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Inhibition of the Complement Alternative Pathway by
Chemically Modified DNA Aptamers That Bind with
Picomolar Affinity to Factor B

Xin Xu,""1 Chi Zhang,J”1 Dalton T. Denton,* Daniel O’Connell,"t Daniel W. Drolet,T and
Brian V. Geisbrecht*

The complement system is a conserved component of innate immunity that fulfills diverse roles in defense and homeostasis. In-
appropriate activation of complement contributes to many inflammatory diseases, however, which has led to a renewed emphasis
on development of therapeutic complement inhibitors. Activation of complement component C3 is required for amplification of
complement and is achieved through two multisubunit proteases called C3 convertases. Of these, the alternative pathway (AP) C3
convertase is responsible for a majority of the C3 activation products in vivo, which renders it an attractive target for inhibitor
discovery. In this study, we report the identification and characterization of two related slow off-rate modified DNA aptamers
(SOMAmer) reagents that inhibit formation of the AP C3 convertase by binding to the proprotease, factor B (FB). These aptamers,
known as SL1102 (31 bases) and SL1103 (29 bases), contain uniform substitutions of 5-(N-2-naphthylethylcarboxyamide)-2’'-
deoxyuridine for deoxythymidine. SLL.1102 and SL1103 bind FB with K4 values of 49 and 88 pM, respectively, and inhibit
activation of C3 and lysis of rabbit erythrocytes under AP-specific conditions. Cocrystal structures of SL1102 (3.4 10&) and
SL1103 (3.1 f&) bound to human FB revealed that SL.1102 and SL.1103 recognize a site at the juncture of the CCP1, CCP3,
and vWF domains of FB. Consistent with these structures and previously published information, these aptamers inhibited FB
binding to C3b and blocked formation of the AP C3 convertase. Together, these results demonstrate potent AP inhibition by

modified DNA aptamers and expand the pipeline of FB-binding molecules with favorable pharmacologic properties.
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omplement is an ancient and evolutionarily conserved
branch of the innate immune system that makes numer-
ous contributions to human health and disease (1, 2).
Although complement is best known for its ability to recognize
and facilitate elimination of invading microorganisms, roles
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for complement in coordinating the overall immune response
in repairing damaged tissue and in promoting developmental
processes are now widely understood (1, 2). In recent years,
complement has received considerable attention owing to a
growing appreciation of its links to a number of prominent
diseases, such as cancer and Alzheimer disease (reviewed in
Ref. 3-7). This has spurred a renewed interest in the discovery
of complement-targeted therapeutics, with many such candi-
dates moving through various stages of (pre-)clinical devel-
opment (8).

Complement activity has traditionally been thought to arise
from three different pathways (1, 2). However, contemporary
evidence suggests that these are better viewed as two initiation
routes (i.e., the classical pathways [CP] and lectin pathways
[LP]) and an amplification system (i.e., the alternative pathway
[AP]) (1, 2). The CP and LP use distinct pattern recognition
molecules to recognize surface-bound Ig molecules and carbohy-
drates, respectively, and trigger the activation of pathway-specific
proteases (i.e., Cls and MASP-1/2) that cleave complement
component C4. The activated form of C4, called C4b, is co-
valently deposited on nearby surfaces, where it binds the pro-
protease C2 in an Mg**-dependent manner. Once C4b-bound
C2 is cleaved by the pathway-specific proteases mentioned
above, it forms a metastable enzyme known as the CP/LP C3
convertase (i.e., C4b2a) that cleaves the next component in the
pathway, C3. The activated form of C3, called C3b, is also
deposited on the surface and forms an Mg>*-dependent complex
with a separate proprotease, factor B (FB). Once C3b-bound FB
is cleaved by factor D (FD), it forms another metastable enzyme
known as the AP C3 convertase (i.e., C3bBb). Although not
explicitly required for AP C3 convertase formation or function,
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C3bBb can be further stabilized by the positive regulatory
protein properdin. In this manner, the AP C3 convertase pro-
vides a powerful means for complement self-amplification as
it generates additional C3b molecules from native C3. In-
deed, although both forms of C3 convertase subsequently
cleave C5 (9, 10), studies have shown that the AP C3 con-
vertase provides more than 80% of the downstream products
that culminate in effector function (11, 12). This strongly
suggests that any molecules that perturb AP C3 convertase
formation and/or function should be powerful inhibitors of
complement activity.

