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Kinetic Analysis of Sequence-Specific Recognition of ssSDNA by an Autoantibody
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ABSTRACT. 11F8is a pathogenic monoclonal anti-ssDNA autoantibody isolated from a lupus prone mouse.
Previous studies established that 11F8 is sequence-specific and identified the thermodynamic and kinetic
basis for the specific recognition of ssSDNA, and binding site mutations of a single-chain construct reveal
that Y32LCDR1, R¥HCDR1, W3HCDR1, R¥HCDR3, “Y"HCDR3, and"'%°HCDR3 are responsible for
approximately 80% of the binding free energy. Here we evaluate the role of these residues along with a
group of basic residues (K62, K64, R24, K52) within the context of the binding mechanism. Binding of
11F8 takes place in two steps. In the first step, the overall positive charge of the antigen binding site
attracts the negatively charged DNA to form an encounter complex that is stabilized by two salt bridges
and a hydrogen bond. The second step is a slow process in which minor conformational changes occur.
During this step, aromatic side chains become desolvated, presumably through stacking interactions
involving two thymine bases within the DNA recognition epitope. Although the stability of the complex
arises primarily from interactions formed in the second step, sequence specificity results from interactions
with residues involved in both steps. These studies also show that the way in which 11F8 achieves high
affinity sequence-specific binding is more closely related to RNA binding proteins than those that bind
DNA and point to strategies for disrupting DNA binding that could prove to be therapeutically useful.

Antibodies that bind nucleic acids provide a unique C Too
framework to study protetnucleic acid interactionslj. C*G CI“
Although canonical B-form DNA is not generally im- To A
munogenic, it is possible to experimentally induce antibodies GF’ G
to B-DNA (2) along with other forms of nucleic acids such As Tis
as hairpin loops3). Antibodies that bind DNA (anti-DNA) g’ 8‘:
also arise spontaneously as a result of several different 7 N
rheumatic diseases and are the most prominent serological > 1 3

hallmark of the aut0|mmur_16_1 dlsordgr sys_tem|c I_upus erythe- Ficure 1: High-affinity 11F8 consensus sequenteis a 19-mer
matosus (SLE)4, 5). In addition to being diagnostic, a subset  hat adopts a stem-loop (“hairpin”) conformation with a bulge base
of anti-DNA trigger an inflammatory response (known as in position 4. Residues 1812 provide critical sequence-dependent
lupus nephritis or glomerulonephritis) that results in renal recognition contacts, whereas the bases in the stem duplex, including
damage which can be fatz, (7). the bulge, serve only to preorganize the recognition elemégjs (

| - tudi ted | of anti-sSDNA This sequence is a truncated analogue of the 55-mer identified
n previous studies we generated a panel ot anti-ss through binding-site selection experiments0) Although the

monoclonal autoantibodies (mAb) from an autoimmune original selection construct was designed to prevent the formation
MRL/Ipr mouse 8). One mAb from this panel, 11F8, binds of a stable secondary structure, mutations produced during PCR

to DNA adherent to the glomerular basement membr@jpe (  amplification at multiple sites within the constant region afforded
which, for some anti-DNA-like 11F8, is the first critical step 2 Stable secondary structure that was selected for by 11F8.

in th . f leadi | hritis. Th h Truncation removes the PCR primers used in the selection process
In the series of events leading to lupus nephritis. Through p ¢ qoes not cause a decrease in affinity. The base at residue 4

binding-site selection experiments, footprinting, and affinity was replaced with 2-aminopurine (AP) to introduce a unique
measurements, we have provided evidence that 11F8 isfluorescent label within the DNA structure. Due to fraying at the
sequence-specificl(). Sequence-specific recognition by Stém-loop junction, dG possesses single-strand character, as
11F8 is achieved when functional groups on the single- ?gg?gr?ﬁﬁr?g Egagxﬁ{sl%';d its reactivity to single-strand specific
stranded epitope-TT€ of its high affinity consensus '
sequencel|) are presented within a well-defined secondary DNA complexes {1). Binding of 1 is enthalpy-driven,
structure (Figure 1). Althoughwas identified using binding  opposed by entropy, and accompanied by a negative change
site selection experiments, its sequence and structure aren heat capacityX2). The thermodynamic driving force for
closely related to DNA antigens present in human anti-DNA sequence specificity is the release of incompletely hydrogen-
bonded water molecules from the hydrophobic binding site,
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including the formation of two salt bridges. This step is measurement over a range of time periods. The excitation
followed by a slow conformational change, leading to the wavelengths were the same as used for the equilibrium
high-affinity complex observed at equilibrium. Dissociation experiments and the emission of the different fluorescent
of the complex is rate-limited by the reversal of the groups was monitored through the use of suitable cutoff
isomerization procesdg). filters. All measurements were made in 20 mM Tris-HCl,
Site-directed mutagenesis experiments using an 11F8pH 8.0, 100 mM NacCl, 20% w/v sucrose unless otherwise
single-chain construct (sc11F8) designed to elucidate the rolestated. Each experiment was carried out at least five times,
of basic and hydrophobic residues in specific, noncognate @analyzed both individually and as an average by single or
and nonspecific binding demonstrate that six amino acids double exponential curve fitting algorithms using the soft-
residues within the complementarity determining regions ware supplied with the instrument.
(CDRs} contribute to~80% of the binding free energ#4). In experiments to determine the association rates for
Here we describe the function of these residues in contextcomplex formation, [sc11F8F 200 nM (all concentrations
of the binding mechanism. Our data reveal that the overall given are prior to mixing) while the DNA was maintained
stability of the complex chiefly arises through the interactions in at least a 10-fold excess, to approximate pseudo-first-order
that occur during the second binding step. However, sequencd€action conditions. From the plot of [DNA] versks,, the
specificity is mediated through interactions that take place apparent second-order rate constakgs, were calculated
in both binding steps. Although 11F8 binds ssDNA, our from the slope and the dissociation of the complie,
studies reveal that this system reflects many features thatcalculated from thg-intercept. The affinity of the complex
are exhibited by proteW®NA complexes and may help to ~ was calculated from the relationstifa = koii/kon. Dissocia-

