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ABSTRACT: The recombinant anti-ssDNA Fab, DNA-1, and 16 heavy chain complementarity determining
region 3 (HCDR3) mutant variants were selected for thermodynamic characterization of ssDNA binding.
The affinity of Fab to (dT)15 under different temperatures and cation concentrations was measured by
equilibrium fluorescence quenching titration. Changes in the standard Gibbs free binding energy (∆G°),
enthalpy (∆H°), entropy (∆S°), and the number of ionic pairs (Z) formed upon interaction were determined.
All Fab possessed an enthalpic nature of interaction with ssDNA, that was opposite to the previously
reported entropically driven binding to dsDNA [Tanha, J., and Lee, J. S. (1997)Nucleic Acids Res. 25,
1442-1449]. The contribution of separate residues of HCDR3 to ssDNA interaction was investigated.
Analysis of the changes in∆H° and T∆S°, induced by substitutions in HCDR3, revealed a complete
entropy/enthalpy compensation. Mutations R98A and D108A at the ends of the HCDR3 loop produced
increases inT∆S° by 10.4 and 15.9 kcal/mol, respectively. Substitution of proline for arginine at the top
of HCDR3 resulted in a new electrostatic contact with (dT)15. The observed linear correlation ofZ and
∆G° of nonelectrostatic interactions (∆G°nonel) at the anti-ssDNA combining site was used for the estimation
of the specific∆G°nonel [-20 to-25 cal/(mol‚Å2)], the average contact area (450-550 Å2), the maximal
Z (6-7), and the limit in affinity under standard cation concentrations [(0.5-1) × 108 M-1] for this
family of Fab. Results suggested that rational engineering of HCDR3 could be utilized to control the
affinity and likely the specificity of Ab-DNA interactions.

Given their essential roles in gene regulation, DNA-
protein complexes have been the subject of numerous
structure and function studies. In contrast to other types of
DNA-binding proteins, anti-DNA antibodies (Abs)1 are
unique in that they possess a similar structural organization
of the combining site that is comprised of small variable
regions that dictate affinity and specificity, contained in a
rigid framework of conserved constant domains(1). The
antigen combining site consists of three hypervariable
complementarity determining regions (CDRs) in each of the
two heavy (H) and light (L) chains. Two types of anti-DNA
Abs, anti-ssDNA and anti-dsDNA, are of particular interest
since they are produced in vivo in autoimmune disease
patients(2). The presence of anti-dsDNA Abs in sera is diag-
nostic of the autoimmune disease systemic lupus erythema-
tosus (SLE)(3). More importantly, many pathologic conse-
quences of SLE have been linked to the production and
deposition of anti-dsDNA Ab immune complexes(4, 5).

While anti-ssDNA Abs have been identified in diseased
tissue(6), their role in autoimmunity remains uncertain(3).

Results of X-ray crystallographic experiments and mo-
lecular modeling have demonstrated that structural differ-
ences in DNA can determine the type of interaction pattern
between the Ab and DNA and the shape of the interface(7,
8). Ab-ssDNA combining sites have been shown to form a
deep cleft where the ligand is bound(9, 10). In contrast, the
contact areas formed with dsDNA(11) and triple-stranded
DNA (12)are usually more flat and contain more electrostatic
contacts compared to Ab-ssDNA complexes. The structures
of anti-DNA Abs available(7-13) indicate that their contact
areas are considerably smaller than those of other DNA-
binding proteins(14). While structural data have yielded
information on combining site architecture and contact
residues, they have not improved an understanding of the
dynamics involved in complex formation or the differences
in pathogenic and nonpathogenic anti-DNA Abs. Presently,
only thermodynamic studies of dsDNA-Ab complex forma-
tion have been reported. The binding of the anti-dsDNA Abs
Jel 241 and Jel 274 to dsDNA was shown to be strictly
entropy-driven and highly dependent on salt concentration
(15).

Despite differences in combining site structures, HCDR3
of both anti-ssDNA(16-19) and anti-dsDNA(20-22) Abs
has been shown to play a key role in determining affinity
and, perhaps, specificity of interaction. HCDR3 contains the
most sequence variability and forms a loop of which the top
is generally involved in direct antigen interaction and the
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end residues are buried and may act to support the confor-
mation as a whole(23-25).