Extensive structural and biochemical analyses have provided
a wealth of insight into the formation, function, and regulation
of the AP C3 convertase (reviewed in Ref. 13). These have
revealed numerous details on the protein—protein interactions,
proteolytic reactions, and conformational transitions that are
required to generate enzymatically active C3bBb from its
molecular precursors. The existence of no fewer than 10 in-
dividual steps in this process underscores the size and com-
plexity of the proteins involved, as well as the need to strictly
control both the levels and activity of the AP C3 convertase
in vivo (13). Although each of these steps theoretically pro-
vides a potential point for regulatory fine-tuning of the overall
process, the most well-understood AP regulatory strategies
manifest through C3b-binding molecules that influence two
key events. In this regard, the primary endogenous inhibitor of
the AP is the C3b-binding protein factor H (FH) (13, 14). FH
not only dissociates the active convertase (i.e., decay accel-
erating activity) but also prevents formation of new con-
vertases by stimulating the proteolytic degradation of C3b to
iC3b by factor I (i.e., cofactor activity). Exogenous C3b-
binding molecules that inhibit AP C3 convertase formation
and function have also been identified and characterized.
Among these are the mAb and 3E7/H17 (15) and the innate
immune evasion proteins Efb (16, 17), Ehp (18), and SCINs
(19-22) from the Gram-positive pathogen Staphylococcus
aureus. Collectively, these molecules employ various ortho-
and allosteric mechanisms to impair convertase formation by
either blocking FB binding to C3b and/or preventing cleavage
of the C3 substrate. These observations provide proof of
concept that AP C3 convertase regulatory modes distinct from
those typified by FH are achievable by macromolecules.

The structural and functional properties of FB itself also
contribute to AP regulation by influencing the opposing processes
of AP C3 convertase formation and decay. Human FB is an
~93-kDa protein comprised of five independently folding
domains that give rise to two functionally discrete regions
denoted Ba and Bb (23). The Ba region (~30 kDa) accounts for
roughly one third of the molecule and is comprised of the first
three domains, each of which adopts the canonical complement
control protein fold (CCP1-CCP3). The Bb region (~60 kDa)
accounts for roughly two thirds of the molecule and is com-
prised of the latter two domains. The first of these is a von
Willebrand factor (vVWF) domain, which contributes the metal
ion-dependent adhesion site (MIDAS) that coveys the Mg>*
dependence of the AP. The second is a serine protease (SP)
domain that provides the catalytic machinery of the enzyme.
Association of FB with C3b involves both Ba and Bb regions
(24), although their contributions are mechanistically distinct
(17, 22, 24, 25). Whereas Ba contributes an initial fast asso-
ciation event that can be measured with Ba fragment alone
or FB in the absence of divalent cations, Bb contributes the
slower association event that is Mg>* dependent. Significantly,
this latter reaction cannot occur on its own and must be

coupled to the initial Ba-dependent event; this gives rise to an
essential regulatory feature of the AP C3 convertase. Crys-
tallographic studies of FB both free (23) and bound to C3b
(25) have revealed the molecular details of the separate Ba and
Bb contact sites with C3b. They have also highlighted key
conformational transitions that FB undergoes that render it
susceptible to cleavage and activation by FD only when in the
C3b-bound state (23, 25). Thus, the surprisingly complex se-
ries of events that underlie FB binding to C3b and its subse-
quent activation by FD suggest that this process could be
exploited for inhibitor development.

Aptamers are single-stranded nucleic acid ligands directed
against other molecules (26). They can be identified from com-
binatoric libraries of tremendous initial diversity through a
process known as systematic evolution of ligands by expo-
nential enrichment (SELEX) (27, 28). Although aptamers
recognize their ligands with specificity, the paucity of hydro-
phobic groups present in conventional nucleotides has been an
impediment to aptamers obtaining the high affinities charac-
teristic of tightly binding protein—protein interactions (26). To
address this limitation, modified nucleotide bases with functional
groups reminiscent of hydrophobic amino acid sidechains have
been developed and employed in SELEX strategies (29, 30). A
large panel of aptamers with significantly improved affinities for
their cognate ligands has since been identified using this approach
(29). Owing to their unique physicochemical properties, this new
class of aptamers has been given the name slow off-rate modified
aptamers (SOMAmer) reagents. In addition to their improved
affinities, these reagents can also be synthesized with 2'-O-
methyl groups or 3'-3" inverted linkages; these modifications
can increase the chemical stability of the aptamers in complex
mixtures like serum by impairing degradation by nucleases. As
such, aptamers of this sort may represent a valuable tool for
developing therapeutic inhibitors of complement proteins, many
of which are serum resident.

