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ABSTRACT: Anti-double-stranded DNA monoclonal antibodies against a viral transcriptional regulatory
site are capable of discriminating single-base replacements with affinitiesxofl@° M, which were
optimized for the length of the duplex used as the immunogen. Their affinity for DNA duplexes of increasing
length is lower, but reaches a plateau at 2078 M, still a fairly high affinity compared to those of most
known natural anti-DNA antibodies. The ability of the antibodies to bind to a 166 bp DNA fragment
containing the specific sequence strongly suggests that these have the potential of binding the specific
sequence within larger genomic DNA fragments. Electrostatic interactions do not play a significant role,
the opposite of what is observed in natural DNA binding interfaces. In addition, the insensitivity of the
antibody-DNA interaction to solute effects is indicative of a marginal participation of water molecules

at the interface compared to the level of participation at the naturalDBRA interface. Spectroscopic
evidence of base unstacking strongly suggests substantial denaturation of antibody-bound DNA, in
agreement with thermodynamic results that show an unusual positive heat capacity change, which could
be explained at least in part by the exposure of DNA bases upon binding. Lower local DNA stability
cooperates with sequence recognition in producing the highest binding affinity. A slow rate of antibody
DNA association indicates an energy barrier imposed by conformational rearrangements, as opposed to
an electrostatically assisted diffusion-controlled collision in the E2 DNA binding domain. While the E2
DNA interaction takes place through a typical direct readout mechanism, the anti-double-stranded DNA
monoclonal antibody DNA interaction could be viewed as a distinctive case of indirect readout with a
significant distortion in the DNA conformation. However, the precise mechanism with which the DNA
bases are accommodated in the antibody combining site will require structural analysis at atomic resolution.
These results constitute a first stage for unveiling the unusual molecular recognition mechanism of a
specific DNA sequence by antibodies. This mechanism could represent the strategy with which the immune
system tightly and specifically recognizes a DNA antigen.

DNA is specifically recognized in living cells by proteins  whereas hydrogen bonds are short-range and contribute less
in many different ways, ranging from small domains of to stability but are the main determinants of specificity.
transcription regulatory proteins to larger enzymes related Hydrophobic interactions are the result of interface desol-
to nucleic acid synthesis and modificatiahy 2). Although vation that contributes to the binding energy and also to
there are numerous interface topologies and a large variabilityrecognition through specific interactions of the nonpolar
in DNA base to amino acid contacts, there are common amino acids with DNA bases.

themes through which this recognition is accomplishd ( Much is known about how antibodies recognize protein

3). In general, ionic interactions are long-range and contribute 5ntigens, where the general rules are similar to those that

substantially to binding energy but very little to specificity, govern proteir-protein recognition4, 5). On the other hand,

there is little information about how antibodies recognize
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Specific Antibody-DNA Interaction

single-stranded DNA autoantibod§)( and a thermodynamic
characterization of this system was carried dit) (Despite
the interest that such interaction stimulates, the DNA

sequences were the result of binding site selection experi-

ments from random librarie® vitro (9), and specificity
refers to the ability of the autoantibody to discriminate a
sequence of single-stranded DNA (ssDNA) selected for tight
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purified fragment was dialyzed, lyophilized, and resuspended
in volumes appropriate for the titration experiments. The
concentration of the DNA duplexes was calculated from
extinction coefficients 36).

Fluorescence Binding Experimentsryptophan fluores-
cence titrations were carried out with excitation at 295 nm,
and the emission was monitored at 340 nm, using an Aminco

binding from others, and does not refer to the sequence thatBowman Series 2 spectrofluorimeter. The proteins were

elicited the antibody response.

We have obtained specific anti-double-stranded DNA
monoclonal antibodies (a-DNADbs) that recognized the bind-
ing site of the E2 transcriptional regulator from “high-risk”
human papillomavirus strain 16 (HPV-16) with very high
affinity (11). This affinity matches that of the natural viral
DNA binding and dimerization C-terminal domain of the
E2 protein (E2C), where the antibody is able to discriminate
effectively against a number of nonspecific double- and
single-stranded DNA oligonucleotides with factors ranging
from 125- to 20000-fold 1).

In the work presented here, we aim to define a recognition
mechanism with which the a-DNAbs tightly interact with
DNA and discriminate specific from nonspecific sequences.
In particular, we wanted to focus on features that the
a-DNAbs could share with the E2C domain and DNA
binding proteins in general. From the factors governing the
a-DNADb—DNA interaction, we clearly cannot find features
in common with DNA recognition in HPV-16 E2 or other
proteins that evolved for the control of gene function. On
the contrary, the interaction we describe for the a-DNAbs
appears to use a completely novel strategy for DNA
recognition, also different from what is known about
autoantibody DNA recognition. These results provide the first
insight into the specific recognition mechanism of a DNA

as an antigen by an elicited antibody that went through the

process of affinity maturation.

MATERIALS AND METHODS

Proteins and DNAsThe C-terminal DNA binding domain
of the E2 protein from human papillomavirus strain 16 was
expressed in BL21-DEBscherichia colicells and purified
as previously describe@%). a-DNA IgGs were purified from
the hybridoma lines described previouslyl). Fabs were
titrated weekly with DNA and were shown to retain their
100% binding activity for at least 2 months. Fab fragments

incubated in TBS [25 mM Tris and 150 mM NaCl (pH 7.4)]

at protein concentrations of @0 nM in volumes of 3.0

mL at 254 0.1 °C. Double-stranded DNA oligonucleotides
were gradually added, and the tryptophan fluorescence was
measured aftea 5 min equilibration at each point. The
maximum dilution was 10%, and the fluorescence was
corrected accordingly. A linear baseline was subtracted for
the different tritrations, and the tight binding and large
fluorescence changes that were observed did not require inner
filter correction. The data were fitted using nonlinear squares
to a binding model where both protein and DNA concentra-
tions are consideredY).