explain why 11F8 is pathogenic. tion experiments were carried out by mixing a preformed
complex (sc11F8AP), with a 10-fold excess df (1:1 v/v)
MATERIALS AND METHODS unless otherwise stated. The fluorescence of the AP was
) ) ) monitored as the complex dissociated. The resulting reaction
Preparation of Mutant Proteins and DNA Ligandshe trace was analyzed by a single-exponential equation.

construction, expression, and purification of the sc11F8 has Analysis of the Temperature Dependence of the Associa-
been described elsewher@4]. Mutants K62Q, K64Q,  tjon and Dissociation Rate Constanfhe pre-equilibrium
R24Q, K52.Q, and one with all four basic residues replaced experiments were repeated over the temperature range of
with glutamine designated Quad were constructed UsiNgs5_354 0.1°C to determine the thermodynamic parameters
Quickchange Site-Directed Mutagenesis Kit (Stratagene). Thefor the second binding step. The activation energy from each

mutant proteins were expressed and purified as the W"d'step was calculated from the Arrhenius equation:
type protein. The DNA sequences used in binding studies

were synthesized and purified as previously descrid@y ( k= Ae ERT 1)
Guanidine hydrochloride denaturation experiments to deter-

mine the stability of the mutant proteins were conducted as wherek is the rate constant arf}, is the activation energy.

described by Cleary and GlickL4). The slope of the plot T/ versus Ink gives —E/RT. The
Steady-State Fluorescence MeasuremeSteady-state  enthalpy and entropy of activation were determined using

fluorescence measurements were made using a Spectronithe Eyring equation:

AB2 fluorimeter as described by Ackroyd et al2j. For

monitoring tryptophan fluorescence, the excitation wave- K = (kBTK/h).e(AS*/R).e(*AH*/RD (2)

length was set at 280 nm and emission wavelength at 336

nm. To measure the emission of the_AI_D, the excitation \yherek is the rate constanks is Boltzman constant is
wavelength was set at 310 nm and emission wavelength atp|anck’s constant, andH* and AS' are the enthalpy and
360 nm, with the slit widths set at 4 and 8 mm for the enopy of activation, respectively. The plot ofTlversus
excitation and emission wavelengths, respectively. For bind- In(ki'T) gives a slope of-AH*RT and ay-intercept of
ing isotherms, data were collected over a 10 s period allowing | (k,/h) + ASHR.

30 s from each addition of DNA for equilibration to occur.

No correction for the inner filter effect was necessary. RESULTS
Analysis of the binding isotherms has been described
elsewhere 12).

Stopped-Flow Measuremeng&topped-flow measurements
were conducted usingzet-CDF or SX-18MV stopped-flow
spectrophotometer from Applied Photophysics Ltd. (Surrey, scheme 1
UK). The sample-handling unit was fitted with 2 mL syringes K
to give a mixing ratio of 1:1 v/v. The slit widths were set at 1MF8+1 > [1Fse) —’k’_’, 11F8 +1
1.5 nm, and 1000 data points were collected for each k. Ky

Binding Mechanism for the sc11F8 Complex. The
binding mechanism identified for the interaction between the
parent 11F8 IgG antlis shown in Scheme 1. Binding occurs

L Abbreviations: anti-DNA, anti-DNA autoantibodies; CDR, com- 1" tWO steps: formation of an encounter complex followed
plementarity determining region; mAb, monoclonal antibodies; ssDNA, by a slow, rate-limiting step that results in the high-affinity
single-stranded DNA; sc11F8, 11F8 single-chain antibody fragment; complex observed at equilibrium3). Previous studies have
SLE, systemic lupus erythematosa; where a represents the amino - gpqyn that the thermodynamic parameters associated with
acid and X denotes the CDRyMvhere V donates the variable domains . . . .
of the antibody and X identifies whether it is from the light (L) or the interaction between sc11F8 ahdre indistinguishable

heavy (H) chain; AP, 2-aminopurine. from those of 11F8 F(ab) ant] making sc11F8 a suitable
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Ficure 2: Stopped-flow fluorescence results for the interaction between sc11F8 §Ajl Association trace for the interaction between

1 (2 uM) and sc11F8 (200 nM). The excitation wavelength was set at 280 nm to monitor tryptophan fluorescence. The initial fast change
in fluorescence has a rate of 20:8,swhereas the rate of the second slow signal change is5.88) Linear dependence of the initial rate