In this study, we identify and characterize structurally two
sequence-related SOMAmer reagents that bind to human FB and
potently inhibit functional assays specific for the AP. These
molecules, known as SL1102 and SL1103, contain 31 and 29 bases,
respectively, and incorporate the unconventional nucleoside 5-(NV-
2-naphthylethylcarboxyamide)-2'-deoxyuridine (2NEdU) in lieu
of deoxythymidine (dT) (31). Four of the seven 2NEdU found in
these aptamers are especially required for high-affinity binding
to FB, as judged by analysis of synthetic dT analogues. Crystal
structures of SL1102 and SL1103 bound to FB demonstrate that
the aptamers recognize a motif lying at the juncture of the CCP1,
CCP3, and vWF domains of the proprotease. This prevents FB
binding to C3b and formation of the AP C3 convertase. These
results not only provide a unique description of complement inhi-
bition by aptamers, they also increase our understanding of the
relationship between nucleic acid ligand structure and function.

Materials and Methods

Materials

Unless otherwise stated, proteins, zymosan A, and erythrocyte preparations
were obtained from Complement Technologies (Tyler, TX). Sera for var-
ious assays were obtained from either Complement Technologies or In-
novative Research (Novi, MI). Human FB that had been purified from
human serum was obtained from both Complement Technologies and
Quidel (San Diego, CA).

Protein labeling

Native human FB (Quidel) was labeled via primary amines with either
Alexa Fluor 488 (AF; Molecular Probes) or biotin (EZ-Link NHS-
PEG,-Biotin; Pierce) according to manufacturer’s directions. Briefly,
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FB (400 pM in 75 wl) was incubated for 16 h at 4°C with a 22-fold (AF) or
10-fold (NHS-PEG,-Biotin) molar excess of reagent. Unreacted label was
removed by ultrafiltration using Ultracel 3 kDa filters (MilliporeSigma)
and buffer solution SB18T0.01 (40 mM HEPES [pH 7.5], 102 mM NaCl,
5 mM MgCl,, 5 mM KCI, and 0.01% [v/v] Tween 20).

Modified aptamer discovery and sequencing

Aptamer selection, with minor modifications, was performed using
the SELEX process as described elsewhere (29) using a DNA library 5'-
B-B-TTTTTTTTCCTTTCCTTGTTCTGTTGTTG-(N)40-CAAGGTAG-
GTCGGCGTCACT that included 40 consecutive random nucleotide
positions [(N)40] and two 5’ biotins (B). The random region contained
the modified nucleotide 2NEdU in place of dT. Flanking regions
served as templates for amplification by PCR. Ten rounds of SELEX
were performed using AF-labeled FB for rounds 1-4 and biotin-
labeled FB for rounds 5-10. Binding steps were performed at 37°C
in buffer solution SB18T0.01, as described above. Incubation time
was 60 min for round 1 and 15 min for all subsequent rounds. Ap-
proximate FB concentrations were 500 nM for round 1, 100 nM for
rounds 2-5, and 33, 3.3, 1.0, 0.33, and 0.10 nM for rounds 6-10,
respectively.

To separate protein-bound from -unbound nucleic acids, AF-labeled
protein was captured on protein G magnetic beads (Dynabeads) via a
rabbit IgG anti-AF Ab (Invitrogen, Molecular Probes), whereas bio-
tinylated protein was captured on MyOne Streptavidin paramagnetic
beads (Invitrogen). AF capture beads were prepared by incubating
70 g of rabbit IgG anti-AF Ab with beads (10 mg) in 1 ml of SB18T0.05
buffer (as described for SB18T0.01 except with 0.05% [v/v] Tween
20). After a 30 min incubation at 37°C, beads were washed three times
with 14 ml of SB18T0.05 and stored at 4°C until use. Round 1 was
performed using FB preimmobilized on beads, whereas in all other
rounds, FB was captured after a binding step in solution. A kinetic
challenge consisting of 5 mM dextran sulfate and counter SELEX
against capture beads and a protein competitor mixture (10 uM casein,
0.1% [w/v] human serum albumin, and 10 puM prothrombin) was
employed in rounds 2-10.

