replacement of the original G4
bulge with T4 to form 1 does not alter the binding properties of
11F8 (42, 43).
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to >95% by HPLC as previously described (16). Prior to
conjugation, DNA was ethanol precipitated to remove Tris
salt. Each modified oligonucleotide was alkylated with
5-carboxytetramethylrhodamine succinimidyl ester (5-TAM-
RA SE, Molecular Probes). Briefly, 100µg of a 25 mg/mL
stock of each oligonucleotide in H2O was alkylated with
5-TAMRA (200 µg) dissolved in DMSO (14µL) in sodium
tetraborate labeling buffer (0.1 M, pH 8.5) with a total
reaction volume of 100µL as described previously (24). The
reaction was allowed to proceed at room temperature with
stirring for 8 h. Each reaction mixture was precipitated twice
with EtOH, and labeled oligonucleotides were purified by
reverse-phase HPLC using a Platinum EPS C8 column
(Alltech, Deerfield, IL) equilibrated at 95% (v/v) 0.1 M
triethylammonium acetate (pH 6.6) and 5% (v/v) acetonitrile.
DNA was eluted with a linear gradient from 5 to 65%
acetonitrile over 30 min, similar to procedures described
previously (24). Analytical reverse-phase HPLC analysis
showed that each TAMRA-labeled oligonucleotide was
>95% pure. Each oligonucleotide was equilibrated with NaCl
(4 M) for 12 h to ensure that all counterions were replaced
with Na+, and sequences were desalted with a 2.5 mL bed
volume PD-10 column (Amersham). The structural integrity
of all modified hairpins was tested by their affinity for 11F8.
Equilibrium dissociation constants (Kd) were determined in
20 mM Tris and 150 mM NaCl (pH 8.0) at 25°C as
previously described (23).

Equilibrium Fluorescence Anisotropy Measurements.The
fluorescence anisotropy of each fluorescein-labeled 11F8 (F-
11F8) and tetramethylrhodamine-labeled1 (R1) was deter-
mined first as a single species and then in complex with
unlabeled1 and 11F8, respectively, and finally in complex
with eachR1 andF11F8 mutant, respectively. Excitation and
emission bandpass filters were utilized to observe the
anisotropies of fluorescein (excitation at 480( 10 nm and
emission at 530( 10 nm; Andover Corp., Salem, NH) and
tetramethylrhodamine (excitation at 560( 10 nm and
emission at 590( 10 nm) in isolation. Titration ofF11F8
andR1 with a >10-fold excess of labeled DNA and protein,
respectively, resulted in the same anisotropies that were
observed with a 1:1 molar ratio so that experiments were
completed with equimolar amounts of 11F8 and1. The
anisotropy of each complex (20 nM 11F8 or mutant and 20
nM 1 or variant) was measured, after equilibrating at room
temperature for 5 min, as an average of 25 scans using a
Beacon 2000 Fluorescence Polarization System (Invitrogen,
Carlsbad, CA). Fluorescein and tetramethylrhodamine anisotro-
pies for allF11F8‚1, 11F8‚R1, andF11F8‚R1 complexes were
e0.20, validating the assumption of free fluorophore rotation
upon complex formation as a basis for using Fo¨rster theory
in our trFRET distance analysis (25).

Time-ResolVed Fluorescence Resonance Energy Transfer.
Intermolecular distances in the various 11F8‚1 equilibrium
complexes were measured by trFRET betweenF11F8 and
R1 in 20 mM Tris and 150 mM NaCl (pH 8.0) at 25°C.
Each complex (100µL; 0.5 µM 11F8 species, 2.5µM 1
species to ensure saturation of the mAb based upon equi-
librium fluorescence experiments) was incubated at 25°C
for 5 min to ensure that the complex was formed prior to
the collection of time-resolved emission profiles of the
fluorescein donor using time-correlated single-photon count-

ing as previously described (26). Briefly, a frequency-
doubled Nd:YVO4 laser (Spectra-Physics Millenia Xs-P,
operated at 8.9 W) pumped a frequency-doubled mode-
locked Ti:sapphire laser (Spectra-Physics Tsunami, operated
at 1 W) that excited fluorescein at 490 nm by 2 ps wide
pulses picked down to 4 MHz. Under magic angle polarizer
conditions, isotropic emission was detected at 520 nm (10
nm bandpass interference filter; Chroma, Rockingham, VT)
in 4096 sampling channels with a time increment of 12 ps/
channel tog40000 peak counts. Time-resolved fluorescence
decays forF11F8 mutants were measured with and without
the tetramethylrhodamine acceptor to determine the donor-
acceptor distance. The effect of tetramethylrhodamine on the
decay of fluorescein emission in the doubly labeled complex
was then used to extract a three-dimensional Gaussian
distance distribution between the two fluorophores as previ-
ously described (26-28). In all cases, 11F8 data were fit
well by a single-distance distribution withø2 values ofe1.3,
with evenly distributed residuals. To extract absolute dis-
tances, 55 Å was used as the Fo¨rster distance (R0) of the
fluorescein and tetramethylrhodamine pair (26), and a value
of 2/3 was assumed for the orientation factor as experimentally
supported by the low fluorophore anisotropies (29).

Structural Coordinates for 11F8 and1. Structural coor-
dinates for the 11F8 antigen binding fragment (Fab) were
obtained from a homology model constructed by the methods
of Chothia and Lesk (9, 19, 30). The general computational
approach has been described elsewhere (31). A model of1
was generated using ERNA-3D (32, 33). Previous spectro-
scopic and footprinting experiments revealed that the selected
ligand for 11F8 is a hairpin with a four-base loop, separated
from a bulge by 3 bp as shown in Figure 1 (18). The primary
sequence of1 together with the base pair designations of
Figure 1 was used as the starting point for modeling. Sodium
counterions and a 10 Å water solvation layer were added to
the resultant hairpin with the Builder module of Insight II
(Accelrys Inc.), and the structure of1 was energy minimized
to a root-mean-square deviation (rmsd) of 0.01 Å.