(kapp ON [1] (®). The second-order rate constant)(k 20% sucrose was calculated to be GM~1 s~ from the slope of the plot and

k-, = 13.5 s’ from they-intercept. The second slower rai®) (observed was shown to be independentlpblver the concentration range

tested. (C) Dissociation of the sc11E8P complex, where the preformed complex was mixed with an excebkshaft binds rapidly to the

newly dissociated sc11F8. The excitation wavelength was set at 310 nm to monitor the dissociation ofl#d. 18 Association of

sc11F8 (200 nM) witHAP (2 M) with the excitation wavelength set at 310 nm to monitor changes in AP fluorescence. A single fluorescence
change was observed with a rate (6:8) €omparable to the slow rate observed between the interaction of sc11R8Emd rate was also
independent of JAP].

Table 1: Kinetic Parameters for the Association and Dissociation of sc11F8 Measured at 20% w/v SucriSe at 5

complex ki (uM~ts™h) ko1 (s7Y) k2 (s79) ko(s™ Kq (nM)
11F81 94+1.1 5.7+ 0.44 3.8+ 0.21 0.00293t 0.0002 0.4H-0.2
scl1F81 5.93+ 0.64 13.5+1.4 6.43+ 0.34 - 0.31+0.1
Sc11F81AP - - 6.36+ 0.73 0.00075t 0.00006 0.34£ 0.1

model for mutagenesis studiesy. However, to ensure that  dependent onl], typical of a simple bimolecular association
the kinetic parameters were also analogous to the parentprocess (Figure 2B). The second-order rate constgrand
antibody, the rates of association and dissociation of the dissociation ratek—;, were determined from the plot]
sc11F81 complex were measured. versuskap, (Figure 2B; Table 1). Th&, for the encounter
On binding DNA, a quench in the intrinsic tryptophan complex = 2.27 uM, which is approximately 6000-fold
fluorescence of 11F8 is observe®).(sc11F8 contains five  higher than that measured at equilibrium. The second slow
tryptophan residues?**HCDR1, which lies within the decrease in tryptophan emission is independent 1f [
proposed binding pocket, and®HFW2, WAHFW?2, indicating a rate-limiting event, and probably represents the
WI0HFW4, andW3SLFW2, all of which reside within three  process leading to the formation of the high affinity complex
residues of a CDR loo®( 14, 15). The change in emission  observed at equilibrium.
upon DNA binding enables the kinetic parameters for The complex formed between sc11F8 ahi too tight
complex formation to be determined by stopped-flow forthe dissociation to be measured by dilution and, therefore,
fluorescence techniques. was measured by displacement usib§P. This ligand,
The rate of association of the complex was measured bywhich has the same binding parameterd g3 able 1), was
mixing a constant concentration of sc11F8 with an excess bound to sc11F8 and then mixed rapidly (1:1) with an excess
of 1 (10—17.5-fold). Similar to 11F8 binding, the initial  of 1. By monitoring the fluorescence @AP as it dissociates
signal changes are too rapid to measured accurately; therefrom sc11F8, the rate of dissociation can be measured
fore, sucrose (20% w/v) was added to the buffers and thedirectly and yields a value of 0.000 75'¢Figure 2C). This
temperature decreased to°E to increase the viscosity, rate is significantly slower than the value lof; estimated
thereby decreasing the apparent rifg). The reaction curve  from Figure 2B (13.5 ') and suggests that the dissociation
for the association of the sc11F8 ahds biphasic, where  of the complex is rate limited by the reversal of the second
an initial fast decrease accounts fot5% of the total signal  slow step of binding. On the basis of the relationship below,
change (Figure 2A), comparable to that observed with the the Ky at equilibrium for the sc11F& complex can be
binding of 1 by 11F8 (13). This initial rate is linearly estimated
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Ficure 3: Electrostatic surface potential map of the CDR loops of 11F8. Areas of positive (green) and negative (red) electrostatic potential
were calculated using the DELPHI module of the INSIGHT software (Biosym Technologies). Protein formal charges were assigned using
preset DELPHI values for pH 7.4 (arginire +1, lysine= +1, histidine= + 0.5, aspartate= —1, and glutamate= —1). The solute

(F(ab)) dielectric constant was set to 2.0, while the solvent dielectric was set to 80 and the solvent ionic strength defined as 0.145 M. The
result is displayed as a contour range map of two levelk)(

K ko, complexes. Therefore, our studies focus exclusively on the
Ky equitibrivm ™= " 1~ 3) interaction of sc11F8 with.
L The Role of Basic Residues in Bindingssessing the
effects of ionic strength on the rates of association, it was
concluded that the initial association step between 11F8 and
1is governed predominantly by electrostatic interactidr®}. (
binding mechanism described in Scheme 1 is sufficient to Electrostatic steering medlat'e'd by the nega’uyely charged
: phosphate backbone and positively charged residues on 11F8
fit the data presented. ! )
o ) may increase the rate at which the two molecules approach
'Blnd!ng of 1AP'by the parent 11F8 IgG resu'ltgln &  each other before an initial encounter. This phenomenon has
biphasic increase in the fluorescence of AB)( The initial been proposed for other proteiucleic acid and antibody