The round 10 enriched pool was amplified by PCR and the products
purified by SDS-PAGE. Following buffer exchange, ion torrent sequencing
was performed by SeqWright Genomic Services (GE Healthcare, Houston,
TX).

Aptamer synthesis

Aptamers were synthesized by standard DNA phosphoramidite methods
(32). The phosphoramidites for modified 2NEdU bases were synthesized
as described elsewhere (30, 33). For crystallography studies, aptamers
were purified using ion-pairing reverse phase liquid chromatography,
followed by desalting using Hi-Trap Sephadex G-25 columns (GE Life
Sciences). Desalted aptamers were evaporated to dryness using a Genevac
HT-12 system. The purified products were characterized by ultra-performance
liquid chromatography (Waters ACQUITY System) and their identities
confirmed by MALDI-TOF mass spectrometry.

Binding affinity determinations

Equilibrium binding constants (Ky) in solution were measured as described
previously (29). Briefly, radiolabeled aptamer [**P] was incubated at 37°C
with varying FB concentrations, and complexes were captured after 30 min
using Zorbax PSM-300 resin (Agilent Technologies, Santa Clara, CA).
Bound aptamer was quantified with a phosphorimager. The percent of
maximum captured aptamer was plotted versus the logarithm of protein
concentration. These data were then fitted to a four-parameter sigmoid
dose-response model to determine the apparent Ky.

Nuclease stability assays

Aptamers (250 nM) were incubated with 0.2 U/ml of recombinant human
DNase I (Cell Sciences) in a buffer consisting of 10 mM Tris HCI (pH 7.6),
2.5 mM MgCl,, and 0.5 mM CaCl, or with 140 U/ml of porcine DNase II
(Worthington Biochemical) in a buffer consisting of 0.1 M sodium acetate
(pH 4.6), 2.0 mM MgCl,, and 15 mM NaCl. Incubations were conducted at
37°C in a total reaction volume of 100 pl. At the indicated times, a 15 pl
aliquot was collected and the reaction stopped by adding an equal volume
of 2X gel loading buffer (93.85% [v/v] formamide, 0.2% [w/v] SDS, 20
mM Na,EDTA, 0.05% [w/v] xylene cyanol, and 0.1% [w/v] Orange G)
and heating at 95°C for 2 min. Serum stability studies were performed in
90% (v/v) pooled human sera with 10% (v/v) PBS using a final aptamer
concentration of 500 nM. Samples were processed as described by Gupta
et al. (34). Briefly, aliquots were extracted with phenol-chloroform and
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concentrated using a YM-10 m.w. cutoff filter (EMD Millipore). Digestion
products for all studies were separated from full-length aptamer by PAGE
(15% [w/v] polyacrylamide gel containing 8 M urea) using a Tris—borate
buffer system. Electrophoresis was carried out for 20 min at 200 V.
Aptamers were stained with 2 uM SYBR Gold nucleic acid stain (Mo-
lecular Probes), imaged using a FluorChemQ imager (Alpha Innotech),
and quantified using AlphaView Q software with background subtraction.
Data are presented as the percentage of full-length input aptamer. All
aptamers used in these studies had a 5'-hydroxyl group and 3'-3'-linked
dT cap.

Hemolysis assays

AP hemolysis assays were conducted in a 100 ul reaction mixture
consisting of 10 pl normal human serum (NHS), 55 wl of 0.1% (w/v)
gelatin veronal buffer (GVB; Complement Technologies), 10 ul of 0.1 M
MgEGTA (Complement Technologies), 5 ul aptamer in double-distilled
H,O to achieve the indicated final concentration, and 20 pl of rabbit
erythrocytes (5 X 10%ml exchanged into GVB). After 30 min at 37°C,
samples were centrifuged for 10 min at 200 X g, the supernatant was diluted
4-fold in water, and the absorbance was determined at 412 nm. The
percentage of lysis inhibition was determined by the following equation:
100 — [100 X (OD412, sampte — OD412, butter/(OD412, no inhibitor — ODa12, bufrer) >
and the ICso was determined by a four-parameter fit. A similar pro-
cedure was employed when using 12% (v/v) FB-depleted serum, except
that the erythrocytes were at 3.3 X 10%/ml, and the GVB concentration was
adjusted to allow for the additional serum and for a 5% (v/v) addition
of 20 nM FB. CP assays were performed in a 75 pl reaction mixture
consisting of 1.5 pl of C5-depleted NHS and 46 pl of GVB containing of
10 mM MgCl, and 10 mM CaCl, (GVB*"). After addition of human FB (4 pl,
2 nM final concentration) and aptamer (7.5 wl) to achieve the desired con-
centration, 16 pl of Ab-sensitized sheep erythrocytes (3.3 X 10%/ml exchanged
into GVB**) were added. After 30 min at 37°C, the samples were processed as
described above. ANOVA with a Dunnett posttest correction was performed by
comparing all groups to the no inhibitor control.