An anti-ssDNA Fab, DNA-1, that was previously selected
from a bacteriophage display library generated from an
autoimmune mouse(26), was chosen for examination of the
thermodynamic mechanisms of ssDNA interaction. The
binding properties of DNA-1 to ssDNA have been intensely
examined, and a molecular model and a set of HCDR3
mutants were previously generated(18, 19, 27-29). These
ssDNA-binding Fab possessed a wide range of affinities, and
facilitated the study of both the mechanism of ligand
recognition and the influence of a mutation on ssDNA-Fab
association. Equilibrium fluorescence quenching titration was
used for measurements of association constants of DNA-1
and 16 HCDR3 mutants to (dT)15 under different tempera-
tures and cation concentrations. Results obtained for DNA-1
and the HCDR3 mutants together with data published for
other anti-ssDNA Abs allowed for exploration of the general
features of ssDNA-Fab interactions. A comparison of the
thermodynamics of Fab-ssDNA versus Fab-dsDNA inter-
action may uncover the mechanism of recognition of different
species of DNA. Ultimately, these results may help decipher
the fundamental basis of the pathogenicity of anti-DNA Abs.

MATERIALS AND METHODS

Reagents.Ni-NTA agarose was purchased from Qiagen
Corp. (Chatsworth, CA); Gamma-bind Sepharose, a Mono-S
FPLC column, and poly(dT) were obtained from Pharmacia
Biotech (Piscataway, NJ); and other reagents were from
Fisher Scientific (St. Louis, MO) or Sigma Chemical Co.
(St. Louis, MO). Oligonucleotides were synthesized by the
University of Missouri DNA Core Facility and exhibited
greater than 99% purity by analytical HPLC.

Expression and Purification of DNA-1 and HCDR3
Mutants.The Fab were isolated by affinity chromatography
and cationic exchange FPLC as described(19).All Fab were
homogeneous in accordance with SDS-polyacrylamide gel
electrophoresis and demonstrated aA280/A260 ratio of more
than 1.90(30). Protein concentration was determined either
by reaction with bicinchoninic acid(31) or calculated from
absorbance at 280 nm(29).

Fluorescence Titration. Equilibrium fluorescence quench-
ing titrations were carried out using an SLM 8100 spectro-
fluorimeter with an excitation wavelength of 292 nm and
an emission wavelength of 346 nm(19). The temperature
of the reaction mixture cell compartment was controlled with
an accuracy of(0.1 °C within the range of 25-50 °C as
described(19). All titrations were performed with varying
amounts of oligonucleotide added to a fixed Fab concentra-
tion (5-50 nM) in 2 mL of 50 mM Tris-HCl buffer, pH
7.0, in a 1 cmpath length cuvette. Binding isotherms were
fitted to the observed fluorescence quenching values using
a one-site equilibrium model for binding(19).

Salt-Back Fluorescence Titration.Certain association
constant (Ka) values were determined by salt-back titrations
(32, 33). Since the free Fab fluorescence was known and
the maximal fluorescence (Fmax) was independent of NaCl
concentration, the concentration of bound Fab ([Fab]b) could
be calculated from the ratio ofFobs/Fmax at each value of
salt concentration as [Fab]b ) Fobs[Fab]t/Fmax, where [Fab]t
was the total Fab concentration. Thus,Ka for each salt

concentration was calculated as

where [Fab]f ) [Fab]t - [Fab]b and [(dT)15]f ) [(dT)15]t -
[Fab]b.

Van’t Hoff Analysis of Fab-(dT)15 Interactions. Fab
affinities to (dT)15 were measured in 50 mM Tris-HCl, pH
7.0, at temperatures ranging from 25 to 50°C. The
temperature dependence of the pKa of Tris was corrected
using the coefficient of-0.031 pH unit/deg(34). Values of
the standard binding enthalpy (∆H°) were determined from
the slopes of dependencies of lnKa versus 1/T using the
differential van’t Hoff equation. Changes in the standard
Gibbs free binding energy (∆G°) at 25°C were calculated
for every Fab as∆G° ) -RT ln Ka, whereR ) 1.987 cal/
mol. Values of the changes in the standard binding entropy
(∆S°) were found as-T∆S° ) ∆G° - ∆H°.

Salt Dependence of Affinity of Fab to (dT)15. TheKa values
for Fab-(dT)15 complexes were measured by direct and salt-
back fluorescence quenching titration at 25°C in 50 mM
Tris-HCl, pH 7.0, with addition of 10-500 mM NaCl. The
numbers of ionic pairs formed between Fab and (dT)15 (Z)
were estimated for DNA-1 and the HCDR3 mutant variants
from the linear dependencies of lnKa on ln [Cat+] using the
equation: lnKa ) ln Ka

o - Zψ ln [Cat+] (35), whereψ was
the number of cations released from the oligonucleotide for
each pair formed [ψ ) 0.76-0.78 for oligo(dT)](36, 37),
[Cat+] was the sum of the concentrations of Na+ and Tris,
andKa

o was the association constant under standard cation
concentration (1 M). Values of∆G°1M were calculated as
-RT ln Ka

o.

RESULTS

DNA-1 and HCDR3 Mutants as a Model for the Study of
the Molecular Mechanism of Fab-ssDNA Interactions.
DNA-1 (26), and a set of its mutant variants(29), formed a
unique group of recombinant anti-ssDNA Fab with different
affinities induced by known amino acid alterations in
HCDR3. Sixteen Fab with a 2 order magnitude range in
affinities were selected for the present study. Thirteen of them
contained mutations at the top of HCDR3 (101Tyr-Arg-Pro-
Tyr-Tyr105). Three other Fab (R98A, D108A, and R98A/
D108A) had mutations of the charged residues at the ends
of the HCDR3 loop, and, with DNA-1, formed a double
mutant cycle(38).

Anti-ssDNA combining sites have been shown to be filled
with four to five thymine bases(10, 39-41). Nevertheless,
(dT)15 was chosen as a ligand here based on the saturation
of the dependence ofKa on the length of oligo(dT) (Figure
1). The observed limit inKa values forN g 15 likely reflected
the influence of both an increase in the number of potential
binding sites(42) and changes in the entropic contribution
of cation release because of the difference in counterion
density(43).

Van’t Hoff Analysis of the Interaction of DNA-1 and
HCDR3 Mutants with (dT)15. The temperature dependencies
of Ka were analyzed in the form of van’t Hoff plots (Figure
2) to determine the values of∆H° accompanying Fab
interaction with (dT)15. Linear dependencies of lnKa versus
1/T were observed for all Fab, indicating little change in heat
capacity and, therefore, an absence of significant conforma-

Ka ) [Fab]b/[Fab]f[(dT)15]f
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tional changes upon Fab-(dT)15 complex formation. The
∆H° values obtained from the slopes of the van’t Hoff plots
were negative and varied from-9.3 kcal/mol (D108A) to
-32.1 kcal/mol (R102T) (Table 1). The∆G° and -T∆S°
values were calculated as described under Materials and
Methods and are shown in Table 1. Values of∆G°, ∆H°,
and-T∆S° for DNA-1 were-10.4,-24.8, and 14.3 kcal/
mol, respectively, reflecting the enthalpic nature of interac-
tion with (dT)15. Binding of the oligonucleotide to mutant
Fab was also exothermic with negativeT∆S°. The only
exception was D108A, demonstrating both favorable∆H°
and T∆S° (Table 1). The changes in∆G° (∆∆G°), ∆H°
(∆∆H°), and-T∆S° [∆(-T∆S°)], relative to DNA-1, were
calculated to determine the impact of alterations in HCDR3
on the thermodynamics of ssDNA binding. The values of
∆∆H° and ∆(-T∆S°), induced by a single amino acid
substitution, varied from-7.3 to 15.5 kcal/mol, and from
9.9 to-15.9 kcal/mol, respectively (Table 1). Hence, minor
variations in HCDR3 could affect the affinity of Fab-
oligonucleotide interactions through changes in the en-
thalpy-entropy balance in∆G°.

Enthalpy-Entropy Compensation.Analysis of the data
shown in Table 1 revealed that∆∆G° obtained for all
mutants correlated with neither∆∆H° nor ∆(-T∆S°) and
was at least 1 order less in magnitude than the enthalpy and
entropy changes. The observed linear relationship between
∆H° and (-T∆S°) with a slope close to unity (0.95) (Figure
3) is a hallmark of complete enthalpy-entropy compensation
(44). Extrapolation of the dependence of∆H° versus-T∆S°

to ∆H° ) 0, a combining site interacting strictly by a
favorable change in the binding entropy (not shown),
revealed a∆G° of -10.5( 0.4 kcal/mol [Ka ) (0.3-1) ×
108 M-1], which may represent the theoretical limit in affinity
to (dT)15 for anti-ssDNA Fab originating from DNA-1.

In accordance with the∆∆H° and∆(-T∆S°) values, all
Fab were divided into two groups: entropy- or enthalpy-
driven (Figure 3). The maximal increase in binding entropy
was induced by both point mutants directed to the base of
HCDR3 (D108A and R98A) (Table 1). Negative∆(-T∆S°)
were also found for three Fab with mutations at the top of
HCDR3 (Y101H, Y104H, R102M) and both of the double
mutants (R98A/D108A and R102A/P103R) (Table 1). In-
creased binding entropy may have resulted from either
enhanced complex flexibility or increased release of water
(45) or cations(35, 46)from the interacting surfaces of the
Fab and oligonucleotide.

All enthalpy-driven Fab (Figure 3) contained mutations
at the top of HCDR3 and exhibited an increase in∆G° in
relation to DNA-1, due to the prevalence of unfavorable
∆(-T∆S°) compared to the decrease in∆H° (Table 1). A
rise in the exothermicity of Fab-(dT)15 interactions was
likely due to formation of additional hydrogen bonds and/or
changes in the number of ionic pairs at the Fab-ligand
interface, that rendered the complex less flexible.

Analysis of Salt Dependencies of the Binding of DNA-1
and HCDR3 Mutants to (dT)15. The study of the dependen-
cies of anti-ssDNA Fab affinity on cation concentration could
provide information on the role of electrostatic interactions
in Fab-ssDNA complex formation(35, 36, 46, 47). Affini-
ties of DNA-1 (Figure 4) and all HCDR3 mutants (Table 2)
to (dT)15 were found to decrease with increasing cation
concentration, indicative of the formation of ionic pairs
between Fab and ligand. The slope of a double-logarithmic
plot of Ka versus the cation concentration [d(lnKa)/d(ln
[Cat+])] (Figure 4) has been shown to equal-ZΨ (35, 36),
whereZ is the number of electrostatic contacts formed at
the protein-DNA interface andΨ is the average number of
cations released into solution upon formation of each ionic
pair. The Ψ value was likely the same for (dT)15 when
interacting with similar Fab such as DNA-1 and the HCDR3
mutants. The number of ionic pairs formed between (dT)15

and DNA-1 and its variants was estimated (Table 2) using
Ψ ) 0.76 attained for a poly(dT)/oligolysine model (36, 37,
47). None of the mutants exhibited a decrease inZ,
supporting our previous suggestion that HCDR3 interacts
with the oligonucleotide bases rather than with the sugar-
phosphate backbone(29).

The favorable entropic contribution of cation release to
∆G° has been predicted to be negligible at a standard cation
concentration of 1 M(35, 36). Therefore, extrapolation of
the salt dependence to 1 M allowed for the calculation of
∆G°1M for each Fab which is independent ofΨ (Table 2).
Assuming that∆G°1M is comprised of∆G° of nonelectro-
static interactions (∆G°nonel) and the free energy of ionic
pairs, values of∆G°nonel for DNA-1 and HCDR3 mutants
were also calculated as∆G°1M + 0.1Z (Table 2) (37, 47). A
linear correlation of∆G°nonel with Z (Figure 5) expressed
the balance between ionic and nonelectrostatic interactions
at the anti-ssDNA combining site. Interestingly, the limited
data available for other anti-ssDNA Abs interacting with
oligo(dT) (39, 41, 48) agreed well with the linear dependence

FIGURE 1: Dependence of the association constant (Ka), for the
DNA-1-oligo(dT) complex, on the number of bases (N) in the
oligonucleotide. TheKa values were measured by fluorescence
quenching titration (19) in 50 mM Tris-HCl, pH 7.0, at 25°C.

FIGURE 2: van’t Hoff plots for the Fab forming a double mutant
cycle: DNA-1 (O), R98A ([), D108A (b), and R98A/D108A (9).
All measurements were performed in 50 mM Tris-HCl, pH 7.0,
under temperatures ranging from 25 to 50°C. The temperature
dependence of pKa for Tris was corrected as described under
Materials and Methods. The values of∆H° were calculated for each
Fab from slopes of van’t Hoff dependencies and are shown in the
Table 1.
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found for DNA-1 and its variants (Figure 5). The value of
∆G°min (-11.0 kcal/mol) obtained by extrapolation to zero
Z could represent the affinity of Fab associating with ssDNA
only through nonelectrostatic interactions. From this, the limit
in affinity in 1 M salt for anti-ssDNA Fab was estimated as
(1-2) × 108 M-1.

DISCUSSION

Comparison of the Thermodynamics of ssDNA and dsDNA
Binding. Overall negative∆H° values were obtained for
DNA-1 and all HCDR3 mutants complexed with (dT)15

(Table 1). The exothermicity of DNA-1-(dT)15 interactions
was confirmed by direct calorimetric measurements (Ko-
missarov et al., unpublished data). NegativeT∆S° values
were observed for the majority of Fab studied, reflecting an
enthalpic basis of ssDNA binding and a significant stabiliza-
tion of the combining site domains and the oligonucleotide
molecule.