change in emission_corresponds to the first binding step andantigen complexes and is implied by an association rate that
the second slower increase represents the putative conforis pigher than the modified Smolouchski limit for a diffusion-

mational change. On binding sC11FBAP only reports @ = jimjted interaction {9—22). The CDR loops of sc11F8
single increase in fluorescence (Figure 2D). This change is ¢ontain seven basic side chains and electrostatic calculations
slow (6 s) and independent of [DNA], suggesting that the - g,gqest these give rise to a positively charged surface (Figure
second binding step is being observed. Comparison of the3)_ Two of these amino acid§3HCDR1 andR®®HCDR3,
kinetic parameters for the formation of 11F8 and sc11F8 formy salt bridges with the phosphate backbone, and a third,
complexes withl reveals small changes in each of the R9HCDRS, is required for the structural integrity of the
corresponding four rates. These data indicate that althoughprotein (L4). The remaining four basic residues in the CDR
the final affinities of the two complexes are the same, the loops were targeted for mutagene&§@HCDR2,““HCDR?,
rates at which the complexes are formed are slightly different. R24 CDR1, and *52.CDR2 were each replaced with a
It is likely that the small variation in the kinetic binding 4 tamine, and an additional mutant was constructed where
parameters between the parent antibody and single-chainy| four residues were substituted with glutamine (Quad). If
construct originates from additional flexibility between the  hese residues are involved in guiding ssDNA ligands to the
variable domains that is usually imposed by the constant yinging site on sc11F8, their absence should cause a decrease
domains in the parent IgG or F(at)&-18). in ky, but have only a small effect on the overall stability of
Role of Binding Site Residues in Recognitidhe kinetic the complex.
basis of sequence-specific recognition by 11F8 is mediated Equilibrium binding experiments show that replacing any
principally through the dissociation of the complex. This of these basic residues does not affect the number of cations
conclusion was based upon a comparison of the kinetic released (data not shown), and the only difference in affinity
binding parameters for the interaction between 11E& is a 2-fold decrease for the Quaccomplex AAG = 0.40
noncognate sequence, and a nonspecific sequet®e ( kcal/mol relative to wild-type; Table 2). Small decreases in
Binding of the latter two ligands by 11F8 results in the |, are observed for each of the individual mutants; however,
formation of multlple encounter and final Complexes due to when all four are removed, 0n|y a Sing|e decrease in
overlapping binding sites present on the DN& 13). tryptophan emission is observed upon mixing. The rate of
Consequently, these sequences cannot be used to studthe signal change is independent @f §nd thus represents
the role of individual amino acids in the binding mechanism the second slow binding step. These data indicate that the
of sc11F8, as it does not necessarily follow that the role of effect of the individual mutations is small, and subtle changes
the individual side chains is the same in the different in the subsequent binding step can compensate for the small

and gives a value of 0.29 nM, which is in good agreement
with the Ky calculated from equilibrium measurements
(0.31 £ 0.1 nM). Collectively, the data indicate that the
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Table 2: Kinetic Parameters for the Association and Dissociation of the sc11F8 and Arginine Mutants

complex ki (uM~1s™h ko1 (s7h) k2 (s79) koo (s7h)2 Kq (NM)

scllF81 5.93+ 0.64 13.5+1.4 6.43+ 0.34 0.00075t 0.00006 0.3® 0.1
R24 Q-1 4,70+ 0.23 13.3£ 1.0 5.81+ 0.51 0.00072+ 0.00006 0.22: 0.1
K52, Q-1 5.32+ 0.57 129+ 1.5 6.12+ 0.70 0.00084+ 0.00005 0.33t 0.2
K62,Q-1 5.21+0.49 124+ 1.8 6.29+ 0.55 0.00064+ 0.00006 0.3k 0.1
K644Q-1 4.96+ 0.37 13.0+£ 0.9 5.77+ 0.63 0.00082+ 0.00007 0.2# 0.1
Quadl - - 6.68+ 0.22 0.00086t 0.00007 0.65t 0.2
R98K-1 5.64+ 0.65 13.0+1.4 6.36+ 0.26 0.0008H- 0.00006 0.32£ 0.2
R98Q 1 - - 3.28+ 0.40 0.0026+ 0003 1.6+ 04
R31K-1 7.56+ 0.23 16.9+1.2 3.55+0.35 0.0022+ 0002 3.4+ 0.4
R31Q1 - - 2.79+0.41 0.0045+ 0.0003 9.3t 1.7

a Determined using th@AP sequence as described in Materials and Methods.