The aptamers used in this study typically exhibit Ky values for their
target protein that are orders of magnitude below the concentrations of the
target protein in serum samples. Because of this, any experiment done in
dose-response fashion using normal serum would be expected to show an
ICso-type value near the concentration of the target protein that is being
inhibited following correction for dilution. Thus, to investigate the potency
of these aptamers in complex and physiologically relevant mixtures, we
occasionally made use of target protein—depleted serum samples that
were then fortified with a lower final concentration of the target protein
prior to experimentation. This approach was used for the AP hemolysis
assays shown in Fig. 2B that were performed with FB-depleted/fortified
serum. It was also used for the CP hemolysis assays shown in Fig. 2D
that were performed with C5-depleted/fortified serum, as the positive
control (ARC1905) is a potent C5 inhibitor.

C3a detection assay

C3a detection assays were performed in a 50 p.l reaction mixture containing
5 wl NHS and 40 pl of GVB containing 10 mM MgEGTA. After addition
of aptamer in water (2.5 p.l) to achieve the desired concentration, reactions
were initiated by adding 2.5 pl of preactivated zymosan A (10 mg/ml).
Following 30 min at 37°C, zymosan was pelleted by centrifugation
(10,000 X g for 4 min), and the C3a concentrations in the supernatant
were determined by ELISA according to the manufacturer’s directions
(OptEIA human C3a; BD Biosciences).

Crystallization, x-ray diffraction data collection, and
structure determination

Samples of SL1102 or SL1103 bound to FB were prepared by mixing a
1.05-fold molar excess of either aptamer with native FB that had been
purified from human serum (Complement Technologies). Each sample was
exchanged into 10 mM HEPES (pH 7.5), 50 mM NaCl using 3-kDa mo-
lecular mass cutoff ultrafiltration units (Merck Millipore) and concentrated
to 5 mg/ml complex as judged by OD,g, using the theoretical extinction
coefficient for an equimolar complex. Plate-like crystals of the SL1102/FB
complex were obtained within 3—7 d at 20°C by vapor diffusion of hanging
drops prepared by mixing 1 wl of complex with 1 pl of a precipitant so-
Iution consisting of 0.1 M HEPES (pH 7.5), 0.2 M ammonium acetate, and
25% (w/v) polyethylene glycol 3350 and equilibrating over 500 wl of
precipitant solution. A similar procedure was used to obtain plate-like
crystals of the SL1103/FB complex with the exception that 0.1 M Bis-
Tris (pH 6.5) was used in the precipitant solution. Diffraction-quality
samples were cryopreserved by quickly soaking crystals in their respective
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precipitant solutions supplemented with an additional 10% (w/v) poly-
ethylene glycol 3350 prior to flash cooling in liquid N,. .

X-ray diffraction data were collected from radiation of 0.97243 A
wavelength using beamline 22-ID of the Advanced Photon Source at
Argonne National Laboratory. Reflections were indexed in the space group
P24, integrated, and scaled using the HKL-2000 package (35). Owing to
the higher resolution of its diffraction dataset, the structure of SL1103/FB
was solved first. Briefly, PHASER (36), as implemented within the
PHENIX software suite (37, 38), was used to perform molecular re-
placement using the refined coordinates of human FB as a search model
[Protein Data Bank (PDB) entry 20KS5 (23)]. Upon placement of two
copies of FB, initial electron density maps were calculated using bulk
solvent scaling and B factor refinement in PHENIX.REFINE (37, 38).
A preliminary model for SL1103 was constructed by initially identi-
fying positions of aptamer-derived phosphate groups in the F,-F. map.
The SL1103 model was completed by manual rebuilding following the
identification of features in the 2F,-F, and F,-F. maps consistent with
the sequential 2NEdU bases at positions 26 and 27 of the aptamer.
Positional and B factor refinement in PHENIX.REFINE (37, 38) were
used to iteratively improve the model for both copies of the SL1103/FB
complex by employing noncrystallographic symmetry restraints. The
structure of SL1102/FB was solved by molecular replacement using the
final model of SL.1103 and FB [PDB entry 20KS5 (23)] as sequential search
models in PHASER (36). Model building and refinement was carried out
using equivalent methods to those described for the SL1103/FB complex.