Docking of the 11F8‚1 Complex. High-ambiguity-driven
protein-protein docking (HADDOCK 1.3) was utilized to
model docking of 11F8 and1 (34). Two types of experi-
mental data were implemented to guide docking in the
following way. trFRET distances served as unambiguous
restraints (discrete distance restraints), and important binding
site residues identified by site-directed mutagenesis for both
11F8 and1 were incorporated as ambiguous interacting
restraints (known interacting residues but unknown contacts).
All residues used as ambiguous restraints were>45% solvent
accessible as determined with the Solvation module of Insight
and either exhibited evidence of the direct involvement in
the complex (active) or were solvent exposed neighbors to
such residues (passive).R31VH, L97VH, R98VH, Y100VH, and
Y32VL were chosen as active 11F8 residues (19). G7, C8,
C9, T10, T11, and C12 were selected as active1 residues
(18, 23). trFRET-determined distances for donor-acceptor
pairs in the equilibrium complexes were incorporated as
unambiguous restraints in a NOE-formatted restraint file both
independently and in conjunction with ambiguous mutagen-
esis-derived restraints. Stacking restraints (4( 2 Å) between
binding site aromatic residues and thymine bases were
incorporated to refine each model (35, 36). During the final
simulation, distance, stacking, and mutagenesis restraints
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were considered, and resultant structures were energetically
penalized (Edist) for unsatisfied restraints.

Each docking procedure consisted of three steps. First,
11F8 and1 were rotated around their center of mass to
minimize intermolecular energy, and molecules were docked
by rigid body energy minimization. More than 1000 struc-
tures were sorted according to the sum of van der Waals
energy (Evdw), electrostatic energy (Eelec), distance restraint
energy (Edist), and buried surface area (BSA). At least 200
lowest-energy solutions were refined in the second stage
where they were subjected to three stages of semirigid
simulated annealing (1000 steps, 2000 to 50 K, 8 fs time
steps; 4000 steps, 2000 to 50 K, 4 fs time steps; and 1000
steps, 500 to 50 K, 2 fs time steps) followed by water
refinement with an 8 Å shell of TIP3P water molecules to
optimize the interface. Throughout semirigid body docking
and simulated annealing, all 11F8 CDRs (31-35HCDR1,
50-66HCDR2,99-108HCDR3,24-34LCDR1, 50-56LCDR2, and
89-97LCDR3) and all of1 were allowed full backbone and
side chain flexibility to most effectively represent native
docking. Allowing side chain and backbone flexibility during
simulated annealing was found to optimize the orientation
and interface of 11F8 and1. The stereochemical quality of
the resultant models was analyzed with PROCHECK, and
interface hydrogen bond and nonbonding interactions were
assessed by HADDOCK using standard CNS analysis scripts
(37). Complexes were ranked on the basis of total energy
(Etot).

Docking of theR31S11F8‚1 Complex. Docking was used
to model the effects ofS31R11F8 somatic mutation upon
ssDNA recognition.R31VH was mutated from arginine to
serine in the 11F8 homology model and docked with1 as
described for wild-type 11F8. BecauseW33VH does not
participate in ssDNA recognition in other anti-ssDNA
autoantiboides, stacking restraints forW33VH were not
included.

Steady-State Fluorescence Resonance Energy Transfer
(FRET). The orientation of 11F8 with respect to1 was cross-
validated by steady-state FRET. In all experiments, 11F8
(50 nM) (either unlabeled or fluorescein-labeled cysteine
mutant) was equilibrated at 25°C with 1 (250 nM) (either
unlabeled or tetramethylrhodamine-labeled amine variant) to
ensure that>98% of 11F8 was bound to1. For each
measurement, binding buffer [20 mM Tris-HCl, 150 mM
NaCl, and 0.1 mM TCEP (pH 8.0)] in a final volume of
1300µL was utilized. Three samples were analyzed for each
of the pairs of labeling sites (nine mAb mutants and six
variants of1 ) 54 pairs): a sample with donor only (FD, 50
nM F11F8 with 250 nM1), a sample with a donor in the
presence of a saturating amount of acceptor (FDA, 50 nM
F11F8 with 250 nMR1), and a sample with acceptor alone
(FA, 50 nM 11F8 cysteine mutant with 250 nMR1). In all
cases, the fluorescence spectra of the three samples were
measured with aλex of 496 nm, a 2 nmbandpass, at 1 nm
intervals from 500 to 700 nm to observe both the fluorescein
and tetramethylrhodamine fluorescence. The fluorescence
spectrum of the acceptor alone was subtracted from the
spectrum of the donor in the presence of a saturating amount
of acceptor to correct for background tetramethylrhodamine
fluorescence. The donor only spectrum was compared to the
corrected spectrum of the double-labeled material to extract
the quench in fluorescein fluorescence. The emission inten-

sity at the wavelength of maximal donor emission (525 nm)
was used to calculate the efficiency of energy transfer for
54 donor-acceptor complexes according to eq 1 (38-41).
An average of three emission traces was used for each
experiment, and three independent assays were averaged to
calculate the energy transfer efficiency (ET) for all pairs.

RESULTS

Accessing Fluorescent Variants of 11F8 and1. Previous
characterization of the 11F8‚1 complex was insufficient for
determining the orientation of 11F8 with respect to1 or for
describing interface interactions, prompting us to model the
sequence-specific interaction (18, 19, 23, 42, 43). Discrete
distance restraints were obtained from trFRET and used along
with mutagenesis restraints to guide complex docking, while
steady-state FRET experiments were utilized to validate the
model. The FRET studies necessitated site-specific covalent
attachment of fluorescent reporters to both 11F8 and1.
Specific labeling required mutation of nonconserved amino
acid residues to cysteine for 11F8 and alkylamine modifica-
tion of nucleobases for1. Modification and fluorophore
conjugation must not disrupt the 11F8‚1 complex, and all
conjugated fluorophores need to be solvent-exposed and
freely rotating (44).

Antibody variable regions have four cysteine residues that
form two disulfide bonds required for proper folding. A fifth
solvent-exposed cysteine for conjugating fluorescein to the
folded protein had to be introduced into 11F8 by mutation.
For mutation, amino acid side chains were selected, first,
on the basis of a relative solvent accessible surface area
(SASA) of >50%. 11F8 has a low-nanomolar affinity for1,
which is∼7-fold tighter than the affinities observed for 9F11‚
1 and 15B10‚1 complexes (45). All three mAbs have
significantly lower affinities for other ssDNA ligands [an
∼50-fold lower affinity is observed for thymine-rich ssDNA,
and an∼250-fold lower affinity is observed for nonspecific
ssDNA ligands (23, 45)]. A binding affinity within 2-fold
of that of the wild-type complex was therefore used as an
indication that a particular substitution did not alter binding
affinity (19, 23). On the basis of these criteria, nine amino
acids throughout the 11F8 variable region could be mutated
to cysteine and further conjugated to fluorescein:S17CVH,
T30CVH, S53CVH, Q105CVH, S10CVL, S43CVL, S60CVL, S67CVL, and
T94CVL (Table 1).