loss in affinity of the encounter complex due to the decrease during step one. Therefore, it is likely that the loss of affinity
in k. The effect of the mutagenesis & for the Quadl and specificity forl relative to wild-type by R31K originates
complex cannot be determined experimentally so the con-in the first binding step.
tribution (if any) of these four basic side chains to electro-  |nterruption of the ionic contacts formed betw&#CDR1
static steering cannot be fully determined. However, it is and R®HCDR3 and the phosphate backbone should pre-
apparent that collectively, the four basic residues are dominantly effect step one through a decreask; iand an
important for the conformation of the encounter complex. increase irk ;. Binding of 1 by either R31Q or R98Q results
Mutagenesis studies designed to investigate the role ofin a single decrease in tryptophan fluorescence, the rates of
basic residues in electrostatic steering in other pretégand which are slow {3 s) and independent ofl] and thus
systems have primarily targeted residues that are involvedrepresent the second binding step (Table 2). These findings
in known ionic contacts. In these studies, replacing a basic indicate that the loss of either salt bridge results in an altered
residue decreases bdtf and the binding affinity, but these  conformation of the encounter complex. The valuesof
experiments reflect the absence of the ionic contacts as wellfor both the R31@1 and R98Q1 complexes are significantly
as changes in the electrostatic potential between the twoslower than that measured for sc1iF§Table 2). The
binding interfaces. However, the negligible effect on the change ink, could result from differences in the final
affinity of the Quadl complex by these lysine/arginine conformation of the complexes or from the higher energy
mutants is consistent with that observed in protginotein barrier that the encounter complexes would have to surmount
interactions 23, 24), including the thrombirhirudin complex, to reach the same bound geometry. Footprinting experiments
where the charged residues are thought to guide the twothat compare the degree and pattern of protection of elements
molecules together but are not involved in specific ionic within the recognition epitope df reveal no large structural
contacts 25). differences between the sc1kE8&nd R98QL complexes
The dependence & andk_; on salt concentration for (14). However, significant differences are observed in the
the interaction between 11F8 addndicate that the ionic  footprint of the R31QL complex relative to wild-typel).
contacts made betwe@¥HCDR3 and”3HCDR1 and the  1herefore, it is probable that the effect of the salt bridge
phosphate backbone dfform during the first stepi(3, 14). made by R98 is small and the interactions that occur during
In addition to forming a salt bridge, R31 also makes base St€P Wo in the R98&L complex can compensate for the
specific contacts (presumably hydrogen bonds) with-€G absence of the ionic contact. Thus, the reductiork.is
dC,, that are critical for sequence-specific bindirigl), By representative of the higher energetic barrier that results from
replacing®*HCDR1 with lysine, the ionic contact can be this process. For R31Q, a larger change in the encounter
preserved but the ability to form specific contacts through COMPlex is predicted, presumably due to the absence of base
the guanidinium group is eliminated. A¥HCDRL1 is already ~ SPeCcific contacts. This change cannot be compensated for
involved in the formation of the encounter complex via a during step two and results in a different final complex.
salt bridge, it is possible that base specific contacts also form In summary, a combination of the positively charged side
during the initial binding step. By comparing the rate chains within the antigen binding site of 11F8 attract the
constants of sc11F8 and R31K bindindltdhe step in which ~ negatively charged DNA ligand, thereby increasing the rate
sequence-specific contacts are made can be determined. Firs@it which the DNA and protein initially associate. The ensuing

to correct for possible variations in association due to the encounter complex is then stabilized by the formation of two
arginine to lysine exchange, the kinetics of R98K binding salt bridges betweef*HCDR1 andR**HCDR3 and the

to 1 were investigated. Mutagenesis data indicate that Phosphate backbone as well as base specific contacts formed
R9HCDR3 is only involved in salt bridge formation, thus between®™HCDR1 and dG—dCi,. Ultimately, only the
substitution with lysine should result in similar kinetic —interruption of the base specific contacts formedilCDR1
parameters to sc11F8 on bindingltdThe kinetic parameters ~ affects the conformation of the final complex.

for R98K:-1 show little difference to those measured for the  Role of the Hydrophobic Side ChairiEhe predominant
sc11F81 complex, which suggests that substitution with driving force for the interaction of 11F8 with arises from
lysine has little effect on the binding parameters (Table 2). the release of water molecules from hydrophobic surfaces
The data for R31K binding t& reveals thak; is decreased  at the binding interfacel@). Equilibrium binding studies

and k_; is increased compared to sc11F8, suggesting thatshow that four residues have an effect on desolvation:
the interaction between d&dC;, and ®¥'HCDR3 occurs  WHCDR1, "*’HCDR3, Y1°°HCDR3, and"*’LCDR1 (14).
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Table 3: Kinetic Parameters for the Association and Dissociation of the Interaction between the Hydrophobic Mutations of sc11d¥8 and
1AP

complex ki (uM~1s 1y koq(s7h)? ko (s k(s Kg (NM)2
sc11F81AP 5.93+ 0.64 13.5+ 1.4 6.43+ 0.34 0.00075t 0.00006 0.3 0.1
W33F1AP - - 3.25+0.24 0.001t 0.0002 0.45-0.1
W33V-1AP - — 2.544+0.31 0.0032+ 0.0001 1.1%+ 0.3
L97A-1AP - - 3.01+0.12 0.0019+ 0.0009 0.64+ 0.1
Y100F1AP 5.89+ 0.49 13.3+1.1 5.57+ 0.58 0.00085t 0.00001 0.334: 0.1
YIOOV-1AP - - 3.58+ 0.30 0.0095+ 00043 1.66+ 0.3
Y32, F-1AP 6.12+ 0.53 12.7+1.2 6.53+ 0.15 0.00062+ 0.00005 0.25: 0.1
Y32 A-1AP - - 3.97+ 0.36 0.00248t 0.00001 0.76t 0.2

aMeasured using changes in tryptophan emission as described in Materials and Methods.

Aromatic residues often play a role in proteincleic acid 0002
complexes, including anti-DN/®NA, through base stacking 0.002
and/or hydrogen bonding, as observed in the DN&¥3 and
BV04—01-d(pT) complexes 26, 27). Stacking as the source 0.0015
of desolvation for 11F8 binding td is supported by k., 0001
footprinting and affinity data for th&*?LCDR1, Y1°®HCDR3, k,
and"3**HCDR1 alanine and valine substitutiors4. 0.0005 e
Previous studies measuring the dependende ahdk_, o
on bulk solution polarity for the 11F& complex reveals that 0 05 1 15 2
desolvation occurs during the second binding step. Therefore, K4 (NM)

mutations of the hydrophobic side chains should predomi- _ ) o
Ficure 4: Relationship betweerk_,/k; and Kq. This linear

nantly effect this step and have littie effect in the formation relationship indicates that the effect of the hydrophobic mutations

of the encounter complex. Since the affinity of Y&2and o, the affinity of the complex is mediated almost entirely through
Y100F for1is similar to sc11F8, the kinetic parameters for the second binding step.

the association and dissociation should also be similar to the
wild-type protein. As shown in Table 3, the kinetic param- sensitive to change in loop conformation that might occur
eters for the phenylalanine mutants ?LCDR1 and in step two of the interaction, rather than the formation of
Y1I00HCDR3 show little difference to those observed for the initial encounter complex.
sc11F8. WheM?®3HCDRU1 is replaced with a phenylalanine, There is a small (0:62.5-fold) difference irk, for each
only a single change in tryptophan fluorescence correspond-of the W33F, W33V, L97A, Y100F, Y100V, Y3E, and
ing to the second binding step is detected. A decrease inY32 A complexes withl compared to wild-type, but up to
affinity of the final complex is also observed, and these a 12-fold difference in the rates of dissociation. Sikcgk,
findings suggest a role for the tryptophan in the formation reflects the differences in affinity measured at equilibrium
of the encounter complex. Binding of all the mutants that (Figure 4), the affinity of the final complexes is mediated
have a decrease in affinity fdrat equilibrium only exhibit  through the second step of the interaction predominantly
a single change in fluorescence emission. The rate of thisthrough the dissociation of the final complex. These findings
signal change is slow and independent ifgnd therefore  suggest that the side chains of these residues have a minimal
is describing the second binding step. effect on the formation of the encounter complex, despite
The sensitivity of the tryptophan fluorescence to the the loss of tryptophan signal, and thus support the hypothesis
formation of the encounter complex infers a role of these discussed above.
hydrophobic residues in the initial binding step. However, For 11F8 and scl11F8, the kinetic basis for sequence-
these data do not agree with the preequilibrium results, specific recognition fofl is mediated predominantly through
indicating that electrostatic interactions are the dominant changes irk—, (13). Similarly, the specificity of many other
driving force during step one. Alternatively, it is possible proteinnucleic acid and antibodyantigen complexes is
that the signal change associated withdkiginates from modulated through the rate of dissociati@8{31). Equi-
W33HCDRL1. This residue lies centrally within the proposed librium binding experiments of*2LCDR1, W**HCDRI,
binding pocket and would be susceptible to small changes-*’HCDR3, and"*®®°HCDR3 indicate that only the replace-
in its environment as the DNA approaches the binding site. ment of"'®®HCDR3 decreased specificity far although the
This hypothesis is consistent with the absence of a fast signalother three residues are involved in bindidd)( The kinetic
change for the formation of the W33Fcomplex, where no  data shows that the formation of tH&%/-1 complex is 1.6-
significant change in the first step would be predicted fold slower than that for the sc11F8 but it dissociates 12-
compared to the wild type. In this complex, only a small fold more quickly, indicating that specific interactions
increase inKq (1.5-fold) is measured at equilibrium. The associated with'®®HCDR3 are mediated through the dis-
remaining signal change observed upon binding must arisesociation of the final complex.
from a combination of the four other tryptophan residues Temperature Dependence of Bindimjnding of sc11F8
found in the framework region of the variable domains. Three to 1 is enthalpically favorable, entropically unfavorable, and
of these residues immediately proceed a CDR loop, including accompanied by a negative change in heat capatiy (
HCDRS3, which is known to be important for binding4). These thermodynamic parameters arise from the desolvation
Consequently, these tryptophan residues would be moreof the hydrophobic binding interfaces that become buried
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A 4 . Table 4: Thermodynamic Parameters for the Second Binding Step
2 R SN I . k. complex ko (kcal/mol) k-2 (kcal/mol)
0 - 2 Part A
SC11F81AP 9.51+ 0.52 34.6+ 15
In k2 W33F-1AP 7.58+0.31 29.0+ 2.3
4 W33V-1AP 4.98+ 0.22 26.3-1.8
> ks L97A-1AP 5.57+ 0.36 33.9+21
61 \'\L\' Y100F1AP 7.62+0.21 38.6+-1.8
s Y100V-1AP 3.194+0.16 20.9+ 0.9
Y32FR. -1AP 9.424+ 0.32 35.2+ 3.0
0002 00063 00084 0005 0006 00057 Y32A, 1AP 6.10+ 0.47 31.8£ 17
17T (K) Part B
SC11F81AP 8.47+0.41 32.5+23
B * W33F1AP 7.03+0.35 27.741.4
2 . o o W33V-1AP 4.56 0.32 24.7+ 1.2
A IR aan S Y SS L97A-1AP 4,994+ 0.17 31.3 2.7
0 Y100F1AP 7.32+£ 0.26 36.1+ 2.1
Ink, " . Y100V-1AP 2.59+0.17 19.7+£ 2.5
~m. Y32 F-1AP 7.83+£0.43 33.2+21
4 \ Y32, A-1AP 5.34+ 0.31 30.8-1.8
5 ‘\'1, Part C
Sc11F81AP —25.1+1.3 50.9+ 4.2
-8 W33F1AP —29.9+ 3.6 56.9+ 2.1
0002 00033 00034 00035 00036 00037 W33V-1AP —39.4+ 4.9 45.6+ 3.5
1/T (K) L97A-1AP —28.4+25 49.14+ 3.2
Y100F1AP —29.3+ 3.5 62.2+ 4.3
Ficure 5: Arrhenius plots for the second step of the interaction Y100V-1AP —46.6+ 4.1 43.7+ 3.7
for (A) sc11F81 and (B) Y100\V1. In both plots,® represents Y32, F-1AP —26.7+ 1.7 68.6+ 4.6
the effect of temperature da and® on k_,. The error associated Y32,A-1AP —31.5+2.4 39.5+ 3.8

with each value is<5%. Curvature is observed for the results of apart A: activation energies for the association and dissociation of

the scl1Fel complex_ probab]y reflecting the change n heat the second step of the interactions between the different hydrophobic
capacity on the formation of this complex observed at equilibrium - tants of Sc11F8 antAP. Part B: the enthalpies of activation for
(14). No such curvature is observed for the formation of the e second step calculated from the Eyring equation. Part C: the
Y100V-1 complex. The activation energy for each step is calculated gtropies of activation calculated from tiyantercept of the Eyring
from the slope of these plots as described in Materials and Methodspmt given at 25°C.

and given in Table 4. i

on complexation. To determine whether the equilibrium the energy required for the making and breaking of bonds
thermodynamic parameters arise predominantly from the during the association and dissociation processes. The size
processes that occur during the second binding step asofAH*.fo'r both the association and dissociation step emulate
suggested by the data in Table 3, the interaction betweenthe affinity of the complex at equilibrium; i.e., the smaller
sc11F8 and hydrophobic mutants withvere measured over  the value ofAH?, the lower the affinity of the complex. The
the temperature range of-85 °C. As the initial binding ~ €Ntropy of activation4S)) for k. is usually predicted to be
step is impossible to detect in its entirety at higher temper- 2€r0 or slightly positive as the isomerization step is a

atures using tryptophan fluorescence, 1A sequence was ~ Unimolecular event3s). Consequently most of the rotational,
used since it does not detect step one. vibrational and translational freedom of the interacting

The Arrhenius plot fork, andk_, of sc11F81 is shown molecules has already been lost and water release from the
in Figure 5A. There is some curvature in the plot, particularly intéracting surfaces would give a favorable entropy te38). (
in temperatures below 2. Nonlinear Arrhenius plots are  However, the release of water into bulk solution where all
often interpreted as the results of two or more processesiydrogen bonding groups can be satisfied would give rise
occurring simultaneously that have different temperature t©© the negative\S’ observed. The values &S’ are small
coefficients 82). However, they have also been observed @nd sufficiently close in value that no analysis can be made
for interactions that are accompanied by a change in heat_regardlng the effect of the individual mutations although there
capacity 82—34). Curvature is observed for each of the IS ageneral decrease X' as the affinities of the complex
complexes that exhibit a change in heat capacity at equilib- d€crease. As would be expectet§® for k-, is positive,
rium (sc11F8L, Y100F1, and Y32F-1), while the plots are ~ "€presenting the gain in freedom achieved by the two
linear for those complexes that do not (W3BFW33V-1, dissociating molecules an_d _reso!vatlon of the _bmdmg inter-
L97A-1Y100V—| and Y32A-1; Figure 5B). These findings faces. Th_e curvature exh|b|ted in the Arrhenius plots _and
indicate that the change in heat capacity is causing theth€ negative values obtained fa6" support the hypothesis
nonlinear Arrhenius plots and that it associated with hydro- that the thermodynamic parameters measured at equilibrium
phobic interactions occurring in the second binding step. Predominantly originate from processes that occur during the

The activation energie<q) for the k, andk_, steps are ~ Se€cond binding step.
given in Table 4. For those complexes exhibiting curvature,
E., was calculated at 28C. The magnitude o, for the DISCUSSION
dissociation of the complexes reflects the differences in  Prior studies have demonstrated 8t CDR1, R¥**HCDRI,
affinity for 1 by the mutant proteins. In each complex, the “3*HCDR1,*’"HCDR3,R*®HCDR3, and'*®®HCDR3 within
enthalpy of activation AH*) is positive as expected from the CDR loops of sc11F8 account for approximately 80%




Sequence-Specific Recognition of sSSDNA

Scheme 2
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Electrostatic Steering:
R98 & R31

Conformational Change:
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of the binding energy in the complex with R3'HCDR1 and
Y100HCDR3 alone account for 40% of the binding energy,
and these two residues are critical for specific recognition
of 1 (14). Our experiments reveal that sequence-specific
recognition ofl by 11F8 is mediated through interactions
that occur in both binding steps. A model summarizing the
proposed role of individual side chains is presented in
Scheme 2R3HCDR1, a somatic mutation that originates
from a germline encoded serine residue, interacts with-dG
dCy, positioning 1 in the correct orientation within the
antigen binding site. This interaction apparently creates the
optimum binding interface betwe&f®"HCDR3 and T, and
Ti10n 1. The loss of the guadinium group B#HCDR1 or
the substitution of '°°HCDR3 with valine results in a loss
of specificity that can be observed through an increase in
K_».