The final model for SL1103/FB consists of two complete copies of each
aptamer including the 3’-inverse dT cap (chains B and D), along with two
copies of FB (chains A and C). Residues 1-8, 63-65, 218-232, 321-326,
and 703-707 were not modeled in chains A and C because of poor electron
density. The final model for SL1102/FB differs in the presence of two ad-
ditional bases found at the 5'- and 3’-ends, respectively, in each chain (chains
B and D). However, neither of these chains includes a 3’-inverse dT cap. The
composition of the FB chains modeled in the SL1102/FB structure is identical
to those in the SL1103/FB structure. A quantitative description of the cell
constants, diffraction data quality, and properties of the final model for each
complex can be found in Table II.

Competition binding assays

Competition between SL1103 and FB (Complement Technologies) for binding
to C3b was investigated using a surface plasmon resonance (SPR)-based
approach on a BiaCore T-200 instrument. A NeutrAvidin (Thermo Fisher
Scientific)—derivatized CMD200M chip (Xantec Bioanalytics, Dusseldorf,
Germany) was prepared by standard amine coupling and used to cap-
ture human C3b that had been site-specifically biotinylated at Cys'®'”
via EZ-link Maleimide-PEG,-Biotin (Thermo Fisher Scientific) according
to previously published protocols (19, 20, 39). A reference surface was
prepared by injecting one flow cell (fc) with biotin alone (10 uM) to yield
a final capture level of 87 resonance units (RU) (fcl). Replicate experi-
mental surfaces containing 2583 (fc2), 2485 (fc3), and 2685 (fc4) RU of
C3b biotin were prepared thereafter by injecting dilute solutions of C3b
biotin (8 ng/pl) across the remaining fc.

All binding studies were carried out at 25°C using a running buffer of
20 mM HEPES (pH 7.4), 150 mM NaCl, 0.005% (v/v) Tween 20, and 10 mM
MgCl, and a flow rate of 30 wl/min. Binding of FB to C3b was assessed by
injecting a buffer blank, followed by a 2-fold dilution series of FB across
eight different concentrations spanning 15.625 nM to 2 wM. Each injection
cycle consisted of a 1 min association phase, a 2 min dissociation phase,
and final 0.5 min phase in which a solution of 2 M NaCl was used to
regenerate the surface. Each reference-subtracted sensorgram series was
analyzed using BiaCore T-200 Evaluation software. Data were fitted to a
two-state reaction model that incorporates a single second-order associa-
tion rate constant in which k,; = 7.7 X 10° M s ! kg, =2.0s™ ", koo =
29X 1073 57! kg =39 X 1072 57!, and Ky = 1.4 uM. Competition
binding studies were conducted by including SL1103 at the desired con-
centration ratio relative to 2 uM FB and injecting the resulting analyte
mixture as outlined above. Analysis of these sensorgram series was carried
out as described above. Data were normalized by assigning a value of
100% to the signal resulting from injection of the competitor-free, 2 uM
FB sample immediately prior to the end of the association phase. Each
experimental fc was normalized independently to account for the slight
differences in C3b density. All plots were generated using GraphPad Prism
v6.07.

Convertase formation assay

FB (Quidel) alone or with SL.1102 was prepared at twice the indicated final
concentrations in GVB containing 10 mM MgEGTA, and the mixtures were
incubated at room temperature for 15 min. An equal volume of the same

buffer containing twice the indicated concentration of C3b and FD (Quidel)
was added, and the mixture was incubated at 37°C for 30 min. Proteins were
then labeled with Alexa Fluor 647 according to the manufacturer’s di-
rections (Molecular Probes) and reactions stopped by the addition of 2X
Tris—glycine loading buffer. Reactions without SL1102, or without one or
more of the protein components, were run in parallel. Proteins were re-
solved by SDS-PAGE (4-20% (w/v) Tris—glycine; Novex) at 150 V for
1.5 h. The gel was imaged at 632 nm using an Alphalmager.