Table 1: Equilibrium Affinity of 11F8 Fluorescein-Labeled
Cysteine Mutants for1a

protein Kd with 1(55) (nM) relativeKd

11F8 5.6( 2.4 1.0
S17CFVH 2.9( 0.3 0.5
T30CFVH 7.0( 0.5 1.3
S53CFVH 5.5( 1.6 1.0
Q105CFVH 7.2( 1.2 1.3
S10CFVL 2.4( 0.7 0.4
S43CFVL 2.8( 0.8 0.5
S60CFVL 7.5( 1.7 1.3
S67CFVL 6.4( 2.4 1.1
T94CFVL 6.5( 0.6 1.2

a RelativeKd values are normalized againstKd of 11F8 for1. Errors
in Kd are standard deviations based on a minimum of three independent
assays.

ET ) 1 - FDA/FD (1)
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Seven 21-base oligonucleotides were synthesized by
replacing cytosine or thymine at T4, C8, C9, T10, and C12
as well as the two positions flanking the 5′ and 3′ ends of
the hairpin with a C5 alkylamine-modified nucleobase so
the FRET acceptor could walk around1. Each site afforded
tetramethylrhodamine-labeled amine variants with an affinity
for 11F8 similar to that of wild-type1 (Table 2). The various
fluorescein and tetramethylrhodamine locations are shown
on our 11F8 and1 models in Figure 2. Initial binding studies
were completed with the 55-mer sequence [1 (55)] that was
identified with binding site selection experiments (18). When
the majority of binding affinities had been determined, we
decided that a shortened 21-mer hairpin sequence flanked
with two thymine residues on each side rather than the
original PCR primers would prohibit interactions between
11F8 and the original PCR primers during FRET experi-
ments. Tables 1 and 2 show mutants whose binding affinity
was determined before we decided to use the 21-mer of1;
however, since we have shown that binding properties for
the full-length and shortened hairpin sequences are similar
(42), relative binding affinities with respect to the wild-type
complex were not re-determined. All FRET and anisotropy
studies were completed with the 21-mer analogues of1.
Fluorescein and tetramethylrhodamine anisotropies for all
F11F8‚1, 11F8‚R1, and F11F8‚R1 complexes weree0.20,
validating the use of Fo¨rster theory forET and distance
calculations (25) (Supporting Information).

Time-ResolVed FRET-Determined Distances in the 11F8‚
1 Complex.Analysis of the fluorescein emission decay in
the absence (F11F8‚1) and presence (F11F8‚R1) of a tetram-
ethylrhodamine acceptor yields a Gaussian donor-acceptor
distance distribution at equilibrium. Each measurement with
11F8 and1 resulted in a single distance distribution, which
suggests that 11F8 binds1 in a unique and specific
orientation. A labeled amino acid residue was chosen from
similar locations in the heavy and light chains (S17VH and
S10VL) for measurement of distances to five common loca-
tions (T5′, C8, C9, T10, and C12) on1, chosen to include
both terminal and loop nucleotides. Each intermolecular
distance and accompanying parameters describing the fitted
Gaussian distribution are listed in Table 3.

Modeling the 11F8‚1 Complex. Data-guided docking
was pursued to determine the orientation of1 with respect
to 11F8 and to describe the intermolecular interface in the
sequence-specific complex. The HADDOCK docking pro-

gram provided a flexible platform for inputting experimental
structural restraints while allowing backbone and side chain
flexibility during the entire docking process. Approximately
five nucleotides of1 are involved in the complex with 11F8
(18). Previous studies suggest that C8, C9, T10, and T11 as
well as the G7‚C12 loop closing base pair might contact 11F8
(18, 23). Six 11F8 amino acids,R31VH, W33VH, L97VH, R98VH,
Y100VH, andY32VL, contribute 80% of the binding free energy
during complex formation, do not exhibit cooperativity, and
are likely involved in the complex (19). All 11F8 residues
exceptW33VH (33% SASA) together with nucleotides 7-12
of 1 have a SASA of>45% and were designated as active
mutagenesis restraints (34). Solvent accessible neighbors
within two amino acids of active residues of 11F8 and the
remaining nucleotides in1 were set as passive residues.
Active mutagenesis restraints are satisfied when any atom
of an active residue in one molecule is within 3.0( 2 Å of
any active or passive residue in the partner molecule, thus
ensuring that the binding site includes critical residues.
Therefore, 11F8 mutagenesis restraints are satisfied if a single
contact occurs between each active residue and any hairpin
nucleotide, while mutagenesis restraints for1 are satisfied
if a contact occurs between the loop nucleotides and a 11F8
binding site residue.

Characterization of many autoantibody‚antigen complexes,
including anti-DNA autoantibodies and others, indicates that
hydrophobic interactions are the primary driving force for
recognition (35, 36, 46-48). Our data suggest that 11F8 also
recognizes ssDNA in part through interactions between
thymine residues and aromatic side chains in the binding
pocket (Y32VL, Y100VH, and W33VH) (19, 43). Other anti-
ssDNAs utilize binding site aromatic residues to bind two
thymine nucleotides (35, 36). Given the three binding site
aromatic residues and two loop thymine residues involved
in 11F8‚1 binding, two orientations and various registers are
possible for the complex (Figure 3). Initial docking experi-
ments driven by only mutagenesis restraints resulted in a
diverse array of complexes docked in both orientations and
sampling different registers. Next, intermolecular distances
measured by trFRET were incorporated as the sole restraints
to guide docking of 11F8 and1. Interestingly, 11F8‚1
complexes docked on the basis of trFRET distances as well
as trFRET distances in conjunction with mutagenesis re-
straints all exclusively suggested a 3′ to 5′ orientation. This
nomenclature refers to the ssDNA orientation where the 3′-
most thymine residue (T11) is associated with the 11F8 light
chain and the 5′-most thymine residue (T10) is associated
with the 11F8 heavy chain. All resultant complexes suggested
a single binding site with T11 stacked betweenY32VL and
Y100VH and T10 stacked betweenY100VH and W33VH. Thus,
to further refine the 11F8‚1 complex, stacking restraints (4
( 2 Å) based upon related anti-ssDNA crystal structures
were incorporated between aromatic residues and thymine
nucleotides such that1 was oriented in the 3′ to 5′ orientation.
The lowest-energy ensemble resulting from trFRET, mu-
tagenesis, and stacking restraints contained 23 complexes.
The 10 lowest-energy structures are overlaid in Figure 4A
and suggest that 11F8 utilizes hydrophobic stacking,π-cat-
ion, and sequence-specific hydrogen bond interactions to
recognize1.