A comparison of the thermodynamics of anti-ssDNA Fab
with those of anti-dsDNA Abs Jel 274 and 241(15)promoted
an understanding of the molecular mechanisms of DNA-

Ab association. Despite similar affinities for antigens and
linear van’t Hoff plots under low cation concentration, a
comparison of∆H° andT∆S° values revealed a reciprocal
relationship in the forces governing ssDNA and dsDNA
binding. In contrast to DNA-1, the association of dsDNA
with Jel 274 and Jel 241 was driven strictly by increased
binding entropy with positive or unchanged enthalpy(15).
The number of ionic pairs formed between ligand and Jel
274 has been shown to be twice higher than that for DNA-1
(15). Thus, the entropic nature of interactions at the anti-
dsDNA combining site could be a result of the synergistic
actions of polyelectrolytic and hydrophobic effects. Hence,
the dramatic alterations in the balance of forces governing
complex formation may reflect a thermodynamic basis for

Table 1: Thermodynamic Parameters of the Interactions between (dT)15 and DNA-1 and HCDR3 Mutant Variantsa

Fab ∆Go,b kcal/mol ∆Ho,c kcal/mol -T∆So,d kcal/mol ∆∆Go,e kcal/mol ∆∆Ho,e kcal/mol ∆(-T∆So),e kcal/mol

DNA-1 -10.4( 0.1 -24.8( 0.3 14.3( 0.3 0.0 0.0 0.0
R98A -9.6( 0.2 -13.5( 0.6 3.9( 0.6 0.8( 0.2 11.3( 0.6 -10.4( 0.6
D108A -10.9( 0.2 -9.3( 0.3 -1.6( 0.3 -0.5( 0.2 15.5( 0.3 -15.9( 0.3
R98A/D108A -10.0( 0.2 -19.4( 0.6 9.3( 0.6 0.4( 0.2 5.4( 0.6 -5.0( 0.6
Y101H -10.1( 0.3 -21.6( 1.2 11.5( 1.2 0.3( 0.3 3.2( 1.2 -2.8( 1.2
Y101N -9.5( 0.3 -24.1( 1.1 14.5( 1.1 0.9( 0.3 0.7( 1.1 0.2( 1.1
Y101D -8.1( 0.2 -28.5( 0.7 20.4( 0.7 2.3( 0.2 -3.7( 0.7 6.1( 0.7
R102K -10.2( 0.3 -30.6( 1.6 20.4( 1.6 0.2( 0.3 -5.8( 1.6 6.1( 1.6
R102M -10.1( 0.3 -21.1( 2.0 11.0( 2.0 0.3( 0.3 3.7( 2.0 -3.3( 2.0
R102T -7.9( 0.3 -32.1( 1.8 24.2( 1.8 2.5( 0.3 -7.3( 1.8 9.9( 1.8
P103G -9.9( 0.2 -29.8( 1.1 19.9( 1.1 0.5( 0.2 -5.0( 1.1 5.6( 1.1
P103T -9.7( 0.2 -29.0( 0.4 19.3( 0.4 0.7( 0.2 -4.2( 0.4 5.0( 0.4
P103R -10.0( 0.3 -25.7( 1.2 15.7( 1.2 0.4( 0.3 -0.9( 1.2 1.4( 1.2
R102A/P103R -8.4( 0.3 -17.7( 0.6 9.30( 0.6 2.0( 0.3 7.1( 0.6 -5.0( 0.6
Y104F -9.9( 0.3 -27.5( 1.8 17.7( 1.8 0.5( 0.3 -2.7( 1.8 3.4( 1.8
Y104H -10.1( 0.2 -22.1( 0.7 12.0( 0.7 0.3( 0.2 2.7( 0.7 -2.3( 0.7
Y105F -9.9( 0.2 -29.1( 0.9 19.2( 0.9 0.5( 0.2 -4.3( 0.9 4.9( 0.9

a All experiments were carried out in 50 mM Tris-HCl, pH 7.0, using direct and salt-back fluorescence quenching titration as described under
Materals and Methods.b Calculated for all Fab studied as-RT ln Ka whereKa was the association constant of Fab-(dT)15 complexes measured at
25 °C. c Calculated from the slopes of van’t Hoff plots (Figure 2). The temperature of the reaction mixtures ranged from 25 to 50°C. The temperature
dependence of pKa of Tris was corrected using the coefficient-0.031 pH unit/deg (34). d Calculated as∆Go - ∆Ho. e Calculated as the difference
between corresponding parameters for mutant Fab and DNA-1.

FIGURE 3: Enthalpy-entropy compensation plot for DNA-1 and
HCDR3 mutants. Values of∆Ho and-T∆S° are shown in Table
1. Fab were divided into enthalpy- or entropy-driven in accordance
with favorable changes in∆H° and-T∆S°. All data were fit to a
linear regression equation:∆H° ) -10.0 + 0.95 (-T∆S°) (r )
0.99).

FIGURE 4: Salt dependence of DNA-1: double-logarithmic plot of
the Ka of the DNA-1-(dT)15 complex versus the total cation
concentration ([Cat+]). TheKa values were measured by direct (b)
and salt-back (O) fluorescence quenching titration at 25°C. The
line was the best fit of the equation: lnKa ) 11.2-2.2 ln [Cat+]
(r ) 0.99). The slope d(lnKa )/d(ln [Cat+]) of the line was equal
to -Zψ, whereZ was the number of ionic pairs formed between
the oligonucleotide and the Fab, andψ was the number of cations
released into solution upon formation of one ionic pair. For DNA-
1, Z was calculated as 2.9( 0.1 assuming aψ of 0.76 (36, 37).
The value of∆G°1M ) -RT ln Ka

0 was calculated as-6.8 ( 0.1
kcal/mol, from the intercept of the fitted line. Similar analyses were
also performed for all HCDR3 mutant variants of DNA-1. The data
obtained are shown in Table 2.
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the recognition of different species of DNA at the combining
site.

Interestingly, theE. coli ssDNA-binding protein (SSB) also
demonstrated both a linear van’t Hoff plot and an enthalpy-
driven interaction with poly(dT)(49-51).A detailed analysis
of the thermodynamics of binding of different oligonucleo-
tides to SSB(50, 51) confirmed the suggestion that the
specificity of different ssDNA-binding proteins to oligo(dT)
can be attributed to the maximal degree of base unstacking
for this ligand(52).

Substitution of Residues at the Base of HCDR3 Resulted
in Increased Binding Entropy.The residues at the ends of
HCDR3 are usually buried and not involved in direct ligand
contacts(25, 53). Nevertheless, the engineering of charged
residues at the ends of HCDR3 can alter affinity(29, 44,
54-57). Three mutant Fab (R98A, D108A, and R98A/

D108A), along with DNA-1, formed a thermodynamic cycle
(38), and were analyzed to determine the role of charged
residues at the base of HCDR3. In contrast to results obtained
for anti-lysozyme (54) and anti-carbohydrate (44) Abs, all
three mutant variants of DNA-1 exhibited a significant
increase inT∆S° (Table 1). Fab D108A demonstrated the
maximal increase inT∆S° (15.9 kcal/mol) and had no change
in Z, indicating that polyelectrolytic effects did not contribute
significantly to the rise in entropy. Therefore, the observed
improved affinity of D108A was likely driven either by an
increase in the conformational freedom of the complex
formed or by hydrophobic effects. Both R98A and R98A/
D108A exhibited a decrease in affinity in comparison with
DNA-1, despite expected favorable entropic contribution of
cation release. Simultaneous substitution of both Arg98 and
Asp108 with alanine resulted in a decrease in∆H°, compared
to the single mutants R98A or D108A, indicating the possible
formation of new interactions at the Fab/oligonucleotide
interface. Additivity of the changes in∆G° demonstrated
that Arg98 and Asp108 likely do not interact with each other
under physiological cation concentration. Arg98 and Asp108

may support the conformation of the combining site and may
control interaction patterns such that engineering of the
residues at the ends of the HCDR3 loop may serve as the
basis for the alteration in the specificity of anti-DNA Fab.

Residues at the Top of HCDR3:101Tyr-Arg-Pro-Tyr-Tyr105.
Six Fab with point mutations and one with a double mutation
were designed to probe the role of Pro103 and Arg102 in
binding ssDNA. All single mutations at position 103
exhibited a positive∆(-T∆S°) and a corresponding increase
in ∆∆G°. Substitution of Pro103 with glycine resulted in a
reduction of T∆S° by 5.6 kcal/mol, despite the positive
entropic contribution of the polyelectrolytic effect (∆Z )
1.1). In comparison with P103G, P103T displayed a small
change in∆G° but a decrease in both∆G°1M by 1.0 kcal/
mol andZ by 1. This improved affinity coincided with the
expected favorable contribution of nonelectrostatic interac-
tions (∆Z ) -1). Mutation P103R provoked a further
increase in∆H° and T∆S° and a rise ofZ by 1, when
compared with P103T. The double mutant R102A/P103R
did not exhibit a change inZ compared to P103R. Hence,

Table 2: Analysis of Salt Dependencies of Affinity of DNA-1 and HCDR3 Mutants to (dT)15
a

Fab Zb ∆Zc ∆Go
1M,d kcal/mol ∆∆Go

1M,c kcal/mol ∆Go
nonel,e kcal/mol ∆∆Go

nonel,c kcal/mol

DNA-1 2.9( 0.1 0.0 -6.8( 0.1 0.0 -6.5( 0.3 0.0
R98A 3.8( 0.3 0.9( 0.3 -4.3( 0.2 2.5( 0.2 -3.9( 0.4 2.6( 0.4
D108A 3.1( 0.3 0.2( 0.3 -6.5( 0.2 0.3( 0.2 -6.2( 0.3 0.3( 0.3
R98A/D108A 3.7( 0.1 0.8( 0.1 -5.0( 0.2 1.8( 0.2 -4.6( 0.4 1.9( 0.4
Y101H 4.2( 0.4 1.3( 0.4 -4.4( 0.3 2.4( 0.3 -4.0( 0.4 2.5( 0.4
Y101N 4.0( 0.4 1.1( 0.4 -3.9( 0.4 2.9( 0.4 -3.5( 0.4 3.0( 0.4
Y101D 3.1( 0.4 0.2( 0.4 -3.7( 0.4 3.1( 0.4 -3.4( 0.4 3.1( 0.4
R102K 2.9( 0.3 0.0( 0.3 -6.2( 0.4 0.6( 0.4 -5.9( 0.4 0.6( 0.4
R102M 3.0( 0.3 0.1( 0.3 -6.0( 0.3 0.8( 0.3 -5.7( 0.3 0.8( 0.3
R102T 3.3( 0.4 0.4( 0.4 -3.5( 0.4 3.3( 0.4 -3.2( 0.4 3.3( 0.4
P103G 4.0( 0.3 1.1( 0.3 -4.5( 0.3 2.3( 0.3 -4.1( 0.4 2.4( 0.3
P103T 3.1( 0.3 0.2( 0.3 -5.5( 0.3 1.3( 0.3 -5.1( 0.3 1.4( 0.3
P103R 4.0( 0.3 1.1( 0.3 -4.5( 0.3 2.3( 0.3 -4.1( 0.4 2.4( 0.4
R102A/P103R 4.2( 0.1 1.3( 0.1 -2.6( 0.2 4.2( 0.2 -2.2( 0.4 4.3( 0.4
Y104F 3.5( 0.4 0.6( 0.4 -5.1( 0.3 1.7( 0.3 -4.7( 0.4 1.8( 0.4
Y104H 4.1( 0.3 1.2( 0.3 -4.5( 0.2 2.3( 0.2 -4.1( 0.4 2.4( 0.4
Y105F 3.1( 0.4 0.2( 0.4 -5.7( 0.3 1.1( 0.3 -5.4( 0.3 1.1( 0.3
a Values ofKa were measured in 50 mM Tris-HCl, pH 7.0, with different amounts of NaCl added at 25°C, using fluorescence quenching

titration (29). b Calculated as [-d(ln Ka)/d(ln [Cat+])]/0.76 (36, 37). c Calculated as the difference in values between Fab and DNA-1.d Calculated
as-RT ln Ka

0, whereKa
0 was the association constant at 1 M cation concentration.e Calculated as∆Go

1M + 0.1Z (37, 47).

FIGURE 5: Balance of ionic/nonelectrostatic interactions at the anti-
ssDNA combining site. Correlation between∆G°nonel and the
number of ionic pairs formed at the Fab-ligand interface (Z) for
DNA-1 and HCDR3 mutants (b) and other anti-ssDNA Abs (O).
The values ofZ were calculated from the slopes of the salt
dependencies as [-d(ln Ka)/d(ln [Cat+])]/0.76 (36, 37)and∆G°nonel
as∆G°1M + 0.1Z (37, 47)(Table 2). The values ofZ and∆G°nonel
for Fab Hed10 (39) and Abs 4B2, 15D8 (41), and BV04-01 (48)
were estimated from published data. Salt dependencies were
measured by fluorescence quenching titration (20°C) for Hed10
(39), and by gel shift analysis at 4°C after equilibration at 22°C
for 4B2, 15D8 (41), and BV04-01 (48). The best fit of the data
had a slope of 1.9 kcal/mol per one ionic pair and an intercept of
-11.0 kcal/mol (r ) 0.92).
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Fab P103R, that contains two arginines in a row, likely forms
an additional ionic pair with the ligand through Arg103 rather
than Arg102. The Fab R102K, R102M, and R102T mutants
did not exhibit a significant change inZ. Therefore, Arg102

is likely not involved in direct electrostatic interaction with
ligand as had been suggested for anti-dsDNA combining sites
(57). Mutations R102T and R102K were accompanied by a
significant decrease inT∆S° indicating a possible role of
Arg102 in the maintenance of the conformation of HCDR3
or the combining site as a whole. Analyses of high-resolution
structures of the anti-dsDNA Fab Jel 72 and the anti-triple-
stranded DNA Fab Jel 318 have directly supported a
structural role for arginines in HCDR3(11, 12).

The three tyrosine residues surrounding Pro103 in HCDR3
of DNA-1 have been suggested to participate in (dT)15

interaction (29). Substitutions of Tyr101 and Tyr104 with
histidine resulted in almost identical∆∆G°, ∆∆G°1M, and
∆Z values, demonstrating that these mutations had a similar
impact on the mechanism of ligand binding (Tables 1and
2). Positive∆∆H° values observed for Y101H and Y104H
indicated a possible disruption of interactions at the Fab-
ligand interface. The effects of tyrosine/phenylalanine sub-
stitutions at positions 101 and 104 were different from those
of tyrosine/histidine. Mutation Y101F exhibited more than
a 100-fold decrease in affinity to (dT)15 (29). The identical
values of∆∆G° obtained for Y104F and Y105F indicated
that positions 104 and 105 of HCDR3 are more tolerant than
position 101 to the hydrophobic side chain of phenylalanine.

Two mutants, Y101N and Y101D, represented a pair of
structurally very similar Fab. However, the isosteric substitu-
tion of the amido group with carboxylate was accompanied
by a decrease inZ by 1, a significant loss in the binding
entropy, and an increase in∆G° by 1.4 kcal/mol (Table 1).
Comparable∆∆G°nonelvalues (Table 2) apparently signified
similar patterns of nonelectrostatic interactions for these Fab.
The contribution to∆G° by one ionic pair at the Fab-(dT15)
interface calculated in 50 mM Tris-HCl buffer (1.4 kcal/
mol per one ionic pair) can reflect the potential for formation
of nonspecific protein-DNA complexes of high affinity
under low cation concentrations.

Balance of Ionic-Nonelectrostatic Interactions at the Anti-
ssDNA Combining Site.The complexity of changes in the
thermodynamics induced by the mutations was illustrated
by a lack of correlation between the positive entropic
contribution expected from an increase inZ and the change
in T∆S° obtained for R102T, P103G, P103R, and Y104F.
The balance in ionic/nonelectrostatic interactions at the anti-
ssDNA combining site could, however, be expressed as the
dependence of∆G°nonel versusZ (Figure 5). An explanation
for the linear relationship may be due to comparable interface
areas of different anti-ssDNA Fab and the similarity in the
thermodynamic contribution of ionic interactions through
phosphoryl groups. It should be noted that the three mutant
Fab with the maximal positive∆∆G° and ∆∆Go

1M values
(Y101D, R102T, and R102A/P103R) deviated the greatest
from the best-fit curve (Figure 5), perhaps due to changes
in their interface areas.

The value of ∆G°min estimated for the anti-ssDNA
combining site free of ionic interactions shown in Figure 5
(-11.0 kcal/mol) was close to that estimated from the
enthalpy-entropy compensation plot (Figure 3) and the∆G°
reported for Fab 15D8, whose affinity to (dT)21 was shown

to be independent of salt concentration(41). The slope of
the dependence of∆G°nonel versusZ was equal to 1.9 kcal/
mol, and likely reflects the energetic price for substitution
of the part of the combining site occupied by nonelectrostatic
interactions with one ionic pair. This value was close to that
determined for the contribution of one methylene group
(-1.4 kcal/mol) to the∆G° of substrate binding for an
aromatic amino acid aminotransferase(58).Extrapolation to
∆G°nonel ) 0 (Figure 5) would represent a Fab interacting
with ligand only via electrostatic interactions. Thus, the
maximal number of ionic pairs at the Fab-ssDNA interface
(Zmax) was estimated as 6-7. Using the van der Waals radius
or the buried area of a phosphoryl group determined from
X-ray crystallographic data(59),along withZmax, an average
Fab-ssDNA contact area was estimated to be 450-550 Å2.
The interface areas of BV04-01/(dT)3 (10) as well as other
Ab-antigen complexes(13) that were determined from
X-ray data were in agreement with this value. The specific
∆G° of nonelectrostatic interaction calculated from∆G°min

and the interface area was found to range from-20 to-25
cal/(mol‚Å2). The specific∆G° of nonelectrostatic interaction
directly measured for the anti-lysozyme Ab D1.3 (60), and
reported for other Abs (61), was similar to that found for
anti-ssDNA Fab.

Data reported in this study demonstrated that minor
changes in the structure of HCDR3 were able to induce
alterations in the affinity and potentially the specificity of
the anti-ssDNA combining site through changes in the
balances in entropy-enthalpy to∆G° or in electrostatic-
nonionic interactions. These results will assist in interpreta-
tion of X-ray crystallographic data currently being collected
for DNA-1 and attempts at the rational engineering of the
anti-DNA combining site.
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