Miscellaneous

Calculation of buried surface areas and identification of potential polar
interactions such as hydrogen bonds were performed using EBI-PISA server
(40). LigPlot was also used to illustrate features of surface complemen-
tarity and packing interactions (41). Structural superpositions and ren-
derings of molecular structures and surfaces were generated by PyMol
(http://www.pymol.org/).

Reference protein sequences were obtained from the National Center for
Biotechnology Information (http://ncbi.nlm.nih.gov/) and aligned using
BLASTP. The RefSeq accession numbers for FB are NP_001701.2 (Homo
sapiens), NP_001009169.1 (Pan troglodytes), XP_005553497.1 (Macaca
fascicularis), XP_001113553.2 (M. mulatta), XP_003431724.1 (Canis
lupus), NP_001035616.1 (Bos taurus), NP_032224.2 (Mus musculus), and
NP_997631.2 (Rattus norvegicus), whereas the number for C2 (H. sapiens)
is NP_000054.2.

Results
Identification and characterization of FB-binding, chemically
modified aptamers

We screened for aptamers that bind human FB via 10 rounds of
the SELEX process using FB isolated from human serum and a
DNA library containing a 40-nt random region wherein 2NEdU
was uniformly substituted for dT (Fig. 1A). Upon sequencing the
enriched pool, we identified a family of sequence-related mol-
ecules that contained a 23-nt consensus sequence that accounted
for ~6% of the enriched library (Table I). A single-nucleotide
insertion between positions 13 and 14 of the consensus was
found in a minority of the sequences we obtained, including the
most abundant sequence of the enriched SOMAmer pool. We
truncated this most abundant sequence to a 31-mer (SL1100)
and to a 29-mer (SL1101), both of which were synthesized with
a 3'-3'-linked dT cap to enhance resistance to exonucleases
(n.b., that SOMAmer reagent lengths do not include this cap
residue). We found that both truncated aptamers maintained
high-affinity binding to FB in this configuration with a mean
(95% confidence interval [CI]) equilibrium dissociation con-
stant (K4) of 12 (6.2-17) pM for SL1100 and 12 (6.5-17) pM
for SL1101 (Fig. 1B).

We used single dT substitution scans in the context of SL1100 to
determine which of the seven 2NEdU nucleotides were most
critical to function of this SOMAmer family. Although FB-binding
studies showed that all seven modified nucleotides are important to
some degree, we observed a clear distinction between substitutions
for the three 2NEdU residues closest to the 5'-terminus when
compared with the remaining four (Fig. 1C). Whereas single dT
substitutions within the first group reduced the affinities by ~3-6-
fold, corresponding substitutions within the second group reduced
the affinities from 100- to >10,000-fold (Fig. 1C). This strongly
suggested that the bases near the 3" region of the aptamers might
contribute directly to the FB-binding site.

We also carried out a separate substitution scan wherein a 3-
carbon alkyl linker (C3 spacer) was incorporated for each base
aside from those occupied by 2NEdU (Fig. 1C). This substitution
preserves the natural spacing of the aptamer chain, does not im-
pact folding, and therefore allows the functional contributions for
each nucleoside base to be determined (34). We found that all C3-
spacer substitutions within the consensus sequence of the 29-mer,
SL1101, reduced affinity for FB, although the magnitude of the
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FIGURE 1.

Sequence—function relationships of FB-binding SOMAmer reagents. (A) Structure of 2NEdU used to uniformly substitute for dT in the

SELEX library. The triphosphate is indicated as PPP. (B) Binding curves of aptamers as shown in (C). Symbols represent mean (SEM) percent maximum
binding for seven, four, eleven, and eight independent determinations for SL1100, SL1101, SL1102, and SL.1103, respectively. Data were fitted to a four-
parameter sigmoid dose-response model to determine the apparent equilibrium dissociation constants (Ky) for each interaction. (C) Sequence—function
relationships and post-SELEX modification of the truncated aptamer, SL.1100. Results of dT, C3 (3-carbon alkyl linker in place of the nucleoside), and 2'-OMe
substitution scans are shown as the affinity ratio (K variant/Ky parent) for each single substitution. The effect on binding is also indicated by color, with affinity
loss being red where color intensity is related to the magnitude of the change. A vertical dash (|) indicates that no affinity data were acquired. Sequences of
SL1100, SL1101, and the 2'-OMe-substituted aptamers SL1102 and SL1103 are shown where the position of a 2’-OMe sugar is indicated with the letter m
preceding the nucleobase designation. Equilibrium dissociation constants are given as the mean along with the CIs (95% CI).

loss was <10-fold for those bases at and proximal to the 5’ and
3’ termini. Interestingly, we also determined that the guanosine
at position 18 could be replaced with a C3 spacer without loss of
binding affinity, as was suggested by the family of sequences
obtained from the initial enriched library (Table I). In fact, dele-
tion of this nucleoside entirely had no impact on FB-binding af-
finity of the SOMAmer (data not shown).

