
Mutational Analysis of a Sequence-Specific ssDNA Binding Lupus Autoantibody†

Joanne Cleary and Gary D. Glick*

Departments of Chemistry and Biological Chemistry, UniVersity of Michigan, Ann Arbor, Michigan 48109-1055

ReceiVed May 31, 2002; ReVised Manuscript ReceiVed September 23, 2002

ABSTRACT: 11F8 is a murine anti-ssDNA monoclonal autoantibody isolated from a lupus prone autoimmune
mouse. This mAb binds sequence specifically, and prior studies have defined the thermodynamic and
kinetic basis for sequence-specific recognition of ssDNA (Ackroyd, P. C., et al. (2001)Biochemistry 40,
2911-2922; Beckingham, J. A. and Glick, G. D. (2001)Bioorg. Med. Chem. 9, 2243-2252). Here we
present experiments designed to identify the residues on 11F8 that mediate sequence-specific, noncognate,
and nonspecific recognition of ssDNA and their contribution to the overall binding thermodynamics.
Site-directed mutagenesis of an 11F8 single-chain construct reveals that six residues within the
complementarity determining regions of 11F8 account for ca. 80% of the binding free energy and that
there is little cooperativity between these residues. Germline-encoded aromatic and hydrophobic side
chains provides the basis for nonspecific recognition of single-stranded thymine nucleobases. Sequence-
specific recognition is controlled by a tyrosine in the heavy chain along with a somatically mutated arginine
residue. Our data show that the manner in which 11F8 achieves sequence-specific recognition more closely
resembles RNA-binding proteins such as U1A than other types of nucleic acid binding proteins. In addition,
comparing the primary sequence of 11F8 with clonally related antibodies that differ by less than five
amino acids suggests that somatic mutations which confer sequence specificity may be a feature that
distinguishes glomerulotrophic pathogenic anti-DNA from those that are benign.

Defining the structural and thermodynamic basis of
protein‚nucleic acid recognition is of fundamental importance
for developing a better understanding of cellular regulation.
Antibodies that bind nucleic acids provide a unique model
system to characterize nucleic acid-binding proteins. All
antibodies possess a conserved structural framework; antigen
specificity is defined by small variations within the comple-
mentarity determining regions (CDRs)1 in the binding site
(1). Therefore, antibodies can be used to study how defined
changes in sequence can affect ligand recognition. Antibodies
that bind DNA (anti-DNA) are also of interest from a clinical
perspective, as they are a prominent serological hallmark of
the autoimmune disorder systemic lupus erythematosus
(SLE) (2). Moreover, a subset of anti-DNAs are also
pathogenic: they bind DNA adherent to the glomerular
basement membrane in the kidney and incite an inflammatory
response (known as lupus nephritis or glomerulonephritis)
resulting in renal damage (3). At present, however, there is
no basis a priori to differentiate pathogenic anti-DNA from
those that are benign (2, 4, 5).

The in vitro binding properties of monoclonal anti-DNA
have been extensively investigated (6-9). These studies have
started to reveal such features as the structure of anti-DNA

(10, 11, 12), their complexes with DNA ligands (13, 14),
and the kinetics (15) and thermodynamics (16-19) of DNA
binding. In experiments using synthetic DNA homo/hetero-
polymers and high molecular weight nucleic acids as test
antigens (e.g., plasmids or genomic DNA), it has been
determined that anti-DNA recognize either ssDNA, dsDNA,
or cross-react between both forms of DNA (2, 6, 20). In
addition, experiments have demonstrated that anti-dsDNA
can possess considerable binding specificity (18, 21). For
example, Herrmann et al. have found that human SLE sera
enriched for anti-dsDNA preferentially bind certain duplex
sequences, possibly in a sequence specific fashion (22). In
addition, several laboratories have found that lupus anti-
ssDNA are often base specific, recognizing one homopoly-
mer in preference to others (typically polyT) (2, 6, 17, 19,
23). From both a structural and thermodynamic perspective,
some aspects of this binding are similar to that seen for other
ssDNA-binding proteins such as the phage T4 gene 32
protein and the phage M13 gene 5 protein (24-28).

In previous experiments, we generated a panel of anti-
ssDNA monoclonal autoantibodies (mAb) from an auto-
immune MRL/lpr mouse (29). One mAb from this panel,
11F8, is pathogenic; it localizes to kidney tissue by binding
to DNA adherent to the glomerular basement membrane (30).
Using binding-site selection experiments in combination with
affinity and footprinting measurements, we provided evi-
dence that 11F8 is sequence specific (31) using accepted
criteria to assess sequence specificity (32). Sequence-specific
recognition by 11F8 is achieved when functional groups on
its high affinity consensus sequence (1) are presented within
a well-defined secondary structure (Figure 1). Single-stranded
residues10-12 on 1 provide critical sequence-dependent
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recognition contacts, whereas the bases in the stem duplex,
including the bulge, serve only to preorganize the recognition
elements of1 (due to fraying at the stem-loop junction, dC12

possesses single-strand character, as evidenced by NMR, and
its reactivity to single-strand specific footprinting reagents;
16, 31). Binding of1 is enthalpy-driven, opposed by entropy,
and accompanied by a negative change in heat capacity. The
thermodynamic driving force for sequence-specific recogni-
tion is the release of incompletely hydrogen bonded water
molecules from the hydrophobic binding site, concomitant
with the formation of two salt bridges (15, 16).

Here we present the results of site-directed mutagenesis
experiments designed to elucidate the role of basic and
hydrophobic residues in sequence-specific, noncognate, and
nonspecific binding. Because the sequence and structure of
1 are closely related to DNA antigens present in human anti-
DNA‚DNA complexes (33) and 11F8 is glomerulotrophic
(30), this system provides an anti-DNA mAb‚DNA model
relevant to human lupus. Characterization of this system
could therefore provide insight to advance diagnosis (e.g., a
basis to differentiate pathogenic anti-DNA from those that
are benign) and treatment (e.g., a means to interfere with
anti-DNA‚DNA interactions) of lupus. Moreover, while a
number of sequence-specific ssDNA binding proteins have
been reported (e.g.,34, 35), comparatively less is known
about the structural and thermodynamic basis for sequence
discrimination relative to dsDNA and RNA binding proteins.
From a more fundamental standpoint, therefore, 11F8
represents a unique model to probe mechanistic aspects of
sequence-specific ssDNA interactions.

MATERIALS AND METHODS

Plasmids, Bacterial Strains, and Media. The pET-28b-
(+) vector (Novagen, Madison WI) was used for cloning
and expression.Escherichia coli(E. coli) strain DH5R was
the host for manipulation of plasmids, and BL21(DE3) strain
was used for T7 polymerase-driven gene expression (36).
In all procedures, LB medium was used, and kanamycin (30
µg/mL) (Boehringer Mannheim, Indianapolis, IN) was added
for growth and expression in both DH5R and BL21(DE3)
strains.

Construction, Cloning, and Expression of sc11F8. Con-
struction of sc11F8 was performed by overlap extension PCR
(37) of VL and VH cDNA with the 14-amino acid linker
(202: EGKSSGSGSESKST) with restriction enzyme sites
incorporated at the 5′ and 3′ ends (NcoI and NotI, respec-
tively) for ligation into pET-28b(+). Oligonucleotides used
in PCR reactions were synthesized by the solid-phase
phosphoramidite method, on a Millipore Expedite 8909
DNA/RNA synthesizer using standard protocols as previ-
ously described (29).