[Fab—DNA] = 0.5AF([DNA] + [Fab]+ Kg) —
[(IDNA] + [Fab]+ K)* — (4[DNA][Fab])]*°

were AF is the difference in the signal between the Fab
DNA complex and free Fab, [DNA] and [Fab] are the
oligonucleotide and protein concentrations, respectively, and
Kp is the dissociation constant for the interaction. The data
were corrected for dilution and for inner filter effects.

UV Absorbance Titrations and Thermal Denaturation of
DNA. Absorbance experiments were carried out in a Jasco
V-550 spectrophotometer. DNA duplexes at a concentration
of 100 nM were incubated in 0.7 mL of TBS at 250.1
°C. Concentrated ED-10 Fab was gradually added to the
solution, and the absorbance at 260 nm was measured with
a bandwidth of 10 nm aftea 3 min equilibration period.
The instrument noise was less than 0.0001 unit. The
absorbance corresponding to the proteins (ED-10 and E2C)
was subtracted prior to calculating delta absorbances at the
saturation of binding. Thermal denaturations of DNA were
carried out with similar concentrations and buffers, and the
absorbance values were recorded after equilibration for 10
min at each temperature.

Effects of Salt on DNA Binding Determined by an ELISA
E2C contains a solvent-exposed tryptophan residue, which

of the antibodies were used for binding experiments through- generates large fluorescence intensity changes responding

out the work to simplify the binding analysis, unless stated
otherwise.

The sequence of the A chain of the reference oligonucle-
otide is B-GTAACCGAAATCGGTTGA-3, corresponding
to E2 site 35 in the HPV-16 genome, where the underlined

to variations in ionic strength, introducing artifacts into the
fluorescence quenching experiments. To rule out similar
complications for the antibodies, we designed an ELISA
experiment. Briefly, ELISA plates were coated with strepta-
vidin (1 mg/well in TBS) for 60 min. Solutions containing

sequence indicates the consensus E2 binding site. DNA5'-biotinylated site 35 DNA with either E2C protein, ED-

oligonucleotides were obtained from IDT. Long oligonucle-
otides were purified by SDSPAGE by the manufacturer.
All oligonucleotides were tested for duplex formation by
native gel electrophoresis. The 166 bp DNA fragment was
amplified by PCR from pUC18 where HPV-16 E2 site 35
was cloned in the multiple cloning site atoRI andHindlll
sites. The product was purified using two phenol/chloroform
extractions, followed by ethanol precipitation and air-drying,
and finally separated from primers and nucleotides by gel

10, or ED-84 IgGs at a 5-fold molar excess were incubated
with 1% BSA in TBS at the indicated salt concentrations.
The 200uL mix was incubated in microcentrifuge tubes for
30 min at room temperature. The entire mix was transferred
to the streptavidin-coated ELISA plates for 15 min, and
subsequently washed three times with TBS. The retention
of E2C in the solid phase, representing the degree of binding
to the biotinylated specific DNA, was developed using ED5
IgG, an anti-E2C antibody, with peroxidase-conjugated

filtration chromatography on Superdex 200 (Pharmacia). The polyclonal antibodies. The DNA-bound a-DNAbs (ED-10
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or ED-84) were developed directly with anti-mouse 1gG a relatively high affinity. There is a correlation between
peroxidase-conjugated polyclonal antibodies. For each sepa-affinity and fluorescence change, with high-affinity DNA
rate tube, the same mixture was incubated in the absence obinding being accompanied by a maximum fluorescence
a biotinylated oligonucleotide as a blank. The resulting OD change (Figure 1C). This is also true for the 80mer, which
value was subtracted, normalized, and plotted as the amounshowed an unexpectedly high affinity. Titrations at 10, 20,
of bound DNA versus NaCl concentration. and 30 nM ED-10 with the site 35-80 duplex indicate a 1:1
Isothermal Titration Calorimetry (ITC)TC were carried  stoichiometry (not shown), strongly suggesting the presence
out as described previouslg®) using a Microcal Omega  Of a single specific binding event.
titration calorimeter. The dissociation binding constants in  The shortest oligonucleotide that was tested was the 10mer,
the temperature range of 29305 K were too high to be  since smaller duplexes would be too unstable at room
determined from the ITC results at the high concentrations temperature. This duplex displays a 10-fold lower affinity
of protein that were required to detect the heats of binding. for the a-DNAb than the 18mer, an otherwise rather high
In this temperature range, only three to four titrant additions affinity if we consider its absolute value of 10 nM. A single-
were performed and the binding enthalpy was calculated from stranded oligonucleotide forming a hairpin with a stem that
the ratio of the area under the titration peak to the amount mimics the 18mer duplex was found to have a 20-fold lower
of DNA titrated into the sample. At the protein and DNA affinity for the a-DNAb, which is an outlier in the plot of
concentrations employed and at the high binding affinities, Ky versus length [Figure 1B)].