DNA aptamers with modified nucleosides have been shown to
possess increased resistance to nucleases in serum when compared
with native DNA of the same sequence (34, 42). Consistent with
these observations, we found that in vitro stability of SL1100
against 90% (v/v) NHS, 0.2 U/ml human rDNase I, or 14 U/ml
porcine DNase II was increased by 14-, 17-, and 6-fold, respec-
tively, when compared with a version of SL1100 in which all
seven 2NEdU residues were replaced with natural dT residues
(Supplemental Fig. 1). To further enhance nuclease resistance, we
substituted 2'-O-methyl ribose (2’-OMe) for 2'-deoxyribose sug-
ars where permitted. Positions that could tolerate a 2'-OMe group
were determined by substitution scanning of SL1100 and resulted
in the creation of aptamers containing nine and seven 2’-OMe
residues for the 31-mer (SL1102) and 29-mer (SL1103), respec-
tively (Fig. 1C). This process increased the nuclease resistance of
SL1102 by 3.4-fold against DNase I and 4-fold against DNase II.
We also found that both SL1102 and SL1103 were completely
stable for 96 h at 37°C in 90% (v/v) pooled NHS (Supplemental
Fig. 1). However, we also noted that these 2'-OMe substitutions
resulted in slight reductions in binding affinity (Fig. 1B). The
mean (95% CI) Ky for SL1102 was 49 (33-64) pM, which rep-
resented a 4-fold reduction from its parent molecule SL1100.
Similarly, the mean (95% CI) Ky for SL1103 was 88 (63-110) pM,

which equated to a 7.3-fold reduction from its parent molecule
SL1101.

FB-binding SOMAmers inhibit the AP of complement

Although our initial studies demonstrated that this novel family of
SOMAmer reagents bound FB with high affinity, they did not
determine whether these molecules had any effect on FB activity.
We therefore examined the outcome of including these aptamers in
various assays for complement function. We initially tested the
ability of each aptamer to inhibit lysis of rabbit erythrocytes using
10% (v/v) NHS as a source of complement components and
conditions specific for the AP (please see Materials and Methods).
Significantly, we found that SL1100, SL1102, and SL1103 each
inhibited lysis in a dose-dependent manner with ICsq values of
220, 200, and 280 nM, respectively (Fig. 2A). FB is present at
concentrations of ~200 pg/ml in human plasma, which cor-
responds to ~2 wM protein. As this value is greater than five
orders of magnitude above the K, of these SOMAmer reagents
for FB (Fig. 1B), we repeated the rabbit erythrocyte lysis assay
using 12% (v/v) FB-depleted NHS that had been fortified with
20 nM FB. Under these conditions, we found that SL1102
inhibited lysis with an ICsq value of 9.8 nM (Fig. 2B). This
suggested that the apparently weaker potency of the aptamers
in our initial experiment was due to the large quantities of FB
present in NHS rather than a change in their ability to bind to
FB in complex mixtures.

Because FB is required for forming the AP C3 convertase, any
inhibitors of FB activity should also disrupt C3 activation under
conditions specific for the AP. To test this hypothesis for the FB-
binding aptamers, we included varying concentrations of SL1100
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Table I. Sequence distribution of FB-binding aptamers
Identical Copies Equivalent Copies Total Sequence 5'—3"¢
189 429 618 5'-GACACGCtGAGAAtAGAAGtAGGAGtAtGCttGCGACCAC-3’
113 71 184 5'-tGAGAAtAGAAGtA-GAGtAtGCttAAGtAGGGCGLCAGEC-3’
98 87 185 5'-tCtGACCGAtGAGAAtAGAAGtA-GAGtAEGCttCCGLGGC-3’
79 38 117 5'-AAtCCCtGAGAAtAGAAGtAtