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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. (B6dhemistry 40
2911-2922; Beckingham, J. A. and Glick, G. D. (20(Bipoorg. Med. Chem. 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 (10, 11, 12), their complexes with DNA ligandslg, 14),
proteinnucleic acid recognition is of fundamental importance and the kinetics15) and thermodynamicd.6—19) of DNA
for developing a better understanding of cellular regulation. binding. In experiments using synthetic DNA homo/hetero-
Antibodies that bind nucleic acids provide a unique model polymers and high molecular weight nucleic acids as test
system to characterize nucleic acid-binding proteins. All antigens (e.g., plasmids or genomic DNA), it has been
antibodies possess a conserved structural framework; antigemetermined that anti-DNA recognize either ssDNA, dsDNA,
specificity is defined by small variations within the comple- or cross-react between both forms of DN2, @, 20). In
mentarity determining regions (CDRsh the binding site addition, experiments have demonstrated that anti-dsDNA
(2). Therefore, antibodies can be used to study how definedcan possess considerable binding specificit§, @1). For
changes in sequence can affect ligand recognition. Antibodiesexample, Herrmann et al. have found that human SLE sera
that bind DNA (anti-DNA) are also of interest from a clinical enriched for anti-dsDNA preferentially bind certain duplex
perspective, as they are a prominent serological hallmark of sequences, possibly in a sequence specific fast#2n In
the autoimmune disorder systemic lupus erythematosusaddition, several laboratories have found that lupus anti-
(SLE) (2). Moreover, a subset of anti-DNAs are also ssDNA are often base specific, recognizing one homopoly-
pathogenic: they bind DNA adherent to the glomerular mer in preference to others (typically polyT, 6, 17, 19,
basement membrane in the kidney and incite an inflammatory 23). From both a structural and thermodynamic perspective,
response (known as lupus nephritis or glomerulonephritis) some aspects of this binding are similar to that seen for other
resulting in renal damage). At present, however, there is ssDNA-binding proteins such as the phage T4 gene 32
no basis a priori to differentiate pathogenic anti-DNA from protein and the phage M13 gene 5 prote2d-28).

those that are benigr2,(4, 5). In previous experiments, we generated a panel of anti-
The in vitro binding properties of monoclonal anti-DNA  sspNA monoclonal autoantibodies (mAb) from an auto-

have been extensively investigat®d-Q). These studies have  jjmune MRLIpr mouse 29). One mAb from this panel,

started to reveal such features as the structure of anti-DNA11Fg is pathogenic; it localizes to kidney tissue by binding

to DNA adherent to the glomerular basement membraée (
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C, Ty, Construction Cloning, and Expression of sc11F&on-
G Ty struction of sc11F8 was performed by overlap extension PCR
G7 CIZ . . . .
T, AL (37) of Vi and W cDNA with the 14-amino acid linker
C, G, $.CGTGCTGTTTTTTTTTG,- T7 (202: EGKSSGSGSESKST) with restriction enzyme sites
G, incorporated at the'sand 3 ends (Ncd and Notl, respec-

As Tis tively) for ligation into pET-28b¢-). Oligonucleotides used

C. G, 5 GACT(GACT),.GAC NS in PCR reactions were synthesized by the solid-phase
VZERN phosphoramidite method, on a Millipore Expedite 8909
S 3 DNA/RNA synthesizer using standard protocols as previ-

ously described209).

Ficure 1: DNA ligands used in binding studies. Binding site Followina amplification by PCR. the single-chain product
selection experiments were conducted with 11F8 and 55-nucleotide- g P y ' 9 P

long ssDNA constructs possessing a seven-nucleotide-long randon{NCd'VL'zoz'VH'NOﬂ) was purified by electrophoresis in
insert 31). DNA of known sequence designed to prevent formation agarose gel (1.5%) and recovered. with QIAGEN G'elExtraC—
of stable secondary structure flanked the random redida.the tion Kit (QIAGEN Inc., Santa Clarita, CA). After digestion

consensus sequence obtained from these experimgftsAd- with the restriction enzymelNcd and Notl (New England
ditional nucleotides flanking the stem-loop are not shown (repre- giglaps Inc., Beverly, MA), the single-chain was ligated into

sented as-) and are part of the PCR primers used in the selections. .
Mutations produced during PCR amplification at multiple sites Nca/Not cut pET-28b(+) vector (Novagen, Madison, WI).

within the constant region afforded a stable secondary structure The construct was ligated in-frame with the C-terminal (Klis)
that was selected for by 11F8. Tiv, positions 3, 8-14, and 16 of sequence present in the vector to allow for protein identifica-

1 are replaced with T. tion and purification. Correct clones were identified by
- ) restriction analysis followed by small scale protein expression
recognition contacts, whereas the bases in the stem duplexjn E. coli strain BL21(DE3).
including the bulge, serve only to preorganize the recognition | 5rge-Scale Expression and Isolation of sc11F6r large
elements of (due to fraying at the stem-loop junction, 8C  scale expression of sc11F8, an overnight culture in LB (10
possesses single-strand character, as evidenced by NMR, anﬁlﬂ_) containing kanamycin was used to innocaldt L of
its reactivity to single-strand specific footprinting reagents; media. Cells were grown at 3T until ODsgo = 0.6, at which
16, 31). Binding of Lis enthalpy-driven, opposed by entropy,  point protein expression was induced by addition of isopropy/
and accompanied by a negative change in heat capacity. Th&._p.thiogalactopyranoside (IPTG) (to 1 mM final concentra-
thermodynamic driving force for sequence-specific recogni- tion). After 3 h at 37°C, cells were centrifuged for 15 min
tion is the release of incompletely hydrogen bonded water ¢ 600Q at 4°C.
molecules from the hydrophobic binding site, concomitant  |sojation of sc11F8 from the insoluble bacterial pellet was
with the formation of two salt bridgesl, 16). _ performed by addition of lysis buffer (50 mM Tris, pH 8, 1
Here we present the results of site-directed mutagenesisy\ EDTA, 200ug/mL lysozyme, 0.1 mM phenylmethane-
experiments designed to elucidate the role of basic andsyfonyl fluoride; 2 mL per L of cell culture), followed by
hydrophobic residues in sequence-specific, noncognate, andpnjcation (3x 10 s). After centrifugation for 30 min at
nonspecific binding. Because the sequence a}nd structure .ofzo 00@y, cell pellets were resuspended in lysis buffer (1.5
1 are closely related to DNA antigens present in human anti- m_ per L culture), sonicated, and centrifuged for 30 min at
DNA-DNA complexes 83) and 11F8 is glomerulotrophic 20 0oay. Cells were then resuspended in lysis buffer (1.5
(30), this system provides an anti-DNA mABNA model | per L of culture) containing Triton X-100 (0.5%),
relevant to human lupus. Characterization of this system centrifuged for 15 min at 20 0@0 The last step was then
could therefore provide insight to advance diagnosis (e.g., arepeated without Triton X-100. The pellet was solubilized
basis to differentiate pathogenic anti-DNA from those that ;, guanidine-HCI (6 M) in Niz* column binding buffer (50

are benign) and treatment (e.g., a means to interfere withyv K ,HPQ, pH 8, 300 mM NaCl; 2 mL per L of culture),
anti-DNA-DNA interactions) of lupus. Moreover, while @  gopjcated (3x 10 s), placed on ice for 1 h, and then

number of sequence-specific SSDNA binding proteins have centrifuged for 45 min at 25 0@0 The supernatant was
been reported (e.g34, 35), comparatively less is known  gecanted, diluted 1:1 with Rii column binding buffer, and

about the structural and thermodynamic basis for sequenceijtered through a 0.45M syringe filter (Millipore, Bedford,
discrimination relative to dsDNA and RNA binding proteins. ).

From a more fundamental standpoint, therefore, 11F8 Tphe supernatant was added to2Niresin (1.0 mL)

represents a unique model to probe mechanistic aspects o{Q|AGEN Inc., Santa Clarita, CA) that was preequilibrated
sequence-specific ssDNA interactions. with guanidine-HCI (6 M) in Ni2* column binding buffer.
The resin was then washed with 10 column volumes of
MATERIALS AND METHODS binding buffer containing guanidireHCl (6 M) and imi-
Plasmids, Bacterial Strains, and Mediahe pET-28b- dazole (5 mM) and then with 10 column volumes of binding
(+) vector (Novagen, Madison WI) was used for cloning buffer containing guanidineHCI (6 M) and imidazole (20
and expressiorkEscherichia coli(E. coli) strain DHS was mM). The sc11F8 protein was eluted from the column with
the host for manipulation of plasmids, and BL21(DE3) strain binding buffer containing guanidireHCI (6 M) and imi-
was used for T7 polymerase-driven gene expressd@h (  dazole (250 mM). The protein was refolded by rapid dilution
In all procedures, LB medium was used, and kanamycin (30 (1:200) into DNA binding buffer (50 mM KHPQO,, pH 8,
ug/mL) (Boehringer Mannheim, Indianapolis, IN) was added 150 mM NacCl) for 36 h at £C.
for growth and expression in both DelSand BL21(DE3) The sc11F8 protein was concentrated (to ca. 10 mL) using
strains. an Amicon Ultrafiltration stirred pressure cell (YM10
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membrane; Millipore, Bedford, MA), and added to single- in terms of number of ionic interactions present in the

stranded DNA agarose matrix (1 mL) (Gibco, Rockville, complex, as previously describetio( 42, 43). The overall

MD). The resin was washed with five column volumes of binding energy provided by ion release was estimated using

DNA binding buffer, and the protein was eluted from the eq 1 é4):

column with DNA binding buffer containing NaCl (2 M)

and immediately exchanged into 50 mMH®PO, pH 8.0, AGigp reiease= —(a+ ) RTIn [MX] (1)

150 mM NaCl by dialysis. Protein purified with this o o

procedure was>98% pure on the basis of SDPAGE where the coefficienta + ¢) represents the stiochiometry
Construction of sc11F8 MutantShe sc11F8Ncd —V — Osmotic Stress and Polarity Experimerftsr the polarity

202-Vi;—Notl) in pET-28b@-) was used as the template for and osmotic stress experiments, fluorescence titrations were

mutagenesis. PCR methodology was used to incorporate s£onducted in buffer containing-420% (w/v) methanol,

single amino acid substitution into the wild-type sequence €thanol, and 1-propanol (Sigma, St. Louis, MO). Osmolal

using the “megaprimer” metho®8). Following amplifica- concentrations were calculated from the solute weight percent

tion, mutant PCR products were purified, ligated, and trans- Using published tablestf).

formed as described for the wild-type construct. Successful ~Footprinting sc11F8 and MutaridNA Complexesl1F8

incorporation of the mutation was confirmed by DNA and 3 %P end-labeled DNA were incubated in buffer (10

sequencing. Large-scale expression and purification weremMM Tris, 150 mM NaCl, pH 8) containing dA as a

performed as described for the wild-type protein. nonspecific competitor (&M). In these experiments, excess
Guanidine-HCI Unfolding of Wild-Type sc11F8 and Protein was used to ensure that all DNA was bound.
Mutants Protein samples were equilibrated foh at 25°C Potassium permanganate (KMgOor dimethyl sulfate

in denaturing buffer (20 mM Tris, 150 mM NacCl, pH 8.0) (DMS) footprinting was then performed and the data
with guanidine-HCI (Pierce, Rockford, IL) ranging from  @nalyzed as previously describezb(46).
0.1 to 6 M. The intrinsic tyrosine and tryptophan protein RESULTS
fluorescencedex = 280 NM;Aemm= 338 Nm; 16 nm emission
band-pass) was then measured as a function of guanidine  Selection of MutantsThe goals of this study were to
HCI concentration. Each value was corrected for the back- identify the residues on 11F8 that mediate sequence-specific,
ground fluorescence signal at each concentration of guaridine noncognate, and nonspecific recognition of ssDNA and the
HCI. The fraction of unfolded protein was calculated as contribution of these residues to the overall binding thermo-
previously described3@). The free energy of unfolding in  dynamics. Mutagenesis experiments initially focused on the
the absence of guaniding¢iCl and concentration of guani-  Vy of 11F8 since residues within the heavy chain CDRs of
dine at which half the protein is unfolded;,, were anti-DNA antibodies are generally more important to antigen
determined by assuming a linear extrapolation mo@8). ( binding than those in the {17, 47—49). To avoid introduc-
Steady-State Fluorescence Affinity Measuremdfitso- ing gross structural changes into the ssDNA antigen binding
rescence measurements were carried out on a Spectronic AB2ite, residues that maintain the canonical structure of the
fluorimeter equipped with a magnetic stirrer and thermostat CDRs (excluding HCDR3) or that participate in CBRDR
cellblock as previously describeti§). In short, sc11F8 was interactions were not chosen for mutagenes@.(Analysis
diluted into titration buffer (20 mM Tris, variable [MX],  of the 11F8 germline gene sequence reveal two somatic
temperature, and polarity) and allowed to equilibrate at the mutations,"*FW1* and S3'HCDRIR® (51, 52). The valine
desired temperature. The intrinsic protein fluoresceagg( to alanine mutation is a conservative change in the framework
338 nm; 16 nm emission band-pass) was measured as aegion and is not expected to effect antigen recognitign (
function of added DNA. In general, titrations for wild-type However, because S31R is in a hypervariable region, this
scl11F8 and tight binding protein mutants used 280 nm mutation may alter the affinity and/or specificity for DNA
excitation wavelength, while weakly binding protein mutants and was chosen for analysis.
used 285 or 290 nm excitation wavelength. Dissociation Sequence-specific binding df by 11F8 is driven by
constants were obtained from fluorescence intensity valueshydrophobic interactions between nonpolar protein side

as previously described §). chains and ssDNA surfaces, with accompanying desolvation
van't Hoff ExperimentsBinding titrations were carried  of nonclathrate water structuresyj. Because L97 in HCDR3
out over the temperature range 5 to 35 (20 mM Tris; is the most hydrophobic residue in thg €DRs of 11F8, it

150 mM NacCl, pH 8). To correct for pH variation of the was selected for study. Sequence analysis of 11F8 reveals
buffer with temperature, separate buffers were made at theseveral tyrosine residues in the CDRs at sites previously
appropriate titration temperature. Data were plotted in van’t implicated in DNA recognition: Y32 in LCDR1, Y32 in
Hoff form (log Kops Vs 1/T) and analyzed using the Kaleida- HCDR1, Y56 in HCDR2, as well as Y99 and Y100 in
Graph software. Enthalpy values were calculated using eitherHCDR3 (13, 53—55). As such, these residues were also
the linear van't Hoff equation or a series of relationships chosen for mutagenesis. In addition, binding of DNA by
that assume constant heat capacity change, as previoushil1F8 quenches the intrinsic fluorescence at excitation
described 16, 40, 41). wavelengths of 295 nm, which suggests that tryptophan

Salt Studies Binding titrations were carried out over residues are involved in recognitiobg, 57). Although there
[NaCl] concentration range of 83100 mM and [NaOAc] are five tryptophan residues in 11F8, of§i®*HCDR1 is
range of 106-500 mM. The slope of the plot{log[Kobq located within the CDRs. Hence, it is possible that this
vs log[MX]) represents the stoichiometry of salt relea&d.( residue participates directly in binding and was also chosen
Salt release stiochiometry values in NaOAc were interpreted for mutagenesis.
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Ficure 2: Quantification of KMnQ and DMS protection footprinting. (A) sc11F8(black bars) and F(ak) (white bars); (B) sc11F&

(black bars), R31KL (white bars), and R31Q (gray bars); (C) sc11F& (black bars), Y32A-1 (white bars), and W33\ (gray bars); (D)

sc11F81 (black bars), L97AL (white bars), and Y100\ (gray bars). The data were analyzed as previously descrit@dTthe 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 £, from the same position in the compleR.J (46). A larger negative value of IR¢/F,) indicates greater protection from

KMnO,4 or DMS modification.

Upon binding to 11F8, cations are released from the phos- Table 1: Thermodynamic Parameters for 11F8 F(ab) and Sc11F8
phate backbone of ssDNA ligands. Cation release generallyBinding to 1*
results from salt bridge formation between positively charged 11F8 Ab  AG3,, AC, AHZ TAS,
residues and the DNA backbone and may be interpreted infragment (kcalmol?) (kcal mol*K=%) (kcalmol™?) (kcalmol™)
terms of number of ionic interactions present in the complex F@p) -10.8+02 -1.14+0.2 ~-18+ 3 741
(42, 58). In addition to R31 discussed above, there are four scllF8 —10.9+0.6 —0.84+0.1 -17+2 —6+1
other basic residues in the,\CDRs: “’HCDR2,*¢*HCDR?2, a AG?, values were obtained from affinities measured by fluores-
RISHCDR3, andR®®HCDR3. Previous studies of anti-DNA  cence quenching at 25C in 20 mM Tris, pH 8, 150 mM NaCl.
have emphasized the importance of arginine versus |y3ineEnthaIpy data were obtained by van't Hoff analysis over the temperature

- e - range of 5 to 35°C in the same buffer. Errors foAGg,, are the
in DNA recognition @8, 59-62). Thus, R96 and R98 were standard deviations normalized for number of trials (sotasmdard error).

chosen for study. Errors forAC, andAHg,  reflect uncertainty associated with nonlinear

Characterization of sc11E8The W and M regions of least squares regression. The errorJAS;, are standard deviations.
11F8 were cloned and expressedircoli as a single-chain ~ While it is possible that the Higag on sc11F8 promotes nonspecific
construct (designated sc11F8). The single-chain protein wasPNA binding, we believe it unlikely given how similar the binding
constructed by joining the C-terminus of, \fo the N- properties of the single chain are compared to the parent F(ab).
terminus of \{; using a 14 amino acid flexible linker,
designated “202” (EGKSSGSGSESKSTH3|. However, involved in direct ligand interaction$6, 67). Disruption of
single chain constructs do not necessarily retain the samehydrogen bonding patterns at the base of CDRs can dramati-
binding characteristics as the corresponding Ig or F(ab) cally change the conformation of the binding site, resulting
fragments §3—65). To confirm that sc11F8 retains the same in changes in affinity and specificity8, 69). The data for
binding properties as the parent F(ab), footprinting experi- R96 mutants suggest that this residue may be more important
ments and affinity measurements as a function of various in maintaining the structure of the binding site, rather than
solution conditions were conductetl. Collectively, these  interacting with DNA.
data demonstrate that the affinity, specificity, and thermo-  Mutating R98 to lysine decreases affinity fbca. 2-fold,
dynamics of binding by sc11F8 is indistinguishable from relative to the wild-type protein, whereas R98Q binding drops
11F8 F(ab) (Figure 2A, Table 1). 6-fold. These data suggest that the positive charge of R98 is

Relative Affinity of Mutant Proteins Arginine Residues involved in recognition ofl. In contrast, mutation of R31 to
To investigate the role of arginine in DNA binding by 11F8, either lysine or glutamine has a much larger effect on binding
residues R31, R96, and R98 of 11F8 were each mutated toaffinity (10- and 45-fold, respectively; Table 3). These data
lysine, which retains the ability to form a single ionic suggest that R31 contributes more to recognition than R98.
interaction, and to glutamine which completely removes the KMnO, and DMS footprinting of these mutants was per-
basic side chain (Table 2). Although R96 mutations reduce formed to determine if any of the bases bfnteract with
affinity for 1 (e.g., 63-fold for R96K), these mutants are less R31 and R98. DMS is a reagent that alkylates the N7 of
stable than sc11F8 (Table 3). R96 is first residue of HCDR3 guanine, and KMn@oxidizes the C5C6 double bond of
and is located at the base of the hypervariable region. single-stranded thymine (cytosines at the stem-loop junction
Residues at the ends of HCDR3 can be buried and notlike dC;; in 1 are also susceptible to oxidation which
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Table 2: Sc11F8 Mutarits Table 4: Salt Release Stoichiometries for Binding of Sc11F8 and
a
protein loop location Cm (M) Mutants tol
SC11F8 1.33 011 protein salt —Skabs
R31K HCDR1 0.95+ 0.23 scl1F8 NaCl 2.30.2
R31Q 1.12+0.14 NaOAc 15+0.1
Y324F HCDR1 1.40+ 0.12 R31K NacCl 2.3£0.1
Y32,A 1.35+0.11 NaOAc 1.7+ 0.2
W33F HCDR1 1.35+ 0.15 R31Q NaCl 1.4-0.1
W33V 1.30+0.21 NaOAc 1.0+ 0.1
Y56F HCDR2 1.35-0.14 R98K NaCl 2.2+0.1
Y56A 1.284+0.13 NaOAc 14+0.2
R96K HCDR3 0.52+ 0.08 R98Q NaCl 1.4:0.1
L97A HCDR3 1.51+ 0.22 NaOAc 0.6+ 0.1
R98K HCDR3 1.28+:0.16 R31Q/R98Q NaCl 0.8& 0.07
R98Q 1.49+ 0.22 NaOAc 0.14+ 0.03
zgg\':/ HCDR3 01'347ﬁ 83; a Affinity measurements were conducted in Tris buffer (20 mM Tris,
Y99A 0:671 0:11 85-300 mM NaCl, pH 8, 25°C). VaIu_es of —SKqps represent the
Y100F HCDR3 1.47 021 st0|c_h|0metry of salt release as described by Recdgl (1_nd were
Y100V 1.10+ 0.24 obtained from the slope_of plots of I_{},bsvs Ir_] [NaCl]. Errors in—SKyss
Y32,F LCDR1 1.56+ 0.21 are the standard deviations associated with slope of the salt plots from
Y32.A 1.40+ 0.14 thre separate determinations.

aEach residue chosen for mutagenesis was replaced with both a )

conservative and nonconservative residue. Protein stability was mea-0f buffer salt concentration were conducted (Table 4). The
sured in 20 mM Tris, 150 mM NaCl, pH 8 at 2% with added salt stoichiometry values for R98K, R31K, and the wild-
guanidine-HCI (0.1-6 M). The concentration of guanidir¢iCl at type protein in NaCl and NaOAc are the same, which
which half the protein is unfolded, was determined by assuminga . dicat tation to Ivsine d t effect cati ’ .
linear extrapolation model3@). C,, for R96Q mutant could not be Indicates mutation 1o lysine does not e ec_ C?_;l 1on O_r anion
determined due to instability of the protein. 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

Table 3: Relative Affinity of Sc11F8 Mutants fdf

protein  Ka(1) (nM) _ relativeKq  AG (kcakmol™) ~ AAG chains for both R31 and R98. To determine if R31 and R98
scl1F8 9.5 0.6 1 —11.0+ 0.4 0 account for the two salt bridges previously proposed for
E(sf"lb& 1%-& 8-4 éé _fg-gi 8-3 2-‘11 11F81 complex, the double glutamine mutant (R31Q/R98Q)
R31Q 410% 20 43 87105 53 was studied. Af_flnlty measurements as a function of buffer
Y32,F  10.9+0.4 1.1 ~10.9+05 0.1 salt concentration for R31Q/R98Q indicate that the salt
Y32.A  12.0+£0.2 13 —10.8+0.3 0.2 stoichiometry values for the double mutant are lower than
wgg\':/ 5351613 gg ﬂg-gi 8-3 2-? the single mutants in both NaCl and NaOAc (Table 4).
Y56F 8.8+ 05 093 111406 01 Notably, the aff|n|_ty of the doublg mutant fdr dogs not
Y56A 1141 1.2 ~10.9+0.8 0.1 change as a function of [NaOAc], indicating that binding of
R96K 5904+ 60 63 —-8.5+0.9 25 R31Q/R98Q is not accompanied by cation release. In
L97A 31+6 3.2 —10.3+0.9 0.7 addition, the percentage of binding energy attributable to
gggg 15%'.(& 8:; é:; _—18:gi 8:‘11 2:‘11' electrostatic interactions is less than 2% for R31Q/R98Q (vs
YO9F 9.7+ 0.8 1.0 ~10.94+0.8 0.1 ca. 23% for sc11F8; see eq 1). These data suggest that R31
Y99V 12149 13 -9.44+1.0 1.6 and R98 form ionic contacts to the phosphate backbone of
Y100F 5.3+ 0.3 0.56 —11.3+0.6 -03 1 and that these residues account for the two salt bridges.
%goly 43221 803 43 36 __ﬁ'gi 8'8 _g'g’ Importantly, the decrease in affinity observed for R31K
Y32,A 46+ 6 4.9 ~10.0+ 0.8 1.0 compared to the wild-type protein suggests that R31 is also

aBinding affinity was measured in 20 mM Tris, 150 mM NacCl, pH inVOIVeq in ac_ld_itional (base-specific) ligand ime'.’aCtion.S'
8 at 25°C. RelativeKq values are normalized agairtg for sc11F8. Relatve Affinity of Mutant Proteins Hydrophobic Resi-
Errors inKq are the standard error based on a minimum of three trials. dues Aromatic amino acids often play a role in stabilizing
both proteinnucleic acid and anti-DNANA complexes,
demonstrates that to some extent, they are single strandedthrough base stacking and/or hydrogen bondihd 8, 14).
16, 70, 71). In the presence of wild-type 11F8;0I T11, dCi, Therefore, Y32 in LCDR1 (Y32, Y32 (Y324) and W33 in
and dG are protected from modification by these reagents HCDR1, Y56 in HCDR2, and Y99 and Y100 in HCDR3
(see Figure 2A). Footprinting of R31K and R31Q complexes were each mutated to phenylalanine and to either alanine or
with 1 shows moderately decreased protection gf and valine (if the alanine mutant was destabilizing) to determine
T11 and significantly decreased protection of déhd dG. if they participate in ligand recognition (Table 2). Mutation
(Figure 2B). These data suggest that R31 may make specificof Y324 and Y56 to either phenylalanine or alanine does
contacts to d@-dC;, on 1. In contrast, the R98 mutants not affect binding, suggesting that these residues are not
show the same pattern and degree of protection as the wildinvolved in recognition. While affinity of Y99F forl is
type, suggesting that this does not participate in base-specificidentical to that for wild-type sc11F8, the affinities of Y99V
contacts to DNA. and Y99A are decreased. However, the stability of these two
To determine if R31 and/or R98 mediate the cation releasemutants is also decreased relative to that of the wild type,
that occurs upon binding, affinity measurements as a function presumably due to the formation of a destabilizing cavity
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(72—-74). Taken tOQ_ether’ these data _indicate tha_t th_e arornEmCTabIe 5: Stability and Cooperativity of Sc11F8 Double Mutants
group of Y99 contributes to the stability of the binding cleft.

;I'h;ﬁ, mutants of Y32 Y56, and Y99 were not characterized protein Con (M) (kfa%nf%“l"_l) (kéi%gg“f_l) (kca%n(iiol‘l)
urther.

Mutation of either W33 or Y32to phenylalanine de- SRCalllgﬁNssv 11.‘;% 8:2% 166 165 001
creases affinity<3-fold, while W33V and Y32A bind 1 R31Q/L97A  1.60+ 0.16 1.75 1.72 —0.03
ca. 6-fold weaker, relative to sc11F8 (Table 3). Footprints R31Q/R98Q 1.210.21 2.36 2.74 0.38
of W33V and Y32A complexed withl show that protection =~ R31Q/Y100V 1.33:0.16  2.39 2.95 0.56
of T;0 and Ty; is somewhat decreased compared to that of sv%%?://ﬁ%gp 1i5§1it 8'% S'ég é:gé _0551’2
the wild type (Figure 2C). Collectively, these findings suggest \w33v/y32A 1.42+0.15 0.41 0.34 —0.07
that the aromatic side chains of W33 and Y82ake modest  L97A/Y32,A 1.414+0.11 0.35 0.43 0.08
contributions to binding. Substituting Y100 with phenyl- 2 protein stability for each double mutant was measured in 20 mM

alanine does not alter affinity fat, whereas Y100V binds  Tris, 150 mM NaCl, pH 8 at 25C with added guanidineHCI (0.1-6
44-fold weaker compared to that for the wild type. This large gﬂ)-t%ingiranginity Vtvr;':lsfmeasured ir:ﬁfo mM Tfti)syt\k50 mt’\él Na_ICstDH
i~ i i °C. IS the Tree ener Iirerence petween the wild- e
_decrease may result. from unfav_orable steric interactions ScailFS and th[éMdoubIe mutant b?gdingﬂlmAGSM is the sum of thé/p
'erduced_by t_he_ valine side Cha_m' However, the Sta_b'“ty free energy difference for each of the single mutants bindirlg %G;
of Y100V is similar to that of wild-type sc11F8, which = AAGgy — AAGoy and represents the free energy of coupling
suggests that the drop in affinity results from the loss of a between the two residues in wild-type sc11F8. Due to the contributions
highly complementary recognition surface. This conclusion from weak interactions and errors associated with experimental
is also supported by footprinting experiments of Y100V I|m|ta_t|ons, coup_ll'ng free energies below ca. 1 koadl* are generally
. L . considered additive7@, 115, 116).

showing significantly decreased protection af &nd T,
relative to that of the wild-type complex (Figure 2D). Last, sequence is compared to nonspecific and noncognate ligands
changing L97 in HCDRS3 to alanine decreases the affinity (i.e., bulk DNA and sequences that contain elements of the
of 1 3-fold, relative to the wild type (Table 3). In addition, recognition site, respectively). In general, the affinity for a
footprinting experiments of the L97A complex shows  consensus sequence over a nonspecific ligardlB0-fold,
decreased protection ofgand Ty, relative to that of sc11F8 and the difference in affinity for a consensus sequence
1, suggesting that L97 may contribute to binding through compared to a noncognate ligand ofter-fold. A second
recognition of these loop nucleotides (Figure 2D). criterion to judge sequence specificity employs footprinting

Relative Affinity of Double Mutant Proteingnterpretation experiments. In footprinting experiments, specific complexes
of results from single residue site-directed mutagenesisare characterized by unique patterns of protection and
experiments assumes that the effects of substitution aremodification in the recognition site. By contrast, in foot-
localized to the mutated residu@s). However, a decrease printing nonspecific complexes, unique patterns of protection,
in binding affinity upon mutation may result from loss of and modification are not observed. Using established criteria
intramolecular interactions with adjacent protein residues, (32), 11F8 is sequence-specifitg 31).
rather than from loss of intermolecular interactions with  To investigate how mutation of contact residues within
ligand (76). A useful way to probe for such intramolecular the CDRs of the sc11F8 alters binding specificity, the affinity
interactions is to determine how mutations of two different for a nonspecific ligand, 8GATC)13GAT (designatedNS),
residues interact with each other in a double mutant proteinwas investigated (Figure 1 and Table 6). This sequence
(77—80). If the change in free energy associated with a represents all bases equally and does not possess any second-
structural or functional property of a protein upon double ary structure. Previous experiments have shown that 11F8
mutation differs from the sum of changes for the single IgG bindsNS >100-fold more weakly thad. Recognition
mutants, then the residues at these two positions must bds entropy-driven mediated by the release of cations from
cooperative and are coupled through either direct or indirect the DNA phosphate backbone (i.e., polyelectrolyte effect)
interactions 77, 80). Noncooperativity exists, however, when and is not accompanied by an enthalpy charig®. (
the effect of the double mutation is equal to the sum of the  Mutations to hydrophobic amino acids (W33, L97, Y100,
effects of the single mutation81). and Y32) do not alter the affinity folNS, relative to the

Affinity data for the double mutants binding tb were sc11F8NS complex, which is consistent with data showing
analyzed using double mutant cycles to investigate cooper-that recognition ofNS involving electrostatic interactions
ativity between contact residues. The change in free energywith the phosphate backbone. While wild-type sc11F8 binds
for wild-type sc11F8, single mutants, and the corresponding 1 125-fold more tightly thaNS, the affinity of both R31K
double mutants binding tt is presented in Table 5. These and R31Q are within ca. 10-fold of their respective affinity
data reveal that very little cooperativity<(.6 kcatmol™?) for 1. Hence, these mutants are less sequence-specific than
exists between residues of 11F8 and suggest that interactionshe wild-type protein. This reduced specificity is due to
between residues in the CDRs do not contribute significantly reduced affinity forl; i.e., mutation to R31 has a greater
to binding 82). Therefore, the decreases in binding energy affect on sequence-specific binding relative to nonspecific
observed for each single mutant are additive and can berecognition. In contrast, mutation of R98 to lysine does not
attributed to loss of contacts in the 1XE&omplex. Within alter recognition ofl. andNS, relative to sc11F8. However,
the limitations of this analysis, residues R31, W33, L97, R98, the affinity of R98Q forl andNSis decreased 9- and 2-fold,
Y100, and Y32 account for approximately 80% of the free respectively, relative to that of the wild type. These data
energy in the 11F3 complex. suggest that R98 contributes to both sequence-specific and

Nonspecific BindingSequence specificity is often assessed nonspecific recognition through similar interactions with the
using two criteria 82). First, the affinity for a consensus phosphate backbone.
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Table 6: Affinity of Sc11F8 and Mutants fdr and NS?

protein loop designation Kq (1) (nM) relativeKy Ka (NS) (nM) relativeKy Ka (NS)/Kq (1)
scl1F8 3.5:0.1 1 4424+ 6 1 126+ 2
R31K HCDR1 34.4+ 0.2 9.9 348+ 49 0.8 10+ 2
R31Q 2504 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 244+ 3 6.8 4354+ 36 1.0 184+ 3
L97A HCDR3 10.9+ 0.9 3.1 487+ 38 1.1 45+ 5
R98K HCDR3 56+1 1.6 6084 95 1.4 108+ 28
R98Q 33+ 1 9.5 831+ 28 1.9 25+ 1
Y100F HCDR3 3.14:0.9 0.9 653+ 35 1.5 208+ 13
Y100V 208+ 21 59 275+ 82 0.7 1.3-0.4
Y32.F LCDR1 1.2+0.1 0.3 427+ 9 1.0 351+ 22
Y32 A 14.34+0.2 4.1 4014 96 0.9 284+ 6

aDue to the reduced affinity of the mutant complexes, binding affin

ity was measured in 20 mM Tris, pH 8, 100 mM NaClatRHative

Kg values are normalized agairisg for sc11F8. Errors irkq are the standard error based on a minimum of three independent trials. Since 11F8
occludes about five nucleotides upon bindir29)( NS possesses overlapping binding sites and binding at any given five base long region is
equiprobable117). Therefore, fit of the single-site binding isotherm yields appakentalues that overestimate the intrinsic single site affinity for

this sequencedd, 117).

Table 7: Affinity of Sc11F8 and Mutants for72

protein loop designationKq (T7) (nM) relativeKy Kq (T7)/Kq (1)
scl1F8 24.2£ 21 1 6.9t 1
R31K HCDR1 39.1+9.1 1.6 1.1+ 0.4
R31Q 247+ 42 10 1.0+ 0.2
W33F HCDR1 TH 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 35.3t1.2 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
Y32, F LCDR1 7.1+ 1.3 0.3 5.8+ 0.9
Y32, A 132+ 6 5.4 9.2+ 0.9

@ Due to the reduced affinity of the mutant proteins, binding affinity
was measured in 20 mM Tris, 100 mM NacCl, pH 8 at°g5 Errors in
Kgq are the standard error based on a minimum of three trials. Since
contains several different five-base-long binding registers of thymidine,
the single-site-binding isotherm yields appar&gtvalues that over-
estimate the intrinsic affinity fof7 (117, 44).

Noncognate BindingSimilar 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 dh T-rich sequences can be viewed
as noncognate ligands3], 32). Because discrimination

-17.5
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InK, -18.5
-19 |
-19.5 1 1 ! 1 ] 1 1
0 1 2 3 4 5 6 7
osmolal concentration [O]
-17.5

-19.5
68
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72 74 76 78
bulk solvent polarity (€)

Ficure 3: Dependence of sc11F8 affinity fliron solvent polarity,
presented as a function of (A) osmolal concentration and (B) bulk

80 82

between Speciﬁc and noncognate sequences can have imSO'Ution dielectric constant. Affinity was measured at°25in 20

portant biological consequenced?), the affinity of sc11F8
and mutants for the thymine-rich ligan@'{) was examined
(Table 7).T7 replaces nucleotides 3;-84, and 16 ofl with
thymine (Figure 1). Analogous to the binding bf 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 Y32
would be involved in noncognate recognition. Similar to the
wild type, W33F, Y100F, and Y3F mutants bindl ca.
7-fold more tightly thaT7. Thus, substitution of these amino
acid side chains with phenylalanine has a similar affect on
both sequence-specific and noncognate binding. W33V,
L97A, and Y32A each bindl ca. 10-fold more tightly than
T7. This apparent increase in specificity results from a
reduced affinity forT7 (vs an increased affinity fod),
possibly due to the removal of hydrophobic interactions with
thymine bases of 7. In contrast, Y100V does not discrimi-
nate betweerl and T7, which results from a decreased

mM Tris, 100 mM NaCl, pH 8, in the presence of up to 20% either
methanol ¥), ethanol ), or 1-propanol #). Dielectric constant
values represent bulk solution and are thus normalized for polarity
differences between individual solvents.

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 Y ae
involved in both sequence-specific and honcognate recogni-
tion, whereas only Y100 (and R31) contribute to sequence-
specific binding ofl.

Binding Thermodynamics of Mutant Proteiri2revious
experiments have determined that the affinityXatecreases
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
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Table 8: Thermodynamic Parameters Associated with Sc11F8 and
19.2 —/i/'/l/'./r_‘_L Mutants Binding to1?

AC, AHg, —TAS,

17.6 — protein (kcal moit K1) (kcalmol™) (kcalmol™)

InK, sc11F8 -0.8+0.1 -17+2 6+1

16 W33F 0 -11+1 1.2+0.1
W33V 0 —38+2 28+1.1
a4l L97A 0 —16+1 5.6+ 0.2
; | | Y100F -0.8+0.2 —12+4+2 0.6+0.1
0.00325 0.00338 0.00351 Y100V 0 —-18+1 9.0+ 04
1T (K) Y32 F —-05+0.1 -13+3 1.9+ 04
Y32.A 0 —15+1 54+04

22

aEnthalpy data were obtained by van't Hoff analysis over the
temperature range of-35 °C in 20 mM Tris, pH 8, 150 mM NacCl.
20 Errors reported foAC, and AH¢, reflect uncertainty associated with
nonlinear least squares regression or the standard deviation of the slope
InK 18| of the linear van't Hoff plot. The errors ITAS;,, are standard

e obs
deviations.

L97A, Y100V and Y32A), and the resulting enthalpy and
| | | entropy values are presented in Table 8. The data indicate

0.003333  0.003467  0.0036 that the unfavorable entropy change upon binding is smaller
1T (K) for W33F1, L97A-1, Y100F1 and Y32F-1, and Y32A-1
Ficure 4: van't Hoff analysis of sc11F8 and mutants binding to complexes, refative to that for the wild-type complex. These

1. (A) sC11F8 #), Y100F @), and Y100V (0). (B) SC11F8 #), mutant complexes also have a less favorable_en';halpy change
W33F (a), and W33V@). Data were measured in 20 mM Tris, that may reflect decreased contacts at the binding interface.
150 mM NaCl, pH 8, and analyzed assuming a constant negative|n fact, footprinting of L97A1 and Y32A-1 shows de-
heat capacity for sc11F8 and Y100F and no change in heat capacitysreased protection of ;§ and T.; compared to that of the
for the other mutants. . . . -

wild type, suggesting that the complimentary binding surface
it has been disrupted (see Figure 2C, D). However, footprints

than to changes in osmotic stress. Like the parent 1gG, : . g
rOf the phenylalanine-substituted mutants complexed with

appears that hydrophobic interactions between nonpola

surfaces on the sc11F8 ahdominate the favorable enthalpy ~Shows the same pattern and degree of protection as Sc11F8,
change associated with binding o To determine the Suggesting that Y100F, W33F, and Y&2contact similar

contribution of individual hydrophobic residues to the overall nucleotides as sc11F8 (see Supporting Information). These
binding thermodynamics, experiments measuring affinity as data indicate that other factors, such as ch'an'ges in .water
a function of temperature and solution polarity were con- structure or the number of polar or hydrophobic interactions,
ducted for W33, L97, Y100, and Y3utants. are responsible for the decreased enthalpy change. In contrast,
The van't Hoff plots (InKops Vs In 17T) of Y32,F-1 and binding of 1 by W33V and Y100V is accompanied by an

Y100F1 are curved, reflecting a negative change in heat enthalpy i_ncrease, relative to that for sc11F8. Since _these
capacity change upon binding (Figure 4A) (see Supporting mutants bindl weaker than the wild type, decreaseq afflnlty
Information). Similar to that observed for sc11F8, the results from a larger unfavorable entropy change (vide infra).
maximum of the van’t Hoff plot is near ©C, indicating that The exclusion of water molecules upon burial of hydro-
binding is enthalpically driven throughout the physiological Phobic residues (i.e., the hydrophobic effect) at a binding
temperature range. In contrast, the van’t Hoff plots of W33F, interface provides a significant driving force for antibedy
W33V, L97A, Y100V, and Y32A are linear, which suggests ~ antigen and protetnucleic acid recognition72, 85—89).
that binding is not accompanied by a change in heat capacityThe dependence of binding affinity with the addition of
(Figure 4) (see Supporting Information). The negative heat nonpolar solvents provides a convenient and sensitive
capacity change reflects a shift in the thermodynamic driving technique for investigating the role of the hydrophobic effect
force from entropic at low temperature to enthalpic at higher in binding @0). To determine the contribution of W33, L97,
temperatures and has frequently been interpreted as reflecting/100, and Y32 side chains to the hydrophobic effect in
the presence of the hydrophobic effect in the recognition 11F81 binding, the affinity of these mutants was measured
process 40, 83). Although other factors can contribute to a in buffers containing up to 20% methanol, ethanol, and
—AC,, such as vibrational and conformational entropy 1-propanol (see Supporting Information).
accompanying binding, alterations in hydrogen bonding or  Similar to the wild type, the dependence of the binding
ion pairing, and any temperature-coupled equilibria, these affinity for W33F, Y100F and Y32 for 1 as a function of
effects are thought to be less significant contributors than bulk solution polarity are independent of solvent (Figure 5).
the hydrophobic effect4Q, 84). Consequently, the removal In addition, the net sensitivity of binding affinity to changes
of critical binding site residues, particularly those that in solution polarity for these mutants, reflected by the slope
contribute to the hydrophobic effect, is likely to affect the in the plot of InKq versus bulk solution dielectric, is similar
heat capacity change with binding. to that observed for sc11F8. These results suggest that the
The temperature data for each mutant was fit to an hydrophobic effect provides a similar net driving force for
equation that assumes constant heat capacity change (Y100Ehese mutants binding tbas for sc11F8. The differences in
and Y32F) or a zero heat capacity change (W33F, W33V, their respective thermodynamic parameters, as compared to
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Ficure 6: Entropy-enthalpy compensation for sc11F8 and mutants
binding tol. Data included are values obtained for W33F, Y100F,
Y32 F, sc11F8, and F(ab) (left to right). The equation of the line
is —TAS = 1.006 AH) — 11.02;R? = 0.986. Error bars shown
are the standard deviation #AiTAS.

InK
Lemieux et al. found that removal of hydroxyl groups from

residues within the proteinarbohydrate recognition surface
resulted in small changes toAG (<1 kcal/mol) but large,

84 4 4 o 4y compensating changes for values Aft (more unfavorable)
66 68 70 72 74 76 78 80 82 and —TAS (less unfavorable)93). The entropy/enthalpy
bulk solution polarity (€) compensation was attributed to changes in the hydration shell

Ficure 5: Dependence of W33F affinity fdron solvent polarity,  around the positions that were mutaté8)( Indeed, W33F,
presented as a function of (A) osmolal concentration and (B) bulk v100F. and Y32F of 11F8 show similar enthalpy/entropy

solution dielectric constant. Affinity was measured at°25in 20 . . . . .
mM Tris, 100 mM NaCl, pH 8, in tﬁ/e presence of up to 20% either compensation (Figure 6). It is possible then that changes in

methanol ¥), ethanol ), or 1-propanol #). Dielectric constant  the structuring of water molecules are primarily responsible
values represent bulk solution and are thus normalized for polarity for the observed shift in thermodynamic parameters for the

differences between individual solvents. 11F8 mutants rather than from a loss of interactions at the
binding interface for W33F, Y100F, and Y32
sc11F8 (more favorable entropy and less favorable enthalpy 1he dependence of binding affinity of W33V, LO7A,
change), may possibly r_eflect changes to the structure pf theYlOOV, and Y32A for 1 varies with respect to both bulk
water molecules hydrating the 11F8 surface that are intro- gq)tion polarity and osmolal concentration (Figure 7; see
duced by the mutation. _ _ Supporting Information). These data suggest that additional
The thermodynamic parameters associated with water,qiors pesides solution polarity are affecting binding of these
release are strongly dependent on the hydration pattern Ofyiants, such as changes to the enclosed hydrophobic surface
the hydrophobic surfacedt). Water release from small, 505 or additional water uptake with binding, that are

convex surfaces is expected to be entropically favorable duerefiected in the sensitivity of affinity to osmolal concentration
to the highly structured nature of the water molecules in the (74, 94, 95).

unbound state83). In contrast, molecular dynamics calcula-
tions predict that large planar nonpolar surfaces would be piISCUSSION
solvated by nonclathrate water structures that are incom-
pletely hydrogen-bonde®{). Desolvation of these surfaces ~ Recognition of ssDNA bolves a Small Number of
is expected to be enthalpically favorable as water moleculesResiduesAffinity data for the 11F8 double mutants indicate
become completely hydrogen-bonded in bulk solvéd).( that residues involved in recognition are not significantly
In addition, using molecular dynamics simulations, Cheng coupled. The decrease in binding energy observed for each
et al. have demonstrated a strong influence of surface mutation (where the structural integrity of the protein is
topography on the structure and free energy of hydration overretained) can therefore be attributed to a loss of interaction
relatively small biomolecular surfaces that contain convex with the 1 and not to indirect effects within the binding
patches, deep or shallow concave grooves and planar areasurface 96). Approximately 80% of the free energy for 11F8
(92). binding tol can be ascribed to R31, W33, L97, R98, Y100,
Southall and Dill have proposed that thermodynamic and Y32, while R31 and Y100 alone contribute40%.
parameters associated with the hydrophobic effect vary alongSimilar observation of a “functional” or “energetic” hotspot
a continuum ranging from purely entropy-driven with a large have been described for several antibodies, such as HyHEL-
negative heat capacity to enthalpy-driven with opposing 10 and D1.3 binding to hen eggwhite lysozyni,(85, 97).
entropy and no change in heat capact$)( Changes to the Kinetic data for sequence-specific binding by 11F8 are
surface topography through mutation of residues involved consistent with a two-step process where the first step
in the hydrophobic effect would be expected to alter the involves the formation of an encounter complex, driven by
surface topography and hydration pattern and ultimately, the electrostatic steering. In the second step, conformational
thermodynamic parameters associated with the hydrophobicadjustments occur that promote the energetically favorable
effect. This phenomenon has been observed for severalexclusion of water molecules to maximize favorable interac-
systems where enthalpy-driven water release provides thetions (15). Hence, residues responsible for the hydrophobic
primary driving force for binding 41, 93). For example, effect (W33, L97, Y100, and Y32 may be involved in the
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Ficure 8: Model of T;o—T1;—dC;, of 1 docked into 11F8 binding
-16.5 site. A model of 11F8 was constructed using the methods of Chothia
InK, and Lesk 50, 118) as implemented in the INSIGHT software and
17 the general computational approach has been described elsewhere
(119. The central thymine was docked into the putative binding
175 G pocket betweerf1°®'HCDR3 (white) andV3*HCDR1 (white) and
oriented such that the C5 methyl group interacts WifiHCDR3.
18 1 L L 1 1 The second thymine was docked betwEPHCDR3 and’??LCDRL.
0072 74 76 78 80 82 The cytosine was oriented towafHCDR1. The docked complex
bulk solution polarity () was then minimized to a root-mean-square deviation of 0.64 A.
FiIGURE 7: Dependence of W33V affinity fat on solvent polarity, =~ CDRs, shown as ribbons, are colored as followed: HCDR1,
presented as a function of (A) osmolal concentration and (B) bulk medium blue; HCDR2, turquoise; HCDR3, purple; LCDR1, red;
solution dielectric constant. Affinity was measured at°5in 20 LCDR2, orange; LCDR3, yellow.

mM Tris, 100 mM NacCl, pH 8, in the presence of up to 20% either -
methanol ¥), ethanol (>),por l-propareol ®). Dielec‘ﬁic constant ~ L1F8 (W33, 197, Y100, and Y32 Dbinding tol suggest that
values represent bulk solution and are thus normalized for polarity these residues contribute to ssDNA binding though interac-
differences between individual solvents. tions with thymine bases and contribute to the favorable
enthalpy associated with the hydrophobic effect.
second step of the binding mechanism, whereas R98 and On the basis of the two available crystal structures of anti-
R31 are likely to participate in the formation of the encounter DNA complexed with poly(T), Tanner et al. have proposed
complex. However, data for the R31 mutants indicate that a “ssDNA-antibody recognition module” for distinguishing
this residue contributes to recognition through additional between ss- and dsDNA, and perhaps for enforcing sequence
base-specific contacts and it is not possible to deduce a priorispecificity (L4). This module involves the recognition of two
in which step these contacts occur. Although sequence-consecutive thymine bases, with the majority of contacts to
specific contacts involving arginine has been observed in the bases rather than the phosphate backbone. Similar to
many proteirnucleic acid systems, the interaction of R31 RNA binding proteins such as U1A, stacking interactions
with 1 is perhaps most similar to the role arginine residues predominate at the interface, witf2LCDR1 stacking in
play in some RNA-binding protein®8—103). For example,  parallel above the base and a second aromatic side from
sequence discrimination by the ULA RNA binding protein HCDR3 stacking below the base (Y100 in DNA-1 and
is achieved through interaction of R52 with the loop closing W100a in BV04-01; 13, 14). Interestingly, the co-complex
G—C base pair of its RNA consensus sequence. Binding is of anti-RNA Jel103 complexed with poly (rl) has a similar
thought to occur by the docking of the U1A recognition loop recognition motif: Y32LCDR1 stacks above the base, and
at the RNA stem-loop junction. This interaction may be R9HCDR3 stacks below the bask0g). These data suggest
essential to precisely define the relative position of the double that antibodies may use similar strategies for the recognition
helical stem and single-stranded loop nucleotides, which thenof single-stranded nucleic acids. Indeed, it appears that
make additional contacts for complex stabilizati®f, (101, 11F8 may bind ssDNA in a similar fashion with stacking
104, 109. Itis possible that the sequence-specific recognition interactions provided by*2L.CDR1 and":®®HCDR3. How-
of dG;—dCy, by R31 provides a similar role in 11F8 binding  ever, data from 11F8 mutagenesis experiments extend the
to 1. model to include additional interactions with W33, hydro-
Role of Aromatic Residues in the Hydrophobic Effébe phobic contacts from L97, and nonspecific electrostatic
sensitivity of affinity for 1 with buffer polarity for W33F, interactions from R98 (Figure 8).
Y100F, and Y32F, relative to that of sc11F8, suggests that  Sequence analysis of 11F8 indicates that W33 and Y32
a comparable amount of hydrophobic surface area is enclosedire germline-encoded. Analysis of previously reported mu-
in the complex for these mutants. The polarity data suggestrine and human anti-DNA genes reveals that these residues
that the differences in the thermodynamic parameters for occur with high frequency (ca. 30% and 96%, respectively)
these mutants reflect changes to the structure of waterand rarely undergo somatic mutatiod0f). Similarly,
molecules hydrating the 11F8 surface that are introduced byapproximately 40% of these anti-DNA sequences contain
the mutation. The affinity and footprinting data for alanine leucine within HCDR3, and ca. 30% of these are located at
and valine substitutions at these positions indicate that position 97 (07). These data suggest hydrophobic residues
decreased affinity may be due to fewer contacts at the bindingmay be important for recognition of DNA6, 27, 108 109
interface. Collectively, the data for hydrophobic residues of and imply that certain germline residues provide a general
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binding surface for recognition of sSDNA and contribute to 2
a (limited) base preference for oligo(T). Our data demonstrate 3
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 5
and haptens) in that critical somatic mutations are required 6
for recognizing antigens with high affinity and specificity

(85, 110, 111). 7.

Unlike aromatic residues, basic residues, particularly
arginine, are not common to antibody binding sitéf yet
somatic mutations and unusual germline rearrangements, g9
which increase the number of arginine residues in the CDR
loop regions, are often present in anti-DN4g|. Consistent
with this observation, R98 and R31 of 11F8 originate from 14
N-addition and a somatic mutation, respectively, and both

of these residues contribute to ssDNA binding. In fact, 12.
13.

arginine often plays important and diverse roles in the
binding of nucleic acids98—100 102 112, 113), and it is
likely that anti-DNA have incorporated this recognition

element specifically for this purpose. Approximately 14

50% of the reported J558,\sub-families encode serine at 45
position 31 of HCDRI1, similar to the 11F8 germline

sequencef, 107). Importantly, mutations at this position  16.
17.

(ca. 20% of the anti-DNA sequences) suggest a functional
role for residues at this site. In support of this hypothesis,
mutation ofS$HCDR1 to arginine in anti-DNA mAb 3H9

increased affinity for DNA 48). 18.
CONCLUSIONS 19.

Residues that confer sequence specificity to 11F8 are not g
present in clonally related mAbs, and these other antibodies

are neither sequence-specific nor pathogenic. Critical muta- 21-

tions that can confer sequence specificity to anti-DNA may 5,
therefore be a feature of pathogenic anti-DNI&,(114). The

ability to identify pathogenic anti-DNA on the basis of  23.
24.

primary sequence may ultimately prove useful for diagnostic
purposes. The thermodynamic and kinetic basis for specific, 25
noncognate, and nonspecific binding of sSSDNA by 11F8 has

been determinedl1f, 16, 31). Results from mutagenesis 26

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 2
base stacking, respectively, and these types of contacts have,g
been observed in a range of protgincleic acid systems. In

aggregate, however, the interactions and driving forces that 30.

mediate recognition of are most closely related to protein
RNA complexes such as those with U1A. Both 11F8 and 31
U1A use elements gf-structure to facilitate binding. This

observation suggests that structural similarity at the protein gg

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. 34.
SUPPORTING INFORMATION AVAILABLE 35.

Table of the affinity of sc11F8 and mutant; figures of the 34
guantification of KMnQ and DMS protection and van't Hoff

analysis of sc11F8 and mutants. This material is available 37-

free of charge via the Internet at http://pubs.acs.org. 38
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