Following amplification by PCR, the single-chain product
(NcoI-VL-202-VH-NotI) was purified by electrophoresis in
agarose gel (1.5%) and recovered with QIAGEN GelExtrac-
tion Kit (QIAGEN Inc., Santa Clarita, CA). After digestion
with the restriction enzymesNcoI and NotI (New England
Biolabs Inc., Beverly, MA), the single-chain was ligated into
NcoI/NotI cut pET-28b(+) vector (Novagen, Madison, WI).
The construct was ligated in-frame with the C-terminal (His)6

sequence present in the vector to allow for protein identifica-
tion and purification. Correct clones were identified by
restriction analysis followed by small scale protein expression
in E. coli strain BL21(DE3).

Large-Scale Expression and Isolation of sc11F8. For large
scale expression of sc11F8, an overnight culture in LB (10
mL) containing kanamycin was used to innoculate 1 L of
media. Cells were grown at 37°C until OD600 ) 0.6, at which
point protein expression was induced by addition of isopropyl
â-D-thiogalactopyranoside (IPTG) (to 1 mM final concentra-
tion). After 3 h at 37°C, cells were centrifuged for 15 min
at 6000g at 4 °C.

Isolation of sc11F8 from the insoluble bacterial pellet was
performed by addition of lysis buffer (50 mM Tris, pH 8, 1
mM EDTA, 200µg/mL lysozyme, 0.1 mM phenylmethane-
sulfonyl fluoride; 2 mL per L of cell culture), followed by
sonication (3× 10 s). After centrifugation for 30 min at
20 000g, cell pellets were resuspended in lysis buffer (1.5
mL per L culture), sonicated, and centrifuged for 30 min at
20 000g. Cells were then resuspended in lysis buffer (1.5
mL per L of culture) containing Triton X-100 (0.5%),
centrifuged for 15 min at 20 000g. The last step was then
repeated without Triton X-100. The pellet was solubilized
in guanidine-HCl (6 M) in Ni2+ column binding buffer (50
mM K2HPO4 pH 8, 300 mM NaCl; 2 mL per L of culture),
sonicated (3× 10 s), placed on ice for 1 h, and then
centrifuged for 45 min at 25 000g. The supernatant was
decanted, diluted 1:1 with Ni2+ column binding buffer, and
filtered through a 0.45µM syringe filter (Millipore, Bedford,
MA).

The supernatant was added to Ni2+ resin (1.0 mL)
(QIAGEN Inc., Santa Clarita, CA) that was preequilibrated
with guanidine-HCl (6 M) in Ni2+ column binding buffer.
The resin was then washed with 10 column volumes of
binding buffer containing guanidine-HCl (6 M) and imi-
dazole (5 mM) and then with 10 column volumes of binding
buffer containing guanidine-HCl (6 M) and imidazole (20
mM). The sc11F8 protein was eluted from the column with
binding buffer containing guanidine-HCl (6 M) and imi-
dazole (250 mM). The protein was refolded by rapid dilution
(1:200) into DNA binding buffer (50 mM K2HPO4, pH 8,
150 mM NaCl) for 36 h at 4°C.

The sc11F8 protein was concentrated (to ca. 10 mL) using
an Amicon Ultrafiltration stirred pressure cell (YM10

FIGURE 1: DNA ligands used in binding studies. Binding site
selection experiments were conducted with 11F8 and 55-nucleotide-
long ssDNA constructs possessing a seven-nucleotide-long random
insert (31). DNA of known sequence designed to prevent formation
of stable secondary structure flanked the random region.1 is the
consensus sequence obtained from these experiments (31). Ad-
ditional nucleotides flanking the stem-loop are not shown (repre-
sented as∼) and are part of the PCR primers used in the selections.
Mutations produced during PCR amplification at multiple sites
within the constant region afforded a stable secondary structure
that was selected for by 11F8. InT7, positions 3, 8-14, and 16 of
1 are replaced with T.
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membrane; Millipore, Bedford, MA), and added to single-
stranded DNA agarose matrix (1 mL) (Gibco, Rockville,
MD). The resin was washed with five column volumes of
DNA binding buffer, and the protein was eluted from the
column with DNA binding buffer containing NaCl (2 M)
and immediately exchanged into 50 mM K2HPO4 pH 8.0,
150 mM NaCl by dialysis. Protein purified with this
procedure was>98% pure on the basis of SDS-PAGE
analysis.

Construction of sc11F8 Mutants. The sc11F8 (NcoI-VL-
202-VH-NotI) in pET-28b(+) was used as the template for
mutagenesis. PCR methodology was used to incorporate a
single amino acid substitution into the wild-type sequence
using the “megaprimer” method (38). Following amplifica-
tion, mutant PCR products were purified, ligated, and trans-
formed as described for the wild-type construct. Successful
incorporation of the mutation was confirmed by DNA
sequencing. Large-scale expression and purification were
performed as described for the wild-type protein.

Guanidine-HCl Unfolding of Wild-Type sc11F8 and
Mutants. Protein samples were equilibrated for 1 h at 25°C
in denaturing buffer (20 mM Tris, 150 mM NaCl, pH 8.0)
with guanidine-HCl (Pierce, Rockford, IL) ranging from
0.1 to 6 M. The intrinsic tyrosine and tryptophan protein
fluorescence (λex ) 280 nm;λemm) 338 nm; 16 nm emission
band-pass) was then measured as a function of guanidine-
HCl concentration. Each value was corrected for the back-
ground fluorescence signal at each concentration of guanidine-
HCl. The fraction of unfolded protein was calculated as
previously described (39). The free energy of unfolding in
the absence of guanidine-HCl and concentration of guani-
dine at which half the protein is unfolded,Cm, were
determined by assuming a linear extrapolation model (39).

Steady-State Fluorescence Affinity Measurements. Fluo-
rescence measurements were carried out on a Spectronic AB2
fluorimeter equipped with a magnetic stirrer and thermostat
cellblock as previously described (16). In short, sc11F8 was
diluted into titration buffer (20 mM Tris, variable [MX],
temperature, and polarity) and allowed to equilibrate at the
desired temperature. The intrinsic protein fluorescence (λemm

338 nm; 16 nm emission band-pass) was measured as a
function of added DNA. In general, titrations for wild-type
sc11F8 and tight binding protein mutants used 280 nm
excitation wavelength, while weakly binding protein mutants
used 285 or 290 nm excitation wavelength. Dissociation
constants were obtained from fluorescence intensity values
as previously described (16).

Van’t Hoff Experiments. Binding titrations were carried
out over the temperature range 5 to 35°C (20 mM Tris;
150 mM NaCl, pH 8). To correct for pH variation of the
buffer with temperature, separate buffers were made at the
appropriate titration temperature. Data were plotted in van’t
Hoff form (log Kobs vs 1/T) and analyzed using the Kaleida-
Graph software. Enthalpy values were calculated using either
the linear van’t Hoff equation or a series of relationships
that assume constant heat capacity change, as previously
described (16, 40, 41).

Salt Studies. Binding titrations were carried out over
[NaCl] concentration range of 85-400 mM and [NaOAc]
range of 100-500 mM. The slope of the plot (-log[Kobs]
vs log[MX]) represents the stoichiometry of salt release (42).
Salt release stiochiometry values in NaOAc were interpreted

in terms of number of ionic interactions present in the
complex, as previously described (16, 42, 43). The overall
binding energy provided by ion release was estimated using
eq 1 (44):

where the coefficient (a + c) represents the stiochiometry
of ion release.

Osmotic Stress and Polarity Experiments. For the polarity
and osmotic stress experiments, fluorescence titrations were
conducted in buffer containing 4-20% (w/v) methanol,
ethanol, and 1-propanol (Sigma, St. Louis, MO). Osmolal
concentrations were calculated from the solute weight percent
using published tables (45).

Footprinting sc11F8 and Mutant‚DNA Complexes.11F8
and 5′ 32P end-labeled DNA were incubated in buffer (10
mM Tris, 150 mM NaCl, pH 8) containing dA21 as a
nonspecific competitor (1µM). In these experiments, excess
protein was used to ensure that all DNA was bound.
Potassium permanganate (KMnO4) or dimethyl sulfate
(DMS) footprinting was then performed and the data
analyzed as previously described (29, 46).

RESULTS

Selection of Mutants.The goals of this study were to
identify the residues on 11F8 that mediate sequence-specific,
noncognate, and nonspecific recognition of ssDNA and the
contribution of these residues to the overall binding thermo-
dynamics. Mutagenesis experiments initially focused on the
VH of 11F8 since residues within the heavy chain CDRs of
anti-DNA antibodies are generally more important to antigen
binding than those in the VL(17, 47-49). To avoid introduc-
ing gross structural changes into the ssDNA antigen binding
site, residues that maintain the canonical structure of the
CDRs (excluding HCDR3) or that participate in CDR-CDR
interactions were not chosen for mutagenesis (50). Analysis
of the 11F8 germline gene sequence reveal two somatic
mutations,V9FW1A and S31HCDR1R(1) (51, 52). The valine
to alanine mutation is a conservative change in the framework
region and is not expected to effect antigen recognition (1).
However, because S31R is in a hypervariable region, this
mutation may alter the affinity and/or specificity for DNA
and was chosen for analysis.

Sequence-specific binding of1 by 11F8 is driven by
hydrophobic interactions between nonpolar protein side
chains and ssDNA surfaces, with accompanying desolvation
of nonclathrate water structures (16). Because L97 in HCDR3
is the most hydrophobic residue in the VH CDRs of 11F8, it
was selected for study. Sequence analysis of 11F8 reveals
several tyrosine residues in the CDRs at sites previously
implicated in DNA recognition: Y32 in LCDR1, Y32 in
HCDR1, Y56 in HCDR2, as well as Y99 and Y100 in
HCDR3 (13, 53-55). As such, these residues were also
chosen for mutagenesis. In addition, binding of DNA by
11F8 quenches the intrinsic fluorescence at excitation
wavelengths of 295 nm, which suggests that tryptophan
residues are involved in recognition (56, 57). Although there
are five tryptophan residues in 11F8, onlyW33HCDR1 is
located within the CDRs. Hence, it is possible that this
residue participates directly in binding and was also chosen
for mutagenesis.

∆Gion release) -(a + c) RT ln [MX] (1)
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Upon binding to 11F8, cations are released from the phos-
phate backbone of ssDNA ligands. Cation release generally
results from salt bridge formation between positively charged
residues and the DNA backbone and may be interpreted in
terms of number of ionic interactions present in the complex
(42, 58). In addition to R31 discussed above, there are four
other basic residues in the VH CDRs: K62HCDR2,K64HCDR2,
R96HCDR3, andR98HCDR3. Previous studies of anti-DNA
have emphasized the importance of arginine versus lysine
in DNA recognition (48, 59-62). Thus, R96 and R98 were
chosen for study.

Characterization of sc11F8. The VH and VL regions of
11F8 were cloned and expressed inE. coli as a single-chain
construct (designated sc11F8). The single-chain protein was
constructed by joining the C-terminus of VL to the N-
terminus of VH using a 14 amino acid flexible linker,
designated “202” (EGKSSGSGSESKST) (63). However,
single chain constructs do not necessarily retain the same
binding characteristics as the corresponding Ig or F(ab)
fragments (63-65). To confirm that sc11F8 retains the same
binding properties as the parent F(ab), footprinting experi-
ments and affinity measurements as a function of various
solution conditions were conducted (16). Collectively, these
data demonstrate that the affinity, specificity, and thermo-
dynamics of binding by sc11F8 is indistinguishable from
11F8 F(ab) (Figure 2A, Table 1).

RelatiVe Affinity of Mutant Proteins: Arginine Residues.
To investigate the role of arginine in DNA binding by 11F8,
residues R31, R96, and R98 of 11F8 were each mutated to
lysine, which retains the ability to form a single ionic
interaction, and to glutamine which completely removes the
basic side chain (Table 2). Although R96 mutations reduce
affinity for 1 (e.g., 63-fold for R96K), these mutants are less
stable than sc11F8 (Table 3). R96 is first residue of HCDR3
and is located at the base of the hypervariable region.
Residues at the ends of HCDR3 can be buried and not

involved in direct ligand interactions (66, 67). Disruption of
hydrogen bonding patterns at the base of CDRs can dramati-
cally change the conformation of the binding site, resulting
in changes in affinity and specificity (68, 69). The data for
R96 mutants suggest that this residue may be more important
in maintaining the structure of the binding site, rather than
interacting with DNA.

Mutating R98 to lysine decreases affinity for1 ca. 2-fold,
relative to the wild-type protein, whereas R98Q binding drops
6-fold. These data suggest that the positive charge of R98 is
involved in recognition of1. In contrast, mutation of R31 to
either lysine or glutamine has a much larger effect on binding
affinity (10- and 45-fold, respectively; Table 3). These data
suggest that R31 contributes more to recognition than R98.
KMnO4 and DMS footprinting of these mutants was per-
formed to determine if any of the bases of1 interact with
R31 and R98. DMS is a reagent that alkylates the N7 of
guanine, and KMnO4 oxidizes the C5-C6 double bond of
single-stranded thymine (cytosines at the stem-loop junction
like dC12 in 1 are also susceptible to oxidation which

FIGURE 2: Quantification of KMnO4 and DMS protection footprinting. (A) sc11F8‚1 (black bars) and F(ab)‚1 (white bars); (B) sc11F8‚1
(black bars), R31K‚1 (white bars), and R31Q‚1 (gray bars); (C) sc11F8‚1 (black bars), Y32LA‚1 (white bars), and W33V‚1 (gray bars); (D)
sc11F8‚1 (black bars), L97A‚1 (white bars), and Y100V‚1 (gray bars). The data were analyzed as previously described (16). The difference
in strand cleavage is represented by bars and is calculated by subtracting the logarithm of the probability of cleavage at each position in
the free DNA (Fn) from the same position in the complex (Pn) (46). A larger negative value of ln(Pn/Fn) indicates greater protection from
KMnO4 or DMS modification.

Table 1: Thermodynamic Parameters for 11F8 F(ab) and Sc11F8
Binding to 1a

11F8 Ab
fragment

∆G°obs
(kcal‚mol-1)

∆Cp

(kcal mol-1 K-1)
∆H°obs

(kcal‚mol-1)
T∆S°obs

(kcal‚mol-1)

F(ab) -10.8( 0.2 -1.1( 0.2 -18 ( 3 -7 ( 1
sc11F8 -10.9( 0.6 -0.8( 0.1 -17 ( 2 -6 ( 1

a ∆G°obs values were obtained from affinities measured by fluores-
cence quenching at 25°C in 20 mM Tris, pH 8, 150 mM NaCl.
Enthalpy data were obtained by van’t Hoff analysis over the temperature
range of 5 to 35°C in the same buffer. Errors for∆G°obs are the
standard deviations normalized for number of trials (standard error).
Errors for∆Cp and∆H°obs reflect uncertainty associated with nonlinear
least squares regression. The errors inT∆S°obs are standard deviations.
While it is possible that the His6 tag on sc11F8 promotes nonspecific
DNA binding, we believe it unlikely given how similar the binding
properties of the single chain are compared to the parent F(ab).
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demonstrates that to some extent, they are single stranded;
16, 70, 71). In the presence of wild-type 11F8, T10, T11, dC12,
and dG7 are protected from modification by these reagents
(see Figure 2A). Footprinting of R31K and R31Q complexes
with 1 shows moderately decreased protection of T10 and
T11 and significantly decreased protection of dG7 and dC12

(Figure 2B). These data suggest that R31 may make specific
contacts to dG7-dC12 on 1. In contrast, the R98 mutants
show the same pattern and degree of protection as the wild
type, suggesting that this does not participate in base-specific
contacts to DNA.

To determine if R31 and/or R98 mediate the cation release
that occurs upon binding, affinity measurements as a function

of buffer salt concentration were conducted (Table 4). The
salt stoichiometry values for R98K, R31K, and the wild-
type protein in NaCl and NaOAc are the same, which
indicates mutation to lysine does not effect cation or anion
release. However, the salt release stoichiometries that
characterize binding by R31Q and R98Q are smaller than
the values measured for the wild type. Specifically, one less
cation is released upon removing the positively charged side
chains for both R31 and R98. To determine if R31 and R98
account for the two salt bridges previously proposed for
11F8‚1 complex, the double glutamine mutant (R31Q/R98Q)
was studied. Affinity measurements as a function of buffer
salt concentration for R31Q/R98Q indicate that the salt
stoichiometry values for the double mutant are lower than
the single mutants in both NaCl and NaOAc (Table 4).
Notably, the affinity of the double mutant for1 does not
change as a function of [NaOAc], indicating that binding of
R31Q/R98Q is not accompanied by cation release. In
addition, the percentage of binding energy attributable to
electrostatic interactions is less than 2% for R31Q/R98Q (vs
ca. 23% for sc11F8; see eq 1). These data suggest that R31
and R98 form ionic contacts to the phosphate backbone of
1 and that these residues account for the two salt bridges.
Importantly, the decrease in affinity observed for R31K
compared to the wild-type protein suggests that R31 is also
involved in additional (base-specific) ligand interactions.

RelatiVe Affinity of Mutant Proteins: Hydrophobic Resi-
dues. Aromatic amino acids often play a role in stabilizing
both protein‚nucleic acid and anti-DNA‚DNA complexes,
through base stacking and/or hydrogen bonding (1, 13, 14).
Therefore, Y32 in LCDR1 (Y32L), Y32 (Y32H) and W33 in
HCDR1, Y56 in HCDR2, and Y99 and Y100 in HCDR3
were each mutated to phenylalanine and to either alanine or
valine (if the alanine mutant was destabilizing) to determine
if they participate in ligand recognition (Table 2). Mutation
of Y32H and Y56 to either phenylalanine or alanine does
not affect binding, suggesting that these residues are not
involved in recognition. While affinity of Y99F for1 is
identical to that for wild-type sc11F8, the affinities of Y99V
and Y99A are decreased. However, the stability of these two
mutants is also decreased relative to that of the wild type,
presumably due to the formation of a destabilizing cavity

Table 2: Sc11F8 Mutantsa

protein loop location Cm (M)

sc11F8 1.33( 0.11
R31K HCDR1 0.95( 0.23
R31Q 1.12( 0.14
Y32HF HCDR1 1.40( 0.12
Y32HA 1.35( 0.11
W33F HCDR1 1.35( 0.15
W33V 1.30( 0.21
Y56F HCDR2 1.35( 0.14
Y56A 1.28( 0.13
R96K HCDR3 0.52( 0.08
L97A HCDR3 1.51( 0.22
R98K HCDR3 1.28( 0.16
R98Q 1.49( 0.22
Y99F HCDR3 1.49( 0.11
Y99V 0.37( 0.08
Y99A 0.67( 0.11
Y100F HCDR3 1.47( 0.21
Y100V 1.10( 0.24
Y32LF LCDR1 1.56( 0.21
Y32LA 1.40( 0.14

a Each residue chosen for mutagenesis was replaced with both a
conservative and nonconservative residue. Protein stability was mea-
sured in 20 mM Tris, 150 mM NaCl, pH 8 at 25°C with added
guanidine-HCl (0.1-6 M). The concentration of guanidine-HCl at
which half the protein is unfolded,Cm, was determined by assuming a
linear extrapolation model (39). Cm for R96Q mutant could not be
determined due to instability of the protein.

Table 3: Relative Affinity of Sc11F8 Mutants for1a

protein Kd (1) (nM) relativeKd ∆G (kcal‚mol-1) ∆∆G

sc11F8 9.5( 0.6 1 -11.0( 0.4 0
F(ab) 10.3( 0.4 1.1 -10.9( 0.3 0.1
R31K 90( 9 9.5 -9.6( 0.9 1.4
R31Q 410( 20 43 -8.7( 0.5 2.3
Y32HF 10.9( 0.4 1.1 -10.9( 0.5 0.1
Y32HA 12.0( 0.2 1.3 -10.8( 0.3 0.2
W33F 32( 1 3.3 -10.2( 0.3 0.8
W33V 59( 6 6.3 -9.9( 0.9 1.1
Y56F 8.8( 0.5 0.93 -11.1( 0.6 -0.1
Y56A 11 ( 1 1.2 -10.9( 0.8 0.1
R96K 590( 60 63 -8.5( 0.9 2.5
L97A 31 ( 6 3.2 -10.3( 0.9 0.7
R98K 16.0( 0.7 1.7 -10.6( 0.4 0.4
R98Q 58.1( 0.8 6.2 -9.9( 0.1 1.1
Y99F 9.7( 0.8 1.0 -10.9( 0.8 0.1
Y99V 121( 9 13 -9.4( 1.0 1.6
Y100F 5.3( 0.3 0.56 -11.3( 0.6 -0.3
Y100V 420( 50 44 -8.7( 0.9 2.3
Y32LF 3.4( 0.3 0.36 -11.6( 0.9 -0.6
Y32LA 46 ( 6 4.9 -10.0( 0.8 1.0

a Binding affinity was measured in 20 mM Tris, 150 mM NaCl, pH
8 at 25°C. RelativeKd values are normalized againstKd for sc11F8.
Errors inKd are the standard error based on a minimum of three trials.

Table 4: Salt Release Stoichiometries for Binding of Sc11F8 and
Mutants to1a

protein salt -SKobs

sc11F8 NaCl 2.3( 0.2
NaOAc 1.5( 0.1

R31K NaCl 2.3( 0.1
NaOAc 1.7( 0.2

R31Q NaCl 1.4( 0.1
NaOAc 1.0( 0.1

R98K NaCl 2.2( 0.1
NaOAc 1.4( 0.2

R98Q NaCl 1.4( 0.1
NaOAc 0.6( 0.1

R31Q/R98Q NaCl 0.86( 0.07
NaOAc 0.14( 0.03

a Affinity measurements were conducted in Tris buffer (20 mM Tris,
85-300 mM NaCl, pH 8, 25°C). Values of-SKobs represent the
stoichiometry of salt release as described by Record (42) and were
obtained from the slope of plots of lnKobsvs ln [NaCl]. Errors in-SKobs

are the standard deviations associated with slope of the salt plots from
thre separate determinations.
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(72-74). Taken together, these data indicate that the aromatic
group of Y99 contributes to the stability of the binding cleft.
Thus, mutants of Y32H, Y56, and Y99 were not characterized
further.

Mutation of either W33 or Y32L to phenylalanine de-
creases affinity<3-fold, while W33V and Y32LA bind 1
ca. 6-fold weaker, relative to sc11F8 (Table 3). Footprints
of W33V and Y32LA complexed with1 show that protection
of T10 and T11 is somewhat decreased compared to that of
the wild type (Figure 2C). Collectively, these findings suggest
that the aromatic side chains of W33 and Y32L make modest
contributions to binding. Substituting Y100 with phenyl-
alanine does not alter affinity for1, whereas Y100V binds
44-fold weaker compared to that for the wild type. This large
decrease may result from unfavorable steric interactions
introduced by the valine side chain. However, the stability
of Y100V is similar to that of wild-type sc11F8, which
suggests that the drop in affinity results from the loss of a
highly complementary recognition surface. This conclusion
is also supported by footprinting experiments of Y100V‚1
showing significantly decreased protection of T10 and T11,
relative to that of the wild-type complex (Figure 2D). Last,
changing L97 in HCDR3 to alanine decreases the affinity
of 1 3-fold, relative to the wild type (Table 3). In addition,
footprinting experiments of the L97A‚1 complex shows
decreased protection of T10 and T11, relative to that of sc11F8‚
1, suggesting that L97 may contribute to binding through
recognition of these loop nucleotides (Figure 2D).

RelatiVe Affinity of Double Mutant Proteins. Interpretation
of results from single residue site-directed mutagenesis
experiments assumes that the effects of substitution are
localized to the mutated residue (75). However, a decrease
in binding affinity upon mutation may result from loss of
intramolecular interactions with adjacent protein residues,
rather than from loss of intermolecular interactions with
ligand (76). A useful way to probe for such intramolecular
interactions is to determine how mutations of two different
residues interact with each other in a double mutant protein
(77-80). If the change in free energy associated with a
structural or functional property of a protein upon double
mutation differs from the sum of changes for the single
mutants, then the residues at these two positions must be
cooperative and are coupled through either direct or indirect
interactions (77, 80). Noncooperativity exists, however, when
the effect of the double mutation is equal to the sum of the
effects of the single mutations (81).

Affinity data for the double mutants binding to1 were
analyzed using double mutant cycles to investigate cooper-
ativity between contact residues. The change in free energy
for wild-type sc11F8, single mutants, and the corresponding
double mutants binding to1 is presented in Table 5. These
data reveal that very little cooperativity (<0.6 kcal‚mol-1)
exists between residues of 11F8 and suggest that interactions
between residues in the CDRs do not contribute significantly
to binding (82). Therefore, the decreases in binding energy
observed for each single mutant are additive and can be
attributed to loss of contacts in the 11F8‚1 complex. Within
the limitations of this analysis, residues R31, W33, L97, R98,
Y100, and Y32L account for approximately 80% of the free
energy in the 11F8‚1 complex.

Nonspecific Binding. Sequence specificity is often assessed
using two criteria (32). First, the affinity for a consensus

sequence is compared to nonspecific and noncognate ligands
(i.e., bulk DNA and sequences that contain elements of the
recognition site, respectively). In general, the affinity for a
consensus sequence over a nonspecific ligand is>100-fold,
and the difference in affinity for a consensus sequence
compared to a noncognate ligand often isg2-fold. A second
criterion to judge sequence specificity employs footprinting
experiments. In footprinting experiments, specific complexes
are characterized by unique patterns of protection and
modification in the recognition site. By contrast, in foot-
printing nonspecific complexes, unique patterns of protection,
and modification are not observed. Using established criteria
(32), 11F8 is sequence-specific (16, 31).

To investigate how mutation of contact residues within
the CDRs of the sc11F8 alters binding specificity, the affinity
for a nonspecific ligand, 5′(GATC)13GAT (designatedNS),
was investigated (Figure 1 and Table 6). This sequence
represents all bases equally and does not possess any second-
ary structure. Previous experiments have shown that 11F8
IgG bindsNS >100-fold more weakly than1. Recognition
is entropy-driven mediated by the release of cations from
the DNA phosphate backbone (i.e., polyelectrolyte effect)
and is not accompanied by an enthalpy change (16).

Mutations to hydrophobic amino acids (W33, L97, Y100,
and Y32L) do not alter the affinity forNS, relative to the
sc11F8‚NS complex, which is consistent with data showing
that recognition ofNS involving electrostatic interactions
with the phosphate backbone. While wild-type sc11F8 binds
1 125-fold more tightly thanNS, the affinity of both R31K
and R31Q are within ca. 10-fold of their respective affinity
for 1. Hence, these mutants are less sequence-specific than
the wild-type protein. This reduced specificity is due to
reduced affinity for1; i.e., mutation to R31 has a greater
affect on sequence-specific binding relative to nonspecific
recognition. In contrast, mutation of R98 to lysine does not
alter recognition of1 andNS, relative to sc11F8. However,
the affinity of R98Q for1 andNS is decreased 9- and 2-fold,
respectively, relative to that of the wild type. These data
suggest that R98 contributes to both sequence-specific and
nonspecific recognition through similar interactions with the
phosphate backbone.

Table 5: Stability and Cooperativity of Sc11F8 Double Mutantsa

protein Cm (M)
∆∆GDM

(kcal‚mol-1)
∆∆GSM

(kcal‚mol-1)
∆Gi

(kcal‚mol-1)

sc11F8 1.40( 0.21
R31Q/W33V 1.73( 0.22 1.66 1.65 -0.01
R31Q/L97A 1.60( 0.16 1.75 1.72 -0.03
R31Q/R98Q 1.21( 0.21 2.36 2.74 0.38
R31Q/Y100V 1.33( 0.16 2.39 2.95 0.56
R31Q/Y32LA 1.54( 0.17 2.10 1.71 -0.39
W33F/Y100F 1.31( 0.18 0.56 0.69 0.12
W33V/Y32LA 1.42( 0.15 0.41 0.34 -0.07
L97A/Y32LA 1.41( 0.11 0.35 0.43 0.08

a Protein stability for each double mutant was measured in 20 mM
Tris, 150 mM NaCl, pH 8 at 25°C with added guanidine-HCl (0.1-6
M). Binding affinity was measured in 20 mM Tris, 150 mM NaCl, pH
8 at 5°C. ∆∆GDM is the free energy difference between the wild-type
sc11F8 and the double mutant binding to1. ∆∆GSM is the sum of the
free energy difference for each of the single mutants binding to1. ∆Gi

) ∆∆GSM - ∆∆GDM and represents the free energy of coupling
between the two residues in wild-type sc11F8. Due to the contributions
from weak interactions and errors associated with experimental
limitations, coupling free energies below ca. 1 kcal‚mol-1 are generally
considered additive (78, 115, 116).
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Noncognate Binding. Similar to other anti-ssDNA and
ssDNA-binding proteins, 11F8 displays a base preference
for oligo(T), (29). Since oligo(T) contains elements of the
recognition sequence on1, T-rich sequences can be viewed
as noncognate ligands (31, 32). Because discrimination
between specific and noncognate sequences can have im-
portant biological consequences (32), the affinity of sc11F8
and mutants for the thymine-rich ligand (T7) was examined
(Table 7).T7 replaces nucleotides 3, 8-14, and 16 of1 with
thymine (Figure 1). Analogous to the binding of1, 11F8
binding of T7 is enthalpy-driven and opposed by entropy
(16).

Since hydrophobic interactions are involved in binding of
T7, it was anticipated that W33, L97, Y100, and/or Y32L

would be involved in noncognate recognition. Similar to the
wild type, W33F, Y100F, and Y32LF mutants bind1 ca.
7-fold more tightly thanT7. Thus, substitution of these amino
acid side chains with phenylalanine has a similar affect on
both sequence-specific and noncognate binding. W33V,
L97A, and Y32LA each bind1 ca. 10-fold more tightly than
T7. This apparent increase in specificity results from a
reduced affinity forT7 (vs an increased affinity for1),
possibly due to the removal of hydrophobic interactions with
thymine bases ofT7. In contrast, Y100V does not discrimi-
nate between1 and T7, which results from a decreased

affinity for 1, indicating that sequence-specific binding is
more affected by removal of the aromatic side chain of Y100
than noncognate binding. Together, these data indicate that
L97 and the aromatic side chains of W33 and Y32L are
involved in both sequence-specific and noncognate recogni-
tion, whereas only Y100 (and R31) contribute to sequence-
specific binding of1.

Binding Thermodynamics of Mutant Proteins. Previous
experiments have determined that the affinity for1 decreases
as the binding medium becomes less polar. Similar to 11F8
IgG, the dependence of binding affinity of the sc11F8 is
independent of the bulk solution polarity but is solvent-
dependent with respect to osmolal concentration (Figure 3).
These observations suggest that the decreased affinity is
primarily due to a reduction in bulk solution polarity, rather

Table 6: Affinity of Sc11F8 and Mutants for1 andNSa

protein loop designation Kd (1) (nM) relativeKd Kd (NS) (nM) relativeKd Kd (NS)/Kd (1)

sc11F8 3.5( 0.1 1 442( 6 1 126( 2
R31K HCDR1 34.4( 0.2 9.9 348( 49 0.8 10( 2
R31Q 250( 20 71 730( 150 1.7 2.9( 0.8
W33F HCDR1 10.5( 0.9 3.0 364( 13 0.8 35( 3
W33V 24( 3 6.8 435( 36 1.0 18( 3
L97A HCDR3 10.9( 0.9 3.1 487( 38 1.1 45( 5
R98K HCDR3 5.6( 1 1.6 608( 95 1.4 108( 28
R98Q 33( 1 9.5 831( 28 1.9 25( 1
Y100F HCDR3 3.1( 0.9 0.9 653( 35 1.5 208( 13
Y100V 208( 21 59 275( 82 0.7 1.3( 0.4
Y32LF LCDR1 1.2( 0.1 0.3 427( 9 1.0 351( 22
Y32LA 14.3( 0.2 4.1 401( 96 0.9 28( 6

a Due to the reduced affinity of the mutant complexes, binding affinity was measured in 20 mM Tris, pH 8, 100 mM NaCl at 25°C. Relative
Kd values are normalized againstKd for sc11F8. Errors inKd are the standard error based on a minimum of three independent trials. Since 11F8
occludes about five nucleotides upon binding (29), NS possesses overlapping binding sites and binding at any given five base long region is
equiprobable (117). Therefore, fit of the single-site binding isotherm yields apparentKd values that overestimate the intrinsic single site affinity for
this sequence (44, 117).

Table 7: Affinity of Sc11F8 and Mutants forT7a

protein loop designationKd (T7) (nM) relativeKd Kd (T7)/Kd (1)

sc11F8 24.2( 2.1 1 6.9( 1
R31K HCDR1 39.1( 9.1 1.6 1.1( 0.4
R31Q 247( 42 10 1.0( 0.2
W33F HCDR1 79( 12 3.3 7.5( 0.9
W33V 261( 79 11 11( 4
L97A HCDR3 83.8( 3.7 3.7 7.7( 0.9
R98K HCDR3 35.3( 1.2 1.3 6.3( 0.9
R98Q 345( 13 14 10( 1
Y100F HCDR3 23.6( 6.2 0.98 7.5( 2
Y100V 240( 20 10 1.2( 0.1
Y32LF LCDR1 7.1( 1.3 0.3 5.8( 0.9
Y32LA 132 ( 6 5.4 9.2( 0.9

a Due to the reduced affinity of the mutant proteins, binding affinity
was measured in 20 mM Tris, 100 mM NaCl, pH 8 at 25°C. Errors in
Kd are the standard error based on a minimum of three trials. SinceT7
contains several different five-base-long binding registers of thymidine,
the single-site-binding isotherm yields apparentKd values that over-
estimate the intrinsic affinity forT7 (117, 44).

FIGURE 3: Dependence of sc11F8 affinity for1 on solvent polarity,
presented as a function of (A) osmolal concentration and (B) bulk
solution dielectric constant. Affinity was measured at 25°C in 20
mM Tris, 100 mM NaCl, pH 8, in the presence of up to 20% either
methanol (1), ethanol (]), or 1-propanol ([). Dielectric constant
values represent bulk solution and are thus normalized for polarity
differences between individual solvents.
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than to changes in osmotic stress. Like the parent IgG, it
appears that hydrophobic interactions between nonpolar
surfaces on the sc11F8 and1 dominate the favorable enthalpy
change associated with binding to1. To determine the
contribution of individual hydrophobic residues to the overall
binding thermodynamics, experiments measuring affinity as
a function of temperature and solution polarity were con-
ducted for W33, L97, Y100, and Y32L mutants.

The van’t Hoff plots (lnKobs vs ln 1/T) of Y32LF‚1 and
Y100F‚1 are curved, reflecting a negative change in heat
capacity change upon binding (Figure 4A) (see Supporting
Information). Similar to that observed for sc11F8, the
maximum of the van’t Hoff plot is near 0°C, indicating that
binding is enthalpically driven throughout the physiological
temperature range. In contrast, the van’t Hoff plots of W33F,
W33V, L97A, Y100V, and Y32LA are linear, which suggests
that binding is not accompanied by a change in heat capacity
(Figure 4) (see Supporting Information). The negative heat
capacity change reflects a shift in the thermodynamic driving
force from entropic at low temperature to enthalpic at higher
temperatures and has frequently been interpreted as reflecting
the presence of the hydrophobic effect in the recognition
process (40, 83). Although other factors can contribute to a
-∆Cp, such as vibrational and conformational entropy
accompanying binding, alterations in hydrogen bonding or
ion pairing, and any temperature-coupled equilibria, these
effects are thought to be less significant contributors than
the hydrophobic effect (40, 84). Consequently, the removal
of critical binding site residues, particularly those that
contribute to the hydrophobic effect, is likely to affect the
heat capacity change with binding.

The temperature data for each mutant was fit to an
equation that assumes constant heat capacity change (Y100F
and Y32LF) or a zero heat capacity change (W33F, W33V,

L97A, Y100V and Y32LA), and the resulting enthalpy and
entropy values are presented in Table 8. The data indicate
that the unfavorable entropy change upon binding is smaller
for W33F‚1, L97A‚1, Y100F‚1 and Y32LF‚1, and Y32LA‚1
complexes, relative to that for the wild-type complex. These
mutant complexes also have a less favorable enthalpy change
that may reflect decreased contacts at the binding interface.
In fact, footprinting of L97A‚1 and Y32LA‚1 shows de-
creased protection of T10 and T11 compared to that of the
wild type, suggesting that the complimentary binding surface
has been disrupted (see Figure 2C, D). However, footprints
of the phenylalanine-substituted mutants complexed with1
shows the same pattern and degree of protection as sc11F8,
suggesting that Y100F, W33F, and Y32LF contact similar
nucleotides as sc11F8 (see Supporting Information). These
data indicate that other factors, such as changes in water
structure or the number of polar or hydrophobic interactions,
are responsible for the decreased enthalpy change. In contrast,
binding of 1 by W33V and Y100V is accompanied by an
enthalpy increase, relative to that for sc11F8. Since these
mutants bind1 weaker than the wild type, decreased affinity
results from a larger unfavorable entropy change (vide infra).

The exclusion of water molecules upon burial of hydro-
phobic residues (i.e., the hydrophobic effect) at a binding
interface provides a significant driving force for antibody‚
antigen and protein‚nucleic acid recognition (72, 85-89).
The dependence of binding affinity with the addition of
nonpolar solvents provides a convenient and sensitive
technique for investigating the role of the hydrophobic effect
in binding (90). To determine the contribution of W33, L97,
Y100, and Y32L side chains to the hydrophobic effect in
11F8‚1 binding, the affinity of these mutants was measured
in buffers containing up to 20% methanol, ethanol, and
1-propanol (see Supporting Information).

Similar to the wild type, the dependence of the binding
affinity for W33F, Y100F and Y32LF for 1 as a function of
bulk solution polarity are independent of solvent (Figure 5).
In addition, the net sensitivity of binding affinity to changes
in solution polarity for these mutants, reflected by the slope
in the plot of lnKd versus bulk solution dielectric, is similar
to that observed for sc11F8. These results suggest that the
hydrophobic effect provides a similar net driving force for
these mutants binding to1 as for sc11F8. The differences in
their respective thermodynamic parameters, as compared to

FIGURE 4: van’t Hoff analysis of sc11F8 and mutants binding to
1. (A) sc11F8 ([), Y100F (9), and Y100V (0). (B) sc11F8 ([),
W33F (2), and W33V(4). Data were measured in 20 mM Tris,
150 mM NaCl, pH 8, and analyzed assuming a constant negative
heat capacity for sc11F8 and Y100F and no change in heat capacity
for the other mutants.

Table 8: Thermodynamic Parameters Associated with Sc11F8 and
Mutants Binding to1a

protein
∆Cp

(kcal mol-1 K-1)
∆H°obs

(kcal‚mol-1)
-T∆S°obs

(kcal‚mol-1)

sc11F8 -0.8( 0.1 -17 ( 2 6 ( 1
W33F 0 -11 ( 1 1.2( 0.1
W33V 0 -38 ( 2 28( 1.1
L97A 0 -16 ( 1 5.6( 0.2
Y100F -0.8( 0.2 -12 ( 2 0.6( 0.1
Y100V 0 -18 ( 1 9.0( 0.4
Y32LF -0.5( 0.1 -13 ( 3 1.9( 0.4
Y32LA 0 -15 ( 1 5.4( 0.4
a Enthalpy data were obtained by van’t Hoff analysis over the

temperature range of 5-35 °C in 20 mM Tris, pH 8, 150 mM NaCl.
Errors reported for∆Cp and∆H°obs reflect uncertainty associated with
nonlinear least squares regression or the standard deviation of the slope
of the linear van’t Hoff plot. The errors inT∆S°obs are standard
deviations.
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sc11F8 (more favorable entropy and less favorable enthalpy
change), may possibly reflect changes to the structure of the
water molecules hydrating the 11F8 surface that are intro-
duced by the mutation.

The thermodynamic parameters associated with water
release are strongly dependent on the hydration pattern of
the hydrophobic surface (91). Water release from small,
convex surfaces is expected to be entropically favorable due
to the highly structured nature of the water molecules in the
unbound state (83). In contrast, molecular dynamics calcula-
tions predict that large planar nonpolar surfaces would be
solvated by nonclathrate water structures that are incom-
pletely hydrogen-bonded (91). Desolvation of these surfaces
is expected to be enthalpically favorable as water molecules
become completely hydrogen-bonded in bulk solvent (91).
In addition, using molecular dynamics simulations, Cheng
et al. have demonstrated a strong influence of surface
topography on the structure and free energy of hydration over
relatively small biomolecular surfaces that contain convex
patches, deep or shallow concave grooves and planar areas
(92).

Southall and Dill have proposed that thermodynamic
parameters associated with the hydrophobic effect vary along
a continuum ranging from purely entropy-driven with a large
negative heat capacity to enthalpy-driven with opposing
entropy and no change in heat capacity (91). Changes to the
surface topography through mutation of residues involved
in the hydrophobic effect would be expected to alter the
surface topography and hydration pattern and ultimately, the
thermodynamic parameters associated with the hydrophobic
effect. This phenomenon has been observed for several
systems where enthalpy-driven water release provides the
primary driving force for binding (91, 93). For example,

Lemieux et al. found that removal of hydroxyl groups from
residues within the protein‚carbohydrate recognition surface
resulted in small changes to-∆G (<1 kcal/mol) but large,
compensating changes for values of -∆H (more unfavorable)
and -T∆S (less unfavorable) (93). The entropy/enthalpy
compensation was attributed to changes in the hydration shell
around the positions that were mutated (93). Indeed, W33F,
Y100F, and Y32LF of 11F8 show similar enthalpy/entropy
compensation (Figure 6). It is possible then that changes in
the structuring of water molecules are primarily responsible
for the observed shift in thermodynamic parameters for the
11F8 mutants rather than from a loss of interactions at the
binding interface for W33F, Y100F, and Y32LF.

The dependence of binding affinity of W33V, L97A,
Y100V, and Y32LA for 1 varies with respect to both bulk
solution polarity and osmolal concentration (Figure 7; see
Supporting Information). These data suggest that additional
factors besides solution polarity are affecting binding of these
mutants, such as changes to the enclosed hydrophobic surface
area or additional water uptake with binding, that are
reflected in the sensitivity of affinity to osmolal concentration
(74, 94, 95).

DISCUSSION

Recognition of ssDNA InVolVes a Small Number of
Residues.Affinity data for the 11F8 double mutants indicate
that residues involved in recognition are not significantly
coupled. The decrease in binding energy observed for each
mutation (where the structural integrity of the protein is
retained) can therefore be attributed to a loss of interaction
with the 1 and not to indirect effects within the binding
surface (96). Approximately 80% of the free energy for 11F8
binding to1 can be ascribed to R31, W33, L97, R98, Y100,
and Y32L, while R31 and Y100 alone contribute>40%.
Similar observation of a “functional” or “energetic” hotspot
have been described for several antibodies, such as HyHEL-
10 and D1.3 binding to hen eggwhite lysozyme (72, 85, 97).

Kinetic data for sequence-specific binding by 11F8 are
consistent with a two-step process where the first step
involves the formation of an encounter complex, driven by
electrostatic steering. In the second step, conformational
adjustments occur that promote the energetically favorable
exclusion of water molecules to maximize favorable interac-
tions (15). Hence, residues responsible for the hydrophobic
effect (W33, L97, Y100, and Y32L) may be involved in the

FIGURE 5: Dependence of W33F affinity for1 on solvent polarity,
presented as a function of (A) osmolal concentration and (B) bulk
solution dielectric constant. Affinity was measured at 25°C in 20
mM Tris, 100 mM NaCl, pH 8, in the presence of up to 20% either
methanol (1), ethanol (]), or 1-propanol ([). Dielectric constant
values represent bulk solution and are thus normalized for polarity
differences between individual solvents.

FIGURE 6: Entropy-enthalpy compensation for sc11F8 and mutants
binding to1. Data included are values obtained for W33F, Y100F,
Y32LF, sc11F8, and F(ab) (left to right). The equation of the line
is -T∆S ) 1.006 (∆H) - 11.02;R2 ) 0.986. Error bars shown
are the standard deviation in-T∆S.
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second step of the binding mechanism, whereas R98 and
R31 are likely to participate in the formation of the encounter
complex. However, data for the R31 mutants indicate that
this residue contributes to recognition through additional
base-specific contacts and it is not possible to deduce a priori
in which step these contacts occur. Although sequence-
specific contacts involving arginine has been observed in
many protein‚nucleic acid systems, the interaction of R31
with 1 is perhaps most similar to the role arginine residues
play in some RNA-binding proteins (98-103). For example,
sequence discrimination by the U1A RNA binding protein
is achieved through interaction of R52 with the loop closing
G-C base pair of its RNA consensus sequence. Binding is
thought to occur by the docking of the U1A recognition loop
at the RNA stem-loop junction. This interaction may be
essential to precisely define the relative position of the double
helical stem and single-stranded loop nucleotides, which then
make additional contacts for complex stabilization (99, 101,
104, 105). It is possible that the sequence-specific recognition
of dG7-dC12 by R31 provides a similar role in 11F8 binding
to 1.

Role of Aromatic Residues in the Hydrophobic Effect. The
sensitivity of affinity for 1 with buffer polarity for W33F,
Y100F, and Y32LF, relative to that of sc11F8, suggests that
a comparable amount of hydrophobic surface area is enclosed
in the complex for these mutants. The polarity data suggest
that the differences in the thermodynamic parameters for
these mutants reflect changes to the structure of water
molecules hydrating the 11F8 surface that are introduced by
the mutation. The affinity and footprinting data for alanine
and valine substitutions at these positions indicate that
decreased affinity may be due to fewer contacts at the binding
interface. Collectively, the data for hydrophobic residues of

11F8 (W33, L97, Y100, and Y32L) binding to1 suggest that
these residues contribute to ssDNA binding though interac-
tions with thymine bases and contribute to the favorable
enthalpy associated with the hydrophobic effect.

On the basis of the two available crystal structures of anti-
DNA complexed with poly(T), Tanner et al. have proposed
a “ssDNA-antibody recognition module” for distinguishing
between ss- and dsDNA, and perhaps for enforcing sequence
specificity (14). This module involves the recognition of two
consecutive thymine bases, with the majority of contacts to
the bases rather than the phosphate backbone. Similar to
RNA binding proteins such as U1A, stacking interactions
predominate at the interface, withY32LCDR1 stacking in
parallel above the base and a second aromatic side from
HCDR3 stacking below the base (Y100 in DNA-1 and
W100a in BV04-01; 13, 14). Interestingly, the co-complex
of anti-RNA Jel103 complexed with poly (rI) has a similar
recognition motif: Y32LCDR1 stacks above the base, and
R96HCDR3 stacks below the base (106). These data suggest
that antibodies may use similar strategies for the recognition
of single-stranded nucleic acids. Indeed, it appears that
11F8 may bind ssDNA in a similar fashion with stacking
interactions provided byY32LCDR1 andY100HCDR3. How-
ever, data from 11F8 mutagenesis experiments extend the
model to include additional interactions with W33, hydro-
phobic contacts from L97, and nonspecific electrostatic
interactions from R98 (Figure 8).

Sequence analysis of 11F8 indicates that W33 and Y32L

are germline-encoded. Analysis of previously reported mu-
rine and human anti-DNA genes reveals that these residues
occur with high frequency (ca. 30% and 96%, respectively)
and rarely undergo somatic mutation (107). Similarly,
approximately 40% of these anti-DNA sequences contain
leucine within HCDR3, and ca. 30% of these are located at
position 97 (107). These data suggest hydrophobic residues
may be important for recognition of DNA (26, 27, 108, 109)
and imply that certain germline residues provide a general

FIGURE 7: Dependence of W33V affinity for1 on solvent polarity,
presented as a function of (A) osmolal concentration and (B) bulk
solution dielectric constant. Affinity was measured at 25°C in 20
mM Tris, 100 mM NaCl, pH 8, in the presence of up to 20% either
methanol (1), ethanol (]), or 1-propanol ([). Dielectric constant
values represent bulk solution and are thus normalized for polarity
differences between individual solvents.

FIGURE 8: Model of T10-T11-dC12 of 1 docked into 11F8 binding
site. A model of 11F8 was constructed using the methods of Chothia
and Lesk (50, 118) as implemented in the INSIGHT software and
the general computational approach has been described elsewhere
(119). The central thymine was docked into the putative binding
pocket betweenY100HCDR3 (white) andW33HCDR1 (white) and
oriented such that the C5 methyl group interacts withL97HCDR3.
The second thymine was docked betweenY100HCDR3 andY32LCDR1.
The cytosine was oriented towardR31HCDR1. The docked complex
was then minimized to a root-mean-square deviation of 0.64 Å.
CDRs, shown as ribbons, are colored as followed: HCDR1,
medium blue; HCDR2, turquoise; HCDR3, purple; LCDR1, red;
LCDR2, orange; LCDR3, yellow.
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binding surface for recognition of ssDNA and contribute to
a (limited) base preference for oligo(T). Our data demonstrate
that additional recognition elements are required for sequence-
specific discrimination. Hence, the autoimmune response to
DNA is similar to the normal immune response (to proteins
and haptens) in that critical somatic mutations are required
for recognizing antigens with high affinity and specificity
(85, 110, 111).

Unlike aromatic residues, basic residues, particularly
arginine, are not common to antibody binding sites (1); yet
somatic mutations and unusual germline rearrangements,
which increase the number of arginine residues in the CDR
loop regions, are often present in anti-DNA (48). Consistent
with this observation, R98 and R31 of 11F8 originate from
N-addition and a somatic mutation, respectively, and both
of these residues contribute to ssDNA binding. In fact,
arginine often plays important and diverse roles in the
binding of nucleic acids (98-100, 102, 112, 113), and it is
likely that anti-DNA have incorporated this recognition
element specifically for this purpose. Approximately
50% of the reported J558 VH sub-families encode serine at
position 31 of HCDR1, similar to the 11F8 germline
sequence (60, 107). Importantly, mutations at this position
(ca. 20% of the anti-DNA sequences) suggest a functional
role for residues at this site. In support of this hypothesis,
mutation ofS31HCDR1 to arginine in anti-DNA mAb 3H9
increased affinity for DNA (48).

CONCLUSIONS

Residues that confer sequence specificity to 11F8 are not
present in clonally related mAbs, and these other antibodies
are neither sequence-specific nor pathogenic. Critical muta-
tions that can confer sequence specificity to anti-DNA may
therefore be a feature of pathogenic anti-DNA (48, 114). The
ability to identify pathogenic anti-DNA on the basis of
primary sequence may ultimately prove useful for diagnostic
purposes. The thermodynamic and kinetic basis for specific,
noncognate, and nonspecific binding of ssDNA by 11F8 has
been determined (15, 16, 31). Results from mutagenesis
studies presented here demonstrate that sequence specificity
is predominantly conferred by R31 and Y100. These residues
apparently contribute to sequence-specific binding through
base-specific hydrogen bonds/electrostatic interactions and
base stacking, respectively, and these types of contacts have
been observed in a range of protein‚nucleic acid systems. In
aggregate, however, the interactions and driving forces that
mediate recognition of1 are most closely related to protein‚
RNA complexes such as those with U1A. Both 11F8 and
U1A use elements ofâ-structure to facilitate binding. This
observation suggests that structural similarity at the protein
level may be more important than the nucleic acid target
(i.e., ssDNA or ssRNA) in determining the optimal interac-
tions to achieve high affinity, specific binding.

SUPPORTING INFORMATION AVAILABLE

Table of the affinity of sc11F8 and mutant; figures of the
quantification of KMnO4 and DMS protection and van’t Hoff
analysis of sc11F8 and mutants. This material is available
free of charge via the Internet at http://pubs.acs.org.
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