it can be shown that with each addition of titrant below  The a-DNAbs can discriminate asingle Ato T replacement
saturation the amount of DNA bound to the proteir89%. a4t the central flexible region, corresponding to a “noncontact”
At the high-temperature limit, the binding affinity is weaker region in the complex with the natural partner, the E2C
so that a binding constant can be determined from a fit of a 4omain (.2). We analyzed another of the natural E2 sites in
1:1 binding model to the binding isotherm. All heats of the ypstream regulatory region of the HPV-16 genome, site
binding were corrected for the endothermic heat of dilution 50, in which a FA pair of the site 35 sequence changes to
of the DNA as determined in a titration of the DNA into 5 &G pair (Figure 1A). The affinity decreases 14-fold (Table
buffer. Calculation of entropies in Table 2 was based on 1), more drastic than the A to T replacement in the other
equilibrium dissociation constants measured from the fluo- natyral E2 site, 7450, which exhibited a 3-fold decrease. Even
rescence quenching experiments. more dramatic is the change in affinity for a bovine virus
Circular Dichroism.Near-UV circular dichroism spectra  (BPV-1)-derived E2 sitel(3) with two A-T pairs at the spacer
of free and bound DNA were recorded in a Jasco J-810 sequence being exchanged withGCpairs (Figure 1A),
spectropolarimeter. Ten scans were averaged, and the raweaching a 100-fold increase Ky (Table 1). However, an
ellipticity is shown, since the DNA concentration was A10G mismatch in strand A leaves the affinity of site 35-18
identical in all the samples. Experiments were carried out at intact (Table 1), suggesting that this base is not paired in
254 0.1°C, and buffer baselines were subtracted from all the bound form, and that the base moiety does not make a
spectra. direct contact with the antibody.

RESULTS The a-DNAbs Produce Partial Melting of the DNA Duplex
upon Binding.Protein secondary structure dominates the

DNA Length and Sequence Determinants of Binding circular dichroism_ (CD) spectrum below _250 nm, and
Affinity. Monovalent Fab fragments of two monoclonal therefore, the region from 250 to 320 nm is preferred for
a-DNAbs, ED-10 and ED-84, are capable of high-affinity the stqdy of nucleic acid conformations bound to proteins
stoichiometric binding and sequence discrimination against (14)- Figure 2A shows the near-UV CD spectrum of the site
nonspecific duplexes and single-stranded DNA with changes 35 double-stranded DNA oligonucleotide, with a typical
in binding free energies ranging from 3.1 to 5.8 kcal/mol COMposite positive band at280 nm. When bound to the
(11). We first directed our attention to defining sequence E2C domain, the DNA displays a blue shift in the wavelength
and length determinants of the DNA ligand, focusing on the Maximum, probably due to the increase in the magnitude of
ED-10 a-DNAb as an example, with site 35-18, the oligo- the 270 nm component, and an increase in the intensity.
nucleotide used to obtain the a-DNAKY, as the reference ~ However, the crossover band at 260 nm, corresponding to
DNA duplex (Figure 1A). Using tryptophan fluorescence as the absorption maximum, is coincident with the unbound
previously describedl(l), we determined the dissociation DNA, suggesting significant but limited changes in the
constants of the ED-10 a-DNAb for the sequences shown in typical B conformation 12, 13).

Figure 1A (Table 1). In the antibody-bound site 35 DNA, the blue shift is more

Although the site 35 with the highest affinity is the 18mer, Pronounced as evidenced by a distinctive band around 270
for 12—23 bp duplexes, the affinity remains fairly high, with hm and shifts in the crossover band of 1 and 3 nm for ED-
a maximum difference of 0.5 kcal/molK3). The affinity =~ 10 a-DNAb and ED-84 a-DNADb, respectively (Figure 2A).
decreases and appears to reach a plateau at 20-fold for thd he near-UV CD spectrum of heat-denatured site 35 DNA
48mer, and surprisingly increases again for the 80mer, with resembles that of a-DNAb-bound DNA, suggesting that
a value similar to that of the 18mer (Figure 1B and Table Substantial base unstacking is taking place.

1). A 166 bp fragment containing the site 35 sequence Overall, the a-DNADbs inflict a conformational change on
exhibits a lower affinity, following the overall trend observed site 35 DNA qualitatively different from that resulting from
with length increases (Figure 1B). Th& of the longer E2C binding. Analysis of the difference spectra (Figure 2B)
DNAs approaches a value between 15 and 20 nM, somethingshows that the spectrum of the antibody-bound DNA is
substantially lower than that of the reference duplex, but still qualitatively similar to the spectra of the DNA at 86 or
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o C € cGTAACCGAAATCGETTG-3 ¢
/\ 35-18 hairpin C o GCATTGGCTTTAGCCAAC-5
BPV1-18 57 -CCGACCGACGTCGGTCGG-3 '
7450-18 5/ -TCAACCGAATTCGGTTGC-3 ’
50-18 57 -TGAACCGAAACCGGTTAG-3 '
35-10 5 —CCGAAATCGG-3"
35-12 5’ -ACCGAAATCGGT-3
35-15 5/ -TAACCGAAATCGGTT-3’
35-18 5’ -GTAACCGAAATCGGTTGA-3 '
35-19 57 -CGTAACCGAAATCGGTTGA-3 '
35-23 57 -GGCGTAACCGAAATCGGTTGAAC-3 '
35-26 5/ - AGCTGTAACCGAAATCGGTTGAATGC-3 '
35-36 5/ - T TTGTAGCTGTAACCGAAATCGGTTGAATGCTTTTT-3
35-48 5'-...GCCCATTTTGTAGCTGTAACCGAAATCGGTTGAATGCTTTTTGGCACA. . . -3
35-80 5'-...GCCCATTTTGTAGCTGTAACCGAAATCGGTTGAATGCTTTTTGGCACA. . . -3/
35-166 5/-...CATGATTACGAATTCGTAACCGAAATCGGTTGAGGATCCTCTAGAGTC. . . -3/
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Ficure 1: Sequence specific binding of ED-10 a-DNADb to E2 site duplexes. (A) The A chain DNA sequence of a family of oligonucleotide
duplexes of increasing length (3066 bp) that contains reference site 35 (see Materials and Methods). The 18mer sequence corresponding
to site 50 and site 7450 from the HPV-16 genome and that of a bovine papillomavirus (BPV-1) are denoted as 50-18, 7450-18, and
BPV1-18, respectively. A single-stranded oligonucleotide forming a hairpin with a stem that mimics the 35-18 duplex was also tested
(35-18 hairpin). The underlined sequence is the consensus E2 binding site. (B) Relationship between oligonucleotide length and ED-10
a-DNADb binding affinity. Site 35-10 to site 35-166 duplexes are denoted with circles: site 36918n@ site 35 in the context of
oligonucleotides of different length®}. The site 35-18 hairpin is denoted with an empty square. The arrow points to site 35-80, showing