Further Support for the 3′ to 5′ Orientation.Equilibrium
trFRET measurements support the 3′ to 5′ orientation of1.

Table 2: Equilibrium Affinity of Tetramethylrhodamine-Labeled1
Variants for 11F8a

ssDNA Kd with 11F8 (nM) relativeKd

1(55) 5.6( 2.4 1.0
T4R1(55) 11.2( 0.3 2.0
C8R1(55) 11.3( 3.9 2.0
C9R1(55) 6.1( 0.2 1.1
T10R1(55) 5.8( 1.9 1.0
C12R1(55) 2.5( 0.8 0.4
1 1.5( 0.2 1.0
T5′R1 2.8( 0.6 1.9
T3′R1 2.8( 1.1 1.9

a RelativeKd values are normalized againstKd for 11F8. Errors in
Kd are standard deviations based on a minimum of three independent
assays. All binding assays except those with the 3′- and 5′-labeled
hairpins were completed with 55-mer DNA sequences that bind 11F8
via the same mechanism as the 21-mer (42).
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To further validate the likelihood for a 3′ to 5′ versus 5′ to
3′ oriented 11F8‚1 complex, two new docking simulations
were completed in which complexes were docked with the
opposite orientation using equal but opposite stacking
restraints. These complexes were generated using only
stacking restraints. Specifically, aromatic carbon atoms of
tyrosine side chainsY32VL and Y100VH were restrained to 4
( 2 Å with respect to thymine aromatic carbon and nitrogen
atoms of T10 and T11 of1. A 4 Å π-stacking distance was
chosen on the basis of stacking interactions observed in the
two published anti-ssDNA‚T crystal structures (35, 36).
Restraints betweenY32VL andT111, T111 andY100VH, andY100VH

andT101 were used for a bias toward the 3′ to 5′ orientation,
while restraints betweenY32VL andT101, T101 andY100VH, and

Y100VH and T111 were used for a bias toward the 5′ to 3′
orientation.

The lowest-energy resultant complex in each orientation
was compared to equilibrium FRET measurements. Inter-
molecular distances were measured from theγ-carbon of
each of the nine cysteine donors to the C5 position of six
nucleotide base acceptors. Due to the size of 11F8 and the
location of the DNA binding site at the center of the
molecule, 39% of the distances differed by<5 Å between
the oppositely oriented complexes, and only 33% of the
distances differed by>10 Å. Because the differences
between the two orientations are subtle, energy transfer
efficiencies for transfer from each donor position to six of

FIGURE 2: Ribbon diagrams of 11F8 and1 illustrating the location of the fluorescent probe. The light chain of 11F8 is colored light gray,
the heavy chain dark gray, and the DNA black. (A) Positions forF11F8 are shown as green spheres labeled with the amino acid number.
(B) Positions forR1 are shown as pink spheres labeled with the nucleotide number. (C) 11F8‚1 complex illustrating a single series of six
steady-state FRET measurements from a singleF11F8 (S17CVH) to eachR1.

Table 3: trFRET-Based Distance Distributions betweenS17CFVH andS10CFVL of 11F8 in Complex withT5′R1, C8R1, C9R1, T10R1, andC12R1a

mean distance (Å)/fwhm (Å)/ø2

donor T5′R1 C8R1 C9R1 T10R1 C12R1
S17CFVH 56.6( 0.2/17.6( 0.4/1.1 45.6( 0.5/22.4( 1.3/1.2 41.4( 0.1/23.0( 0.4/1.2 41.1( 0.1/26.5( 0.2/1.2 38.8( 0.4/32.5( 1.0/1.1
S10CFVL 57.0( 0.2/16.1( 0.3/1.3 41.2( 0.1/23.9( 0.7/1.2 42.3( 0.1/24.0( 0.2/1.2 43.7( 0.2/22.5( 0.2/1.2 45.3( 0.5/25.3( 1.0/1.2

a Mean donor-acceptor distances and their full widths at half-maximum (fwhm) were measured in 20 mM Tris-HCl (pH 8.0) and 0.1 mM
TCEP at 25°C. Errors are standard deviations from at least two independent measurements.ø2 is the reducedø2 value as a measure of fit quality.

FIGURE 3: Possible orientations of the 11F8‚1 complex. The light
chain residue (Y32VL) is colored light blue, and heavy chain residues
(Y100VH-middle and W33VH-right) are colored navy. The loop
thymine residue closest to the 5′ end of 1 (T10) is colored teal,
and the loop thymine residue closest to the 3′ end (T11) is colored
gray. (A) Schematic illustrating loop thymine residues stacked 3′
to 5′ with respect to 11F8 VL on the left. (B) Schematic illustrating
loop thymine residues stacked 5′ to 3′ with respect to 11F8 VL on
the left. In theory, there are also additional registers possible in
which the thymine aromatic stacking is shifted to the left or right
in either orientation.

FIGURE 4: Models of the 11F8‚1 and R31S11F8‚1 complexes.
(A) Overlaid backbone atoms for the 10 lowest-energy
11F8‚1 complexes (lowest-energy structure colored green). (B)
Overlaid backbone atoms for the 10 lowest-energyR31S11F8‚1
complexes.
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the seven acceptor molecules were measured by steady-state
FRET for cross-validation (Figure 2C).

The energy transfer efficiency (ET) between fluorescein
and tetramethylrhodamine in solution is distance-dependent,
whereET in steady-state FRET is related to the mean distance
between probes through the relationship 1/R6 as shown in
eq 2.

When 1/ET as determined from steady-state FRET is plotted
againstR6 derived from the 3′ to 5′ and 5′ to 3′ models of
the 11F8‚1 complex, a better correlation should be observed
for the model that is docked in the correct orientation. The
energy transfer efficiency for each donor-acceptor pair was
determined from the difference in the background-corrected
fluorescence emission spectra of complexes formed in the
absence (F11F8‚1) and presence (F11F8‚R1) of acceptor as
shown in Figure 5. Fifty-four transfer efficiencies and
corresponding model distances from the two models were
used to compare the 3′ to 5′ and 5′ to 3′ orientations (Table
4). Unlike trFRET, steady-state FRET reports only a single
mean distance and is sensitive to differences in labeling
efficiencies (ranging from 60 to 90%) that are caused by
dissimilar thiol reactivities. We therefore compared energy
transfer efficiencies among the same cysteine labeling sites
and plotted the observed inverse FRET efficiencies for each
set of donor-acceptor pairs against the intermolecular
distances in the 3′ to 5′ and then 5′ to 3′ models to the sixth
power. Representative plots for the four 11F8 VH mutants
are shown in Figure 6. Linear correlation coefficients for
each donor were determined for all data points and are listed
in Table 5. Seven of the nine series exhibit a stronger
correlation with the 3′ to 5′ orientation, and overall differ-
ences in the correlation between energy transfer and model
distances for the two data sets are statistically significant (p
< 0.04). Collectively, these experiments demonstrate that
FRET-based distance measurements can be used to distin-
guish between two structurally relatively similar models.

Effects ofR31VH Residue Identity on the 11F8-1 Interface.
Two binding site residues that have been shown to mediate
sequence specificity in 11F8,R31VH andY100VH, are acquired
during antibody maturation (49). The related non-sequence-

specific mAbs 9F11 and 15B10 containS31VH and F100VH

instead. We have shown that arginine at VH residue 31 and
aromaticity at VH residue 100 are requirements for specificity
(19). Docking simulations were pursued also in the presence
of theR31SVH mutation to investigate how a lack of R31 may
mediate a loss of sequence specificity. First, docking was
modeled betweenR31S11F8 and 1 with loose stacking
restraints (6( 2 Å) aroundY100VH to allow 1 to bind in
either orientation. In 70 of 100 lowest-energyR31S11F8‚1
complexes,1 was oriented 3′ to 5′ with the same register
(Y32VL-T111-Y100VH-T101) as the wild-type 11F8‚1 model.
These results suggest a preference for the 3′ to 5′ orientation
is not mediated byR31VH alone, but rather the asymmetrical
binding site topology resulting from the contributions of
multiple side chains. Second, the model of theR31S11F8‚1
complex was refined with 4( 2 Å stacking restraints to
further favor the 3′ to 5′ orientation. The lowest-energy
ensemble contained 27 structures, 10 of which are overlaid
in Figure 4B.

Assessment of the Lowest-Energy 11F8‚1 andR31S11F8‚1
Models.The quality of the lowest-energy modeled 11F8‚1
and R31S11F8‚1 structures was determined in two ways.
Pairwise backbone rmsds were determined between the
R-carbon coordinates for each protein and nucleic acid
residue in the lowest-energy 11F8‚1 or R31S11F8‚1 complex
and the additional nine lowest-energy structures in each
ensemble, respectively, to ensure that the lowest-energy
structure was representative of a “typical” complex. The 10
lowest-energy 11F8‚1 complexes had an average energy of
-420 ( 38 kcal/mol and an average backbone rmsd of 1.6
( 0.3 Å. TheR31S11F8‚1 complexes had an average energy
of -410 ( 34 kcal/mol and an average backbone rmsd of
1.6 ( 0.4 Å. In both cases, visual inspection indicated that
experimental restraints were sufficient to repeatedly converge
on a single binding site, and observed contacts were
representative of the ensemble. Inspection of the per-residue
rmsd values showed that the backbone deviations were small
for protein side chains and relatively high (>5 Å) for ssDNA
residues not directly involved in the complex. This observa-
tion indicated the flexibility afforded to ssDNA and mAb
CDRs during docking. The lowest-energy 11F8‚1 andR31S-
11F8‚1 models were analyzed with PROCHECK to verify
that the complexes contained reasonable backbone and side
chain conformations. The benchmarks for structural quality
of both models are listed in Table 6.

Features of the 11F8‚1 Model. Comparison of our 11F8‚
1 model with the crystal structures of anti-DNA BV04-01
and DNA-1 bound to thymine sequences revealed that
thymine nucleotides bind similarly at the N-termini of the
VH and VL subunits with the 3′ end associated with the light
chain (35, 36). As observed in these structures, our model
suggests that the bases of1 are buried within the protein
and phosphate groups are relatively solvent exposed. The
predominant ssDNA-binding motif ofY32VL, a hydrogen-
bonding residue at91VL, and an aromatic residue at the tip
of the third CDR in the heavy chain participate in the 11F8
complex where loop thymine bases form an intimate parallel
stack with binding site aromatic side chains (Figure 7).
Specifically,T111 inserts betweenY32VL andY100VH andT101
stacks betweenY100VH and W33VH to form several<4 Å
contacts. Additionally, our model revealed contacts on the
right side of the binding pocket between nonpolar (L97VH)

FIGURE 5: Representative fluorescence spectra for theS17CF11F8‚
C8R1 complex. The fluorescence spectra for acceptor only [11F8‚
C8R1 (4)], donor in the presence of a saturating amount of acceptor
[S17CF11F8‚C8R1 (0)], and donor only [S17CF11F8‚1 ([)] are shown.
The donor-only spectrum was compared to the corrected spectrum
of the double-labeled material (b) to extract the quench in
fluorescein fluorescence and calculate the FRET efficiency. The
transfer efficiency,ET, was calculated for 54 donor-acceptor pairs
according to eq 1.

E ) Ro
6/(Ro

6 + R6) (2)
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and basic (R31VH, R96VH, andR98VH) side chains that are not
utilized by other autoantibodies to interact with ssDNA. The
guanidinium group ofR98VH contacts the pyrimidine ring of
cytosineC121, creating aπ-cation interaction in which the
cationic side chain likely stabilizes the bound ssDNA (Figure
8). Two bidentate hydrogen bond interactions are also
observed at the binding site of the 11F8‚1 model.R31VH forms
a bidentate hydrogen bond between the guanidinium group
and O2 and N3 of loop cytosineC91, and R96VH forms a
bidentate hydrogen bond with the G7‚C12 loop closing base
pair of 1 between the guanidinium group and O6 and N7 of
G71 (Figure 8).

Contrasting the 11F8‚1 andR31S11F8‚1 Models.While C91
in the 11F8‚1 model is flipped out to hydrogen bond with
R31VH, serine does not contact ssDNA in theR31S11F8‚1
model. In the absence of arginine, theR31S11F8‚1 model
predicts a slightly different series of stacking interactions
involving interactions withY32VL andY100VH, but none with
W33VH as observed in the 11F8‚1 model. Nevertheless, the
average buried surface area (BSA) for the 11F8‚1 complex
is 1180 ( 50 Å2, which is slightly smaller than but not
significantly different from the average BSA for theR31S-
11F8‚1 complex(1205( 40 Å2), suggesting that hydropho-
bic shape complementarity is important for recognition, but
not sufficient for 11F8 sequence specificity. Different binding

Table 4: Steady-State Transfer Efficiencies Compared to Model Distances for EachF11F8‚R1 Complexa

complex ET

3′ to 5′
distance (Å)

5′ to 3′
distance (Å) complex ET

3′ to 5′
distance (Å)

5′ to 3′
distance (Å)

S17C11F8‚T3′1 0.34( 0.07 55.3 53.8 S10C11F8‚T3′1 0.47( 0.01 51.0 53.0
S17C11F8‚T41 0.61( 0.05 41.5 37.6 S10C11F8‚T41 0.61( 0.01 31.8 43.0
S17C11F8‚C81 0.63( 0.02 37.2 37.6 S10C11F8‚C81 0.58( 0.02 41.5 36.4
S17C11F8‚C91 0.69( 0.03 28.2 39.9 S10C11F8‚C91 0.57( 0.03 40.9 34.2
S17C11F8‚C121 0.61( 0.03 40.8 33.7 S10C11F8‚C121 0.66( 0.04 37.0 39.1
S17CF11F8‚T5′1 0.39( 0.03 57.1 40.1 S10CF11F8‚T5′1 0.43( 0.04 53.2 53.0
T30C11F8‚T3′1 0.38( 0.03 30.3 27.5 S43C11F8‚T3′1 0.56( 0.02 38.3 42.3
T30C11F8‚T41 0.45( 0.00 25.5 37.9 S43C11F8‚T41 0.64( 0.01 18.0 40.0
T30C11F8‚C81 0.58( 0.02 13.7 25.8 S43C11F8‚C81 0.58( 0.01 26.0 30.7
T30C11F8‚C91 0.63( 0.03 8.1 26.5 S43C11F8‚C91 0.55( 0.03 24.2 29.8
T30C11F8‚C121 0.66( 0.01 19.8 18.2 S43C11F8‚C121 0.71( 0.03 20.2 28.6
T30CF11F8‚T5′1 0.45( 0.02 31.9 34.4 S43CF11F8‚T5′1 0.54( 0.04 39.5 45.2
S53C11F8‚T3′1 0.50( 0.03 32.0 24.5 S60C11F8‚T3′1 0.41( 0.06 31.3 52.4
S53C11F8‚T41 0.63( 0.01 30.2 34.8 S60C11F8‚T41 0.75( 0.01 13.1 50.9
S53C11F8‚C81 0.59( 0.01 13.5 24.4 S60C11F8‚C81 0.59( 0.01 30.8 34.7
S53C11F8‚C91 0.64( 0.02 7.0 26.1 S60C11F8‚C91 0.58( 0.04 35.9 31.0
S53C11F8‚C121 0.62( 0.05 20.8 16.5 S60C11F8‚C121 0.69( 0.3 23.6 34.7
S53CF11F8‚T5′1 0.42( 0.04 34.9 30.6 S60CF11F8‚T5′1 0.48( 0.02 31.8 54.6
Q105C11F8‚T3′1 0.33( 0.05 43.1 42.1 S67C11F8‚T3′1 0.30( 0.07 32.2 38.6
Q105C11F8‚T41 0.66( 0.02 23.4 48.9 S67C11F8‚T41 0.42( 0.04 27.7 24.1
Q105C11F8‚C81 0.40( 0.08 29.6 31.8 S67C11F8‚C81 0.56( 0.02 28.0 18.3
Q105C11F8‚C91 0.41( 0.05 25.6 31.5 S67C11F8‚C91 0.19( 0.02 32.5 14.2
Q105C11F8‚C121 0.45( 0.01 29.9 27.5 S67C11F8‚C121 0.47( 0.03 21.5 22.9
Q105C11F8‚T5′1 0.33( 0.01 43.4 43.3 S67CF11F8‚T5′1 0.35( 0.03 36.7 38.6

T94C11F8‚T3′1 0.27( 0.03 36.2 25.7
T94C11F8‚T41 0.31( 0.07 28.7 20.9
T94C11F8‚C81 0.44( 0.01 19.9 13.1
T94C11F8‚C91 0.45( 0.05 16.4 14.4
T94C11F8‚C121 0.37( 0.01 20.3 14.2
T94CF11F8‚T5′1 0.25( 0.03 40.6 26.6

a The transfer efficiency (ET) betweenF11F8 andR1 compared with the respective intermolecular distances measured from the Cγ atom of each
cysteine mutant to C5 of each nucleotide base in the respective 3′ to 5′ or 5′ to 3′ oriented 11F8‚1 complex. Reported errors for FRET efficiency
are the standard deviations of at least three independent assays.

FIGURE 6: Cross-validation of the 11F8‚1 model. Representative
plot of the inverse of FRET efficiency for each heavy chain donor
series vs the intermolecular distances in the 3′ to 5′ ([) and 5′ to
3′ (]) models to the sixth power. Because the relationship of 1/E
vs r6 is linear, the orientation with the best linear correlation is
supported.

Table 5: Strength of the Correlation between Equilibrium Data and
Intermolecular Distance in the Lowest-Energy 11F8‚1 Complexes in
the 3′ to 5′ vs 5′ to 3′ Orientationa

donor series 3′ to 5′ (r2) 5′ to 3′ (r2)
S17CFVH 0.89 0.62
T30CFVH 0.63 0.21
S53CFVH 0.80 0.00
Q105CFVH 0.66 0.17
S10CFVL 0.95 0.83
S43CFVL 0.38 0.22
S60CFVL 0.17 0.29
S67CFVL 0.14 0.00
T94CFVL 0.79 0.88

p ) 0.036
a The quality of the linear fit (r2) was determined for each series for

the inverse of transfer efficiency plotted vs the sixth power of the
intermolecular distance (R) from either the 3′ to 5′ or 5′ to 3′ oriented
model.
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site aromatic and basic residues can be involved in stacking
to afford nearly equivalent buried surface areas demonstrating
that complementarity can be achieved through two deep
stacking interactions in the case of theR31S11F8‚1 complex
or by a more extensive surface in the 11F8‚1 complex. These
contrasting models suggest that when arginine is present at
the periphery of the binding pocket, ssDNA orders to interact
with amino acid side chains that are otherwise not utilized
in complexes bearing serine at31VH.

DISCUSSION

Hydrophobic Stacking in 11F8 ssDNA Recognition.A
common feature of sequence-specific antibody-antigen and
protein-ssDNA interactions is binding sites that contain
grooves to accommodate nucleotide bases between aromatic
and basic residues (7, 48, 50-53). A major contribution to
the free energy of bimolecular association in antibody-
antigen and protein-ssDNA recognition originates from the

release of water molecules associated with nonpolar side
chains during the transition from an aqueous environment
in the unbound state to a packed hydrophobic environment
in the complex called the nonclassical hydrophobic effect
(54-58). Thermodynamic, kinetic, and mutagenesis char-
acterization of 11F8-1 recognition suggests hydrophobic
stacking and concurrent desolvation also provide the driving
force for ssDNA recognition (19, 23, 43). The crystal
structure of a highly sequence conserved anti-ssDNA au-
toantibody, DNA-1, shows that thymine residues bind in the
3′ to 5′ orientation. Significantly, each experiment and
docking simulation reported herein support the analogous
model in which the thymine residues in1 stack 3′ to 5′ with
11F8 aromatic residuesY32VL, Y100VH, andW33VH (Figure 8A).
According to this model, the 11F8‚1 complex is stabilized
by a multitude of noncovalent interactions and indicates that
along with aromatic stacking, diverse contacts between the
guanidinium group of binding site arginine residues and
ssDNA bases provide a second prominent feature of the
11F8‚1 interface.

Arginine is the most common amino acid at protein-
nucleic acid and anti-DNA-DNA interfaces (59, 60). The
concentration of arginine residues in contact regions exceeds
the frequency of occurrence in other protein regions, which
is likely an evolutionary consequence of the propensity for
the guanidinium group to form stabilizing interactions.
Specifically, arginine can formπ-cation interactions between
the cationic guanidinium group to stabilize a bound aromatic
ligand as well as single or bidentate hydrogen bonds to afford
specificity to a variety of substrates (61-66). π-cation
interactions are both specific and strong when fully exposed
to water and play an important role in protein-DNA
recognition and complex stability (67, 68). For example,
π-cation interactions are necessary for recognition and intron
splicing by the tRNA-splicing endonuclease in all eukaryotic
organisms and govern the specificity of transcription factor

Table 6: PROCHECK Benchmarks for Stereochemical Quality of
the 11F8‚1 andR31S11F8‚1 Modelsa

General Parameters

11F8 R31S11F8

total no. of residues 429 429
no. of residues other than Gly or Pro 373 373
no. of residues in the Ramachandran plot

most favored regions 311 (83%) 308 (83%)
additional allowed regions 51 (14%) 58 (16%)
generously allowed regions 4 (1%) 2 (1%)
disallowed regions 7 (2%) 5 (1%)

Main Chain Parameters
ω angle( standard deviation 421( 0.9° 421( 0.9°
ú angle( standard deviation 399( 1.2° 399( 1.1°
steric clashes per 100 residues 0 0
H-bond energy standard deviaiton 261( 0.9 260( 0.9
overallG factor 429 (0.2) 429 (0.2)

a The program evaluated how a normal number of residue properties
are in the model with respect to a set of reference structures. TheG
factor provides an overall measure of the combined stereochemical
properties, and values above zero indicate that backbone and side chain
atoms are in reasonable conformations.

FIGURE 7: Schematics of interface residues in the 11F8‚1 model.
Residues are shown as a line, ribbon, or CPK. The variable light
chain residues are colored light blue, heavy chain residues navy,
T11 and residues to the 5′ end of1 gray, and T10 and residues to
the 3′ end of1 teal. (A) The conserved ssDNA recognition motif
of Y32VL, H91VL (bottom of binding site), and an aromatic residue
at the tip of HCDR3 (Y100VH) stacked with two thymine residues
is present in the 11F8‚1 model. (B) Three additional arginine
residues (R31VH, R96VH, andR98VH) and an aromatic residue (W33VH)
that are not utilized by other autoantibodies to contact ssDNA make
contacts in the sequence-specific complex. The nature of the
contacts is described further in the text and Figure 8.W33VH is
colored light blue to differentiate it from the three arginine side
chains.

FIGURE 8: Hydrophobic and hydrogen bond interactions from the
11F8‚1 model. Residues are shown as a line, ribbon, or CPK. (A)
Stacking interactions at the core of the complex between 11F8
aromatic side chains and T10 and T11. The variable light chain
residues are colored light blue and heavy chain residues navy, and
T11 is colored gray and T10 teal. (B)π-cation interaction between
R98VH and C121. (C) Sequence-specific bidentate hydrogen bond
interaction betweenR31VH andC91. (D) Sequence-specific bidentate
interaction betweenR96VH andG71.
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Ndt80 inSaccharomyces cereVisiae (69, 70). 11F8 has four
arginine residues in the CDR loops:R24VL, R31VH, R96VH,
andR98VH. With the exception ofR24VL, which is not located
in the vicinity of 1, the model predicts that all arginine
residues contact DNA. The model suggests thatR98VH

participates in the stacked core of the complex through an
energetically favorableπ-cation interaction withC121 (Figure
8B).

Hydrogen Bonding in 11F8-ssDNA Recognition.While
hydrophobic interactions contribute to the stability of protein‚
nucleic acid complexes, hydrogen bonds between amino acid
side chains and nucleic acid bases often confer sequence
specificity (71). Due to their role in DNA recognition,
arginine residues in the CDRs of 11F8 were systematically
mutated to explore the role of specific residues in ssDNA
recognition (19). ConservativeR96KVH mutation drastically
decreased the affinity for1 (63-fold); however, the mutant
protein was less stable than wild-type 11F8, and affinity
differences could not be attributed to the loss of contacts at
the interface (19). Therefore, the role ofR96VH in recognition
could not be experimentally determined. Our 11F8‚1 model
suggests thatR96VH forms a bidentate hydrogen bond with
the G7‚C12 loop closing base pair of1 between the
guanadinium group ofR96VH and O6 and N7 ofG71 (Figure
8C). Arginine-guanine interactions are by far the most
prevalent amino acid-base interaction and have been
observed in hundreds of diverse crystal structures, including
Oxytricha noVa telomere end binding protein, HIV-1,
nucleolin, Zif268 zinc finger, and RNA synthetases (52, 71-
75). An arginine residue in U1A spliceosomal protein forms
identical interactions with the C5‚G16 loop closing base pair
of its cognate RNA hairpin, and these interactions have been
attributed to sequence specificity (76). The proposed interac-
tion betweenR96VH and1 likely facilitates necessary contacts
for orienting 11F8 and1 such that loop thymines efficiently
dock into the conserved preorganized thymine binding site.