The first step of binding, which is dominated by electro-

Biochemistry, Vol. 42, No. 14, 20031125

tant for the specific recognition of the stem-loop 11 RNA
sequence by the U1A protein through a network of hydrogen
bonds and van der Waals that rely on the complimentarity
of the binding interfaces. In this system, stacking interactions
occur during the second binding step and the differences in
affinity for various mutations of F56 are manifested by
changes in the rates of dissociation of the comp#},(as
observed in the sc11FBcomplex. 11F8 may bind ssDNA

in a similar manner incorporatinggdand Ty; of the binding
epitope between®2LCDR1, Y1%HCDR3, and"**HCDR1,
with L97 lying at the back of the binding pocket4). This
model permitsY1®HCDR3, located centrally within the
binding interface, to contribute to both affinity and specificity
through a myriad of interactions as proposed for F56 in the
U1A-RNA complex.

The “induced fit” mechanism of binding observed for
scl11F81 has been observed for other many other pretein
nucleic acid complexefg, 37, 38, 43—45). In many cases,
conformational changes that occur upon binding are biologi-
cally relevant; e.g., the newly formed surfaces resulting from
the conformational adjustments are required for subsequent
steps with functional significancd®). 11F8 provokes kidney
inflammation in vivo by first binding to ssSDNA adherent to
the glomerular basement membrane. Sequence-specific in-

static interactions, also includes sequence-specific recognitionteractions involving?*'HCDR1 lead to conformational

of dG;—dCy,. In diffusion-controlled proteimucleic acid

adjustments stabilized b¥*°®°HCDR3, ultimately resulting

interactions, the first binding step is usually a nonspecific in a slow rate of dissociation. Thus, it is possible that 11F8
process, driven by long range electrostatic attraction betweenis pathogenic because it remains bound to glomerular DNA
the interacting molecules. For example, EcoRI binds non- antigens for a longer period of time than nonpathogenic anti-
specifically to dsDNA via electrostatic interactions and then DNA, thereby permitting initiation of an inflammatory
“slides” along the helix until its specific binding sequence response. In support of this hypothesis, we find that non-
is found @6). Similarly, uracil DNA glycosylase binds non  pathogenic mAbs that differ from 11F8 by fewer than five
specifically to DNA until it locates a misplaced uracil when amino acids, dissociate frorh much faster than 11F8
binding causes a conformational change within the DNA (unpublished observations, 2003).

resulting in the flipping out of the uracil base. The uracil In summary, our data show that sequence specificity is
then stacks between aromatic residues of the pro&fh ( mediated through interactions that take place in both binding
Initial nonspecific complexes have also been observed in steps. Although 11F8 binds ssDNA, this system reflects many
proteinRNA systems. For example, the interaction between features that are exhibited by proté®NA complexes. At

HIV-1 Tat peptide with TAR RNA is a diffusion controlled
interaction resulting in a tight, but nonspecific compl8g)(
Similarly, the first step in recognition of U1 RNA by the
U1A protein is mediated by electrostatic interactions. Here,
sequence-specific binding is thought to occur through the
interaction of R52 with the stem-loop junction of the U1A
RNA, similar to the way in which®*HCDR1 on 11F8
interacts withl (22, 39). While it is not yet know if R52 on

present SLE is treated using broad acting lymphotoxic drugs.
Although effective in many patients, treatment with agents
is accompanied by a range of serious side effects. However,
the information collected about 11F8 binding (0, 12—

14) may help to facilitate the rational design of anti-DNA
antagonists for the treatment of lupus. For example, an
inhibitor with a sufficiently fastk; and a slow dissociation
rate should effectively compete with DNA for binding to

U1A makes sequence-specific contacts during the first step11F8. We are presently exploring this possibility along with

of binding, overall, the kinetic, thermodynamics, and certain
structural aspects of ULRNA interactions bear many
similarities to the 11F& complex.

On the basis of the crystal structures of DNAHgoT and
BV04—01-0ligoT complexes, Tanner et al. proposed a
ssDNA-antibody recognition module wheretl{?LCDR1

stacks above a base and a second aromatic residue from

HCDRS3 stacks below2). In this motif, the majority of
contacts are made to the DNA bases. This is thought to
enable the antibody to distinguish between ds- and ssDNA
and possibly contributes to sequence specificity. Similar types
of interactions have been observed for anti-RNA Je1103 mAb
complexed with poly(rl) 40) and the U1A RNA binding
protein, where C5 stacks between F56 and Y13 of U47% (
42). Mutagenesis studies have illustrated that F56 is impor-

investigating the relationships betwden and pathogenicity
as a means to differentiate pathogenic anti-DNA from those
that are benign.
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