an unexpectedly high affinity. (C) ED-10 a-DNADb fluorescence change produced by each oligonucletide at binding saturation. Symbols are
the same as in panel B. The increasing size of the circles indicates increasing oligonucleotide length from 10 to 166 bp. The arrow denotes
site 35-80, with high affinity and a large fluorescence change.

in 65% methanol (not shown), where the latter is known to upon titration becomes proportionally smaller with the
dehydrate B-DNA {4). increase in duplex length (Table 1).

Melting of DNA in solution is accompanied by anincrease = DNA Binding and Duplex StabilityWe analyzed the
in UV absorption at 260 nm. The decrease in absorption uponstability of the oligonucleotide duplexes of different lengths
duplex formation, known as hypochromicity, is a simple and (Figure 1A) and tested for binding affinity, and the corre-
effective way to measure changes in DNA structure. Titration spondingT,s are shown in Table 1. The affinity becomes
of a fixed concentration of the site 35 18mer duplex with lower as the stability of the DNA duplexes increases, similar
ED-10 Fab shows a maximum changefig of (2.3+ 0.2) to what was found for DNA length (Figure 1B), with the
x 1072 unit, saturating at a 1:1 ratio, in agreement with optimal affinity around the stability and length corresponding
fluorescence titrationsl() (Figure 3A). A similar titration  to the site 35 18mer (Figure 3C). The site 35 hairpin, with
with the E2C domain shows only a small UV absorbance a stem corresponding to the 18mer sequence, shows an
change (Figure 3A). expectedly high thermal stability, and fits in the overall

Thermal denaturation of site 35-18 shows a cooperative correlation between affinity and stability. The 80mer that
transition with a totalAys change of (6.0+ 0.1) x 1073 showed an affinity identical to that of site 35-18 exhibits a
unit at 25°C (Figure 3B). This means that, upon binding, decrease in stability with respect to the 48mer, by a2
the a-DNAb causes a change in UV absorption of the DNA, difference in theT, (Table 1). This somehow unexpected
and therefore base unstacking, corresponding to 40% of theresult suggests the requirement of lower stability, in particular
change caused by thermal denaturation. An evident premelt-in the central and flexible region of the E2 site, and uncovers
ing, noncooperative transition is observed upon denaturationa link between DNA stability and binding affinity. However,
of site 35-18, which we ascribe to local melting of the central the lower stability of the shorter 10- and 12mers is not
AAAT sequence15). The total absorbance change produced translated into higher affinity, stressing the contribution of



6222 Biochemistry, Vol. 42, No. 20, 2003 Di Pietro et al.

Table 1: DNA Binding of Different E2 Site Duplexes to ED-10
a-DNAb
Tm AAbs at 260 nri
DNA Kp? (NM) (°C) (% of total melting)
35-18 hairpin 19.5:1.0 >95 ND? ..?
BPV1-18 112+ 5.0 b ND¢ o
7450-18 2.4+ 1.1 NDe® NDe® °a
50-18 14.0+ 1.8 57 NI¥ =
35-10 10.0+ 0.7 29 65 (O]
35-12 2.3+ 0.3 38 50 =
35-15 2.3+0.1 45 43 ©
35-18 08:01 55 39 o
35-19 1.5+0.2 57 29
35-23 2.1+ 0.4 65 22
35-26 6.2+ 0.5 69 22
35-36 16.1+1.4 70 18 , . . . .
35-48 19.4+ 1.7 75 15
35-166 18.1+ 1.3 86 N> Wave|ength (nm)
35-18-A10G/A 1.8+0.2 ND? NDe®

aThe stoichiometry is 1:1 for all sequences that were te$t€tis
DNA displayed a complex transitiof Data from refll. ¢ The 35-18
duplex with a mismatch (A10G) in the spacer region of strand A: GTA
ACC GAA GTC GGT TGA.©Not determined.

sequence recognition in addition to low duplex stability. The
166 bp fragment follows the overall trend of stability, affinity,
and length, only interrupted by the 80mer duplex. It remains
to be established how new sequence information added from
the 48mer to the 80mer is capable of generating long-range ;
interactions leading to lower stability in the E2 site, and how
these revert in a longer fragment.

DNA Binding by a-DNAbs Is Insensié to Salt Effects.

Difference

Most protein-DNA equilibria are sensitive to changes in 2 - -
salt concentration; typically, their affinities decrease as the 1 L L & . \
salt concentration is increased, since electrostatic interactions 260 270 280 290 300
contribute largely to the overall stability of proteiDNA Wavelength (nm)

complexes_ 16)% Thﬁ Ioggnfg)g\f Ap_lot OfKE.’ Versﬁs salt FiIGURe 2: Analysis of free and bound DNA conformations by near-
concentration for the ED- Interactions shows a  yy circular dichroism. Site 35-18 DNA was incubated ati in

negligible slope, indicating insensitivity to salt effects (Figure 25 mM Tris, 150 mM NaCl, and 0.1 mM DTT (pH 7.4) at 26)
4A). Since changes in tryptophan fluorescence might be and at 85°C (@), or complexed with equimolar concentrations of
hampered by high ionic strength, we used an alternative E2C (), ED-10 @), or ED-84 @). In the wavelength window

: ; ; ; that was used (255305 nm), the contribution from amino acid
method to confirm this unexpected behavior. We carried out aromatic residues is low compared to that of the DNA bases, and

bindi_ng experiments in solution in which the DNA-bound ;a5 subtracted39). (A) Near-UV CD spectra. (B) Difference
species (E2C, ED-10 a-DNAb, or ED-84 a-DNADb) were spectra, with the site 35-18 DNA spectrum subtracted.

detected via an ELISA-based method using biotinylated DNA
and streptavidin (Figure 4B). Both a-DNAbs remained bound but a more favorable entropic component (Table 2). There
at the highest salt concentrations that were tested. In contrastappears to be a compensating entref@nthalpic effect,
sodium chloride concentrations of 0.5 M were enough to which results in binding free energies within the same range.
dissociate the E2C domain completely from the DNA, in  Since the protein concentrations and the binding affinities
excellent agreement with fluorescence polarization experi- were high in the temperature range of 2&D5 K, only the
ments in solution (Figure 4B, inset). binding enthalpies were determined in this range. The ITC
Thermodynamic Characterization of DNA Bindirigo- results are shown in Figure 6, in which plots of the binding
thermal titration calorimetry (ITC) provides a direct mea- enthalpies for each titration as a function of temperature are
surement of thermodynamic parameters associated withshown. The binding enthalpy of E2(DNA interaction is
protein—DNA interactions 17, 18), allowing a comparative  temperature-dependent with a negative heat capacity change
dissection of the DNA binding mechanism of the a-DNAbs (AC,) as expected for typical highly complementary and
and E2C domain. The steep change in the exothermic peakspecific proteinr-DNA interactions {9, 20) (Table 2);
areas confirms a very tight DNA binding by the a-DNAbs however, both a-DNAbs display positiveC, values (Figure
(Figure 5) as well as the E2C domain (not shown). The DNA 6). There are several sources of heat capacity changes in
binding enthalpy for E2C is 5 kcal/mol more exothermic than biochemical processe21), and it is generally accepted that
those for ED-10 a-DNAb and ED-84 a-DNAb (Table 2). the major contribution comes from changes in the level of
While the E2C-DNA interaction makes favorable enthalpic  exposure of the binding surface area to solvéit 22) from
and unfavorable entropic contributions to the free energy, either folding, binding, or processes where local folding is
both antibodies show a less favorable enthalpic componentcoupled to binding Z0). Several groups have developed
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~ 0 Ficure 4: a-DNAb—DNA interaction is insensitive to salt effects.
< f b E (A) Dependence of ED-10 a-DNAD affinity for site 35-18 on buffer
: ° NaCl concentrations, measured by Trp fluorescence changes. The
5F . protein concentration was 10 nM. (B) Effect of NaCl on DNA
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8% 4 50 6 70 80 %0 100 concentration on fluorescence anisotropy of fluorescein-modified
Tm (°C) site 35-18 in complex with equimolar amounts of E2C.

Ficure 3: Changes in DNA conformation from UV spectroscopy:
DNA denaturation and correlation between duplex stability and very fast, often diffusion-controlled processes, facilitated by

binding affinity. (A) Site 35-18 (100 nM) absorbance change pro- g|ectrostatic steering between the polyanionic DNA and the
duced by ED-10 a-DNAb®) or E2C ©) binding. The inset shows . e . - .
the signal-to-noise ratio for thé,s, measurements. (B) Melting basic recognition Interf_acgs in DNA blpdl_ng prote!ns_ AS
curves for site 35-18@) and site 35-48 @) at 100 nM. (C) expected for a very basic dimeric DNA binding protein, E2C
Relationship between ED-10 a-DNADb binding affinity and oligo- binds extremely fast to the 18mer site 35 duplex, witha
nucleotide stability Tm). Symbols are the same as in Figure 1C. of 1.5 x 1° M~1s%, and ED-10 a-DNADb binds 4 orders of

] ] . o magnitude more slowly to the same duplex (Figure 7).
algorithms which assign an average contribution from apolar ajthough the kinetic binding mechanisms are likely to be
surface area taC, of approximately 0.4 cal mot K~ A2 more complex, at 0.&M, the half-life for a-DNAb binding
According to this, the E2EDNA complex would bury 2600 4 pNA is 10 s, versus a value of 0.007 s for the viral DNA
A2 in fairly good agreement with the value of 330G A binding domain.

calculated from the structure of the homologous BPV domain

(13). Using the same algorithm, the a-DNABBNA com- DISCUSSION

plexes would be exposing, rather than burying, 116®#A

apolar surface area. In agreement with spectroscopic results, We have obtained anti-double-stranded DNA monoclonal

the antibody-bound DNA could distort the DNA in such a antibodies against the DNA binding site of the transcriptional

way that base aromatic rings are exposed to the solvent, orregulator E2 from human papillomavirus (HPV-16), and

unlikely large local folding events at the antibody binding these were shown to discriminate specific double-stranded

site are taking place. DNAs from nonspecific double-stranded DNAs and single-
a-DNADbs Bind DNA at a Much Slower Rate than the E2C stranded DNAs with factors ranging from 125- to 20000-

Domain.Kinetics of protein-DNA interactions are typically ~ fold (11). Anti-double-stranded DNA autoantibodies exhib-
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= ] ] fits are presented in Table 2.
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FiGuRE 5: Isothermal titration calorimetry of E2C and a-DNAbs 8 i / ]
binding to DNA. (A) Titration of ED-10 a-DNAb with site 35-18. 8 o6} : -
Aliquots (10 L) of a 0.39 mM DNA solution were gradually 7] [ I E2C ED10 ]
injected into 0.024 mM ED-10 at 314 K. Similar procedures were £ 04l - ]
carried out for ED-84 Fab and E2C. (B) Binding isotherm for the g i r 1
titration shown in panel A with the heats of DNA dilution subtracted [T L - 1
from the observed heats. The line is from a fit of a simple 1:1 02 N ]
binding model to the results. This fit yielded a stoichiometry of i I i
0.844+ 0.01, a binding enthalpy of8.5+ 0.1 kcal/mol, and &p o ' o .
of 33+ 2 nM (AG = —10.8 + 0.2 kcal/mol). The calculated [ 1 1 1 1 L L
binding enthalpies are displayed in Table 2. 0.001  0.01 0.1 1 10 100
Time (sec)

Table 2: Thermodynamic DNA Binding Parameters

temp AG AH TAS AC,
protein (K) (kcal/mol) (kcal/mol) (kcal/mol) (cal moltK™1)

Ficure 7: DNA binding rates of E2C and ED-10. Kinetic DNA
binding experiments were carried out using SX 18MV stopped-
flow equipment from Applied Photophysics. E2C at 200 nM was
mixed with fluoresceinated site 35 DNA4@) in equimolar

Egga ??81285 _1_3'1 :ig%i 82 _Z'Ei 0.8 :g?gi gg concentrations, and fluorescein fluorescence was followed. For ED-
ED10 303' 1 —-124 —10'0i 0'1 244 0.1 951+ 16 10 a-DNAb, a 1:1 mixture of 200 nM antibody and unmodified
ED84 3012 —117 —-104+01 13+01 90+ 29 site 35 DNA duplex was mixed, and the tryptophan fluorescence

change was followed. In both cases, the data were fitted to a second-
order equation with an exponential ter#l) with k. values of

1.5 x 10°and 1.0x 105 M1 s! for E2C and ED-10 DNA
binding, respectively.

anverse titration, i.e., gradual addition of E2C protein to DNA.

ited low affinities, and little discrimination capacity,(8).
Moreover, it is not yet clear which antigenic sequence elicited potential to recognize the site 35 DNA sequence in the
them. Although there is no direct link to autoimmune context of larger genomic fragments.
pathogenesis, the a-DNAbs presented here are the first The a-DNAbs are capable of discrimination of single-base
example of a specific and high-affinity response to a changes present in the central region, defined as flexif#e (
predetermined double-stranded DNA target. The recognition Among the two natural HPV-16 E2 sites, the antibody
mechanism is radically different from that of natural DNA exhibits a lower affinity for site 50, which includes a®
binding proteins and appears to have no similarities with that pair instead of a 7A pair (see Figure 1A). A bovine virus-
of the pathogenic a-DNA autoantibodies. derived sequence, used in crystallographic studies of the
ED-10 a-DNADb is able to recognize a sequence of the E2 BPV1-DNA complex (3), bears an ACGT sequence
site 35 duplex with as few as 10 bp, wittKg of 10 nM, a instead of an AAAT sequence in the central region, and its
still rather high affinity compared with those of nonspecific affinity approaches nonspecific binding (Figure 8).
duplexes (Figure 8). The highest affinity that is displayed is A link between stability and affinity for the specific DNAs
toward the reference antigenic sequence, where we consideis clear for the hairpin single-stranded oligonucleotide with
optimal length recognition an additional indicator of the a stem that mimics the 18mer site 35 reference duplex.
specificity of the a-DNAb. The affinity is therefore optimized Although the sequence presented for binding is equivalent
for the 18mer sequence, but it binds with overall high affinity to an 18mer double-stranded DNA, tiig of the hairpin is
to the DNAs of different lengths that include the E2 site 35 at least 40°C higher and the&{, changes to 20 nM. The
sequence (Figure 8). These a-DNAbs clearly have the 48mer duplex displays a similar affinity value and a of
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6 F T T ] DNA duplex corresponding to 40% of the absorbance change
o produced by full thermal denaturation. A noncooperative
premelting transition in the thermal denaturation curve
51 4 indicates local DNA melting most likely in the central AAAT
sequence of site 35-18%). Therefore, combining CD and
UV absorption results, we have shown that the DNA
1 undergoes a large structural change upon binding to the
a-DNADbs, involving extensive base unstacking.

A reduction in the DNA binding affinity with increased
salt concentrations is typical of sequence specific DNA
binding and is related to counterion release from DIRA)(
2L ) ] A unique exception is the binding of the TATA box binding

protein (binds DNA at high salt concentrations) from the
b hyperthermophilic archaedPyrococcus woesgivhich lives
1t . in highly saline conditions25). The a-DNAbs bind DNA

00 o tightly at up to 1.2 M salt, in clear contrast with the E2C

o domain. The effect of salts on a particular equilibrium is

L d 7 the result of polyelectrolyte, Hofmeister, and osmotic effects

1l ) . (26). Despite these individual contributions not being clearly

10 100 separable at this stage, electrostatic interactions do not play

DNA length (base pairs) a significant role in the a-DNABDNA interaction, the

Ficure 8: Difference in the free energy of binding of ED-10 opposite of what is usually observed for natural DNA binding

a-DNAD to different DNA duplexes. Thips from Table 1 were  Proteins. Inspection of the CDR regions in H and L chains

w
|

Ommm O G
1

AAG (kcal mol'1)
@a
°
°
[ ]

converted intoAG values AG = —RT In K), and the energy  of both antibodies does not reveal the presence of an excess
difference between each duplex and reference siteA263) was of positively charged residues as proposed for autoimmune
plotted vs DNA duplex length on a logarithmic scal®) §ite 35- 5 pNA antibodies 27, 28) and normally found in natural

10 to site 35-166 duplexes (see Table 1), (gray circles) from top to DNA binding domains ). Strong Coulombic interactions
bottom, 35-18 hairpin, 50-18, and 7450-18 duplex&y, BPV1- 9 - g

18 site, @) from top to bottom, EBNA, HPV-16-2300, CRE, and between a-DNAbs and the DNA polyanion are clearly not
ARC 18mer duplexes,[{) single-stranded DNAs, from top to  involved.
bottom, site 35-A, ARC, and HPV-16-2300. Salt concentrations in the molar range are also expected
i o . ) to reduce the thermodynamic activity of wat&6). The
75 °C. The high affinity for the 80mer duplex is quite jnsensitivity of the a-DNAB-DNA interaction to solute
surprising, as is the lower stability of this duplex to thermal effects suggests that there are fewer water molecules involved
denaturation, with & that is 12°C lower than that of the i thjs interaction than in the E2DNA interface [there are
shorter 48mer. In addition, the tryptophan fluorescence »g water molecules present in the BPV-E2NA complex
change in the a-DNAb upon binding of the 80mer is (13)] and that any water molecules that remain must be
maximal, correlating with tight binding (Figure 1C). Inany  strongly bound. On the basis of the insensitivity to salt
case, both the HPV-16 site 50 and BPV1-derived 18mer gffects, we rule out cation release from the DNA polyanion
duplexes exhibit different aﬁ|n|t|e§ despite the similar length. 55 the source of positive entropic change. Our hypothesis is
We propose that the lower stability of the DNA cooperates that the main component in the favorable entropic contribu-
with sequence recognition in producing the highest binding tjon is the hydrophobic effect, i.e., the release of ordered
affinity. Although the hypochromicity caused by Fab binding \yaters from the hydrophobic surface of both antibodies and
to the DNA would suggest five to seven melted base pairs, pNA. However, we need to accumulate more evidence to
we do not have enough information to ascertain a behaviorpro\,e this hypothesis. The HCDR3 of both antibodies bears
identic_al to that of a full thermal melting of the _DNA. The  four aromatics out of nine residues, which supports this
alteration in the DNA structure appears to be independent hynothesis 11). Such a possibility requires a strong interac-
of the length, but the local stability of the unstacked region tjon of the a-DNAb binding site side chains with the DNA
will be influenced by the number and sequence of flanking pase aromatic rings, and must involve a substantial confor-
base pairs. mational change. This agrees with our CD and UV absorption
Loss of hydrogen bonding and hydrophobic interactions results indicating structural changes in DNA, and with the
in DNA results in conformational changes which may correlation between high affinity and local melting in the
ultimately lead to dehydration and unstacking. Water plays central A/T rich region. This “opening” of the DNA duplexes
a key role in DNA stabilization in solution, and both the favoring recognition would suggest that the antibodies could
removal of ordered waters and the exposure of aromaticat least in part recognize single-stranded DNA. However,
hydrophobic base rings must impose a distortion on the the high-stability duplexes that were tested, and in particular
DNA, in agreement with the circular dichroism results, those with>18 bp, are unlikely to be dissociated into single
showing a resemblance between a-DNAb-bound DNA and strands. This is also true for the hairpin with a stem that
thermally denatured or methanol-dehydrated DNA. In ad- mimics the 18mer duplex.
dition, while E2C causes a minimal change in UV absorption  Single-stranded DNA oligonucleotide ligands were se-
at 260 nm upon binding to DNA, in agreement with lected from random libraries as high-affinity binders for lupus
structures of E2DNA complexes 12, 13, 23), ED-10 autoantibodies 29). One of these antibodies, 11F8, was
a-DNADb causes an hyperchromicity in the 18mer site 35 shown to discriminate a particular selected sequence from
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other single-stranded ligand8)( ssDNA binding by this between thymine base42). The unstacking of bases in the
antibody was largely enthalpically driven, with an unfavor- duplex DNA caused by the a-site 35 DNA antibodies could
able entropy term, contrary to the anti-double-stranded DNA well be linked to similar aromatic side chaibase interac-
antibodies we now describe. In addition, they exhibited a tions. While neither sequence of the a-site 35 DNA antibodies
negative heat capacity change as seen in natural protein is similar with those of the CDRs of BV04-01 and DNA-1,
DNA interactions, but not in the a-DNAbs we descrilié)( the participation of hydrophobic interactions with DNA bases
We propose that the structural change in the DNA with appears to be a common theme. However, the anti-E2 DNA
substantial base unstacking, in combination with local strand antibodies are completely insensitive to ionic strength, and
separation of the specific site 35 DNA duplex, leads to an the thermodynamic parameters are slightly different, in
increase in exposed surface area, providing an explanationparticular theTAS term.

of the unusual positivAC,. However, other as yet unknown The a-DNAbs specifically bind to the E2 site 35 DNA
sources of AC,, in addition to surface area, must be sequence within duplexes of different lengths; however, they

contributing to this particular phenomenazil( 30). recognize the target sequence through a strategy completely
A detailed thermodynamic analysis of DNA melting different from that of the E2 protein. The results presented
revealed that this process is accompanied by a pogiie here indicate that binding of site 35 DNA to its natural

with an average value of 64 cal mélK ! per base pair for  partner, the HPV-16 E2C domain, (i) is predominantly
mainly polyd(ATY)polyd(AT) duplexes 1). The antibody- enthalpically driven with major contributions from hydrogen
bound DNA displays an average value of 9.1 cal mhéd 2 bonding, either directly or water-mediated, as well as
per base pair, so if one assumes a burial of amino acid electrostatic components, (ii) retains the native B-conforma-
residues on the antibody surface that will contribute nega- tion in the DNA, (iii) shows a negativ\C,, typical of
tively [with a conservative average estimate of 10.0 caltol  specific protein-DNA interactions and normally ascribed
K~1 or 52 A2 per residue 32)], there must be significant  to burial of surface area, (iv) displays an expected high
deviation from the duplex B conformation in the bound sensitivity to salt effects, and (v) displays a very fasiL(®
DNA, the structural basis of which remains to be determined. M~* s7%) association rate, in agreement with an electrostati-
The association rate for the a-DNAIDNA interaction is cally assisted diffusion-controlled collision.
4 orders of magnitude lower than that of the -H2NA On the other hand, the specific a-DNADNA interaction
complex, which is above the limit for a diffusion-controlled (i) has a favorable entropic component in addition to the
reaction typical of an electrostatically favored collision. In enthalpic contribution, (ii) is insensitive to high salt effects,
agreement with the equilibrium spectroscopic and thermo- indicating a lack of Coulombic contribution and minimal if
dynamic results, the slower on-rate for the a-DNADNA any water-mediated interactions, possibly with a low hydro-
interaction suggests a substantial rearrangement in the DNA,gen bonding component, (iii) requires a substantial confor-
increasing the energy barrier to overcoming the transition mational change in the bound DNA that resembles more
state. However, antibody interactions with protein antigens closely a denatured or dehydrated form than the classical
are usually not much faster than®:A.®* M1 s (33). One B-conformation, (iv) displays an unusual positiveCy,
can speculate that antibodies do not require faster on-ratesuggesting a certain degree of surface exposure rather than
for the in vivo interaction with macromolecules, and burial, and (v) binds 4 orders of magnitude more slowly than
therefore, kinetic maturation beyond those limits is not the E2C, suggesting structural rearrangements in the form
necessary. In addition, a-DNAbs do not make use of of local opening of the DNA double helix preceding or in
electrostatic interactions as a main source for the stabilizationparallel with the binding collision.
of ground and transition states for DNA recognition. A The results presented here, together with the structural
detailed examination of the kinetic mechanism will allow information from the homologous bovine proteiDNA
us to dissect the precise order of events of a-DNBINA complex, indicate that, while the natural HPV-16 E2C
binding. domain uses a direct readout mechanism for DNA recogni-
A recent thorough investigation of the kinetic binding tion (3, 34), the antibody strategy appears to be a distinctive
mechanism of the 11F8 autoantibody and its selected single-case of specific indirect readout with a severe distortion of
stranded DNA ligand showed a slightly faster association the classical B-DNA double helix. As a consequence, the
rate for the reference 11F8-WtDNA sequence® (0 s™1) complementarity in the specific antibodPNA interface
with respect to the a-DNAbs, proposed to be driven by would be mediated by hydrophobic interactions predominat-
electrostatic steeringl(). Therefore, although there are a ing over the typical hydrogen bonding and water molecule
few common features between the a-DNAbs and the anti- pattern in conjunction with a strong electrostatic component
single-stranded DNA autoantibodies, their recognition mech- in naturally occurring proteirDNA interactions. Consider-
anisms differ substantially. ing that the architecture of antibody binding sites did not
While there are more than 500 proteibNA structures, evolve for DNA binding for gene regulation purposes, the
there are only two structures of antibodies bound to DNA, recognition mechanism characterized here perhaps represents
the 2.7 A BV04-01-dT3 (42) and the 2.1 A DNA-+dT6 a strategy through which the immune system could recognize
(43) complexes. The latter recognizes primarily the DNA DNA tightly and specifically as an antigen. Detailed atomic
bases, while the former recognizes the backbone. Despitestructures and further thermodynamic binding analysis will
the low affinity of the ligand, the DNA-£dT6 complex shed light on this puzzling novel proteifidDNA recognition
provides relevant details about how the recognition of DNA interface.
bases takes place. The thymine bases are stacked betwee
tyrosine residues from both heavy and light chaid8),( ACKNOWLEDGMENT
whereas BV04-01 uses a tryptophan-tyrosine pair to stack We thank Robyn Stanfield for helpful comments.
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