We have shown that sequence-specific recognition by 11F8
is mediated primarily byR31VH and Y100VH and that the
aromaticity of 100VH is essential for sequence specificity
rather than the hydroxyl group of tyrosine (19, 23, 43). R31VH

is predicted to form extensive contacts with1 that are likely
critical for both positioning and locking1 in the correct
orientation in the 11F8 binding pocket. Our 11F8‚1 model
suggests a bidentate hydrogen bond interaction between the
guanidinium group and O2 and N3 of loop cytosineC91
(Figure 8D). Other protein-DNA interactions utilize this
same bidentate contact between arginine and cytosine to
afford specificity. For example, glutamyl-tRNA synthetases
discriminate between the Glu (34YUC36) and Gln (34YUG36)
anticodons in higher organisms through a bidentate hydrogen
bond between Arg358 and O2 and N3 of C36 (77, 78).
Ligand specificities of three nucleic acid aptamers are also
partially mediated by a planar bidentate interaction between
arginine and the Watson-Crick edge of a cytosine base (79).
While they do not directly mediate specificity, exploration
of other protein‚nucleotide complexes in the Protein Data
Bank reveals the presence of the bidentate arginine-cytosine
contact in many complexes, including DNA glycosylases,
ribosome subunits, and additional tRNA synthetases (75, 80,
81).

Sequence Specificity in Autoantibody-ssDNA Recognition.
Identifying the minimum determinants for sequence-specific

ligand binding is necessary and interesting for 11F8 since
both specificity for 1 and pathogenicity in lupus are
consequences of 11F8 affinity maturation. Mutagenesis,
thermodynamic, kinetic, and footprinting studies sufficiently
identified binding site residues in the 11F8‚1 complex but
were unable to differentiate the specific role for each residue
(18, 19, 23, 43). Our data-driven model of the 11F8‚1
complex provides insight into the structural determinants of
specificity, in particular, roles for binding site arginine
residuesR31VH, R96VH, andR98VH. By comparing our models
(for both 11F8‚1 and R31S11F8‚1) with related crystal
structures, we can identify possible structural determinants
of sequence specificity.

Two crystal structures of anti-ssDNA bound to thymine
(DNA-1 and BV04-01) reveal that three conserved side
chains (Y32VL, a hydrogen-bonding residue at91VL, and an
aromatic at the tip of HCDR3) facilitate recognition of two
consecutive thymine nucleotides (35, 36). These three side
chains (Y32VL, H91VL, andY100VH) are conserved in 11F8 and
two clonally related nonpathogenic mAbs that exhibit high
affinity for thymine (18). Perhaps this combination of binding
site residues predisposes mAbs to thymine intercalation,
affording a preference for thymine. Our 11F8‚1 model
involves the same recognition hot spot but also suggests
additional interactions are involved in recognition beyond
those utilized by other anti-ssDNAs, namely, heavy chain
residuesR31VH, W33VH, R96VH, andR98VH (Figure 7B) (35).
Both 11F8 and DNA-1 contain the heavy chain J558 element,
yet there is no similarity in the four additional residues
utilized by 11F8 to recognize1. Sequence differences arise
from a combination of the following three sources. First,
analysis of the germline gene sequence reveals anS31RVH

somatic mutation in 11F8, while DNA-1 contains the
germline serine. Second,W33VH is a highly conserved
germline residue in the J558 family, but DNA-1 has a valine
mutation at that position (82). Finally, R96VH andR98VH result
from DQ52-DSP16.2fusion and N-addition at the VDJ junction,
respectively (49, 83). Rare events of DD fusions and unusual
D reading frames resulting in arginine-rich heavy chain
CDR3 have been observed often in anti-DNA (84-86). With
the exception of theR31VH somatic mutation, all four residues
are conserved among clonally related mAbs 9F11 and 15B10.
Because 9F11 and 15B10 are neither sequence-specific nor
pathogenic, contacts amongW33VH, R96VH, and R98VH may
be necessary for binding ssDNA with high affinity but are
not sufficient for a sequence-specific complex.

S31RVH andF100YVH are two germline mutations that arise
in the 11F8 CDRs during affinity maturation and differ from
9F11 and 15B10. We have shown that sequence specificity
and thermodynamic and kinetic parameters associated with
recognition of1 are essentially the same in the presence of
F100VH andY100VH, suggesting thatR31VH is solely responsible
for the differences observed for 11F8 (45). R31VH is located
on the periphery of the binding pocket, removed from the
binding site intercalation observed in related autoantibody
crystal structures as well as theR31S11F8‚1 model. The
observation that a residue at the periphery of the 11F8
binding site such asR31VH affects specificity is supported
by structural analysis of the location of somatic mutations
in known antibody crystal structures. Naturally occurring
function-altering somatic mutations occur more frequently
at sites not directly interacting with the antigen (87). The
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same trend was observed in anti-HEL in vitro, where a higher
substrate affinity was achieved by mutations at the periphery
of the antigen-binding site rather than residues directly
interacting with the antigen (88). Additionally, efforts toward
directed evolution of new protein function by hypermutation
have shown that while direct mutation to the nonessential
side chains at the recognition interface often has little effect
on the native interaction, mutations to peripheral underuti-
lized parts of the protein can have significant effects on
recognition and subsequent reactivity (89). This observation
is probably due to the fact that peripheral residues are not
part of the general recognition interface or contribute an
important structural element and instead have greater con-
formational flexibility to impart new properties without
affecting primary function.

Our observations help explain the effects of somatic
mutation in 11F8. In the crystal structure of DNA-1 with
thymine as well as theR31S11F8‚1 model, no contacts are
observed between31VH and ssDNA. Perhaps 11F8 evolved
sequence specificity by extending the binding interface to
include protein side chains that are not utilized in other anti-
DNA‚DNA complexes. The combination ofR31VH andR96VH

at the opposite end of the binding site could work in concert
to orient the ligand through sequence-specific hydrogen
bonds, to maximally interact with the available side chains
in the 11F8 binding pocket. OurR31S11F8‚1 model suggests
that recognition in the presence of a single binding site
arginine (or no arginine as in DNA-1) is characterized
primarily by enthalpically favorable aromatic stacking in a
binding site preorganized for thymine intercalation. On the
basis of intermolecular contacts in our 11F8‚1 andR31S11F8‚
1 models as well as related anti-ssDNA crystal structures,
we hypothesize thatR31VH mediates sequence specificity both
directly through bidentate hydrogen bond contacts and
indirectly by inducing a slight conformational change to
involve additional side chains in the binding interface. Such
a hypothesis can now experimentally be tested. 11F8
illustrates evolution of sequence specificity via heavy chain
somatic mutation to afford a slowly dissociating protein‚
ssDNA complex (43).

SUPPORTING INFORMATION AVAILABLE

Fluorescence anisotropies of fluorescein and tetramethyl-
rhodamine probes determined individually for each fluoro-
phore. This material is available free of charge via the
Internet at http://pubs.acs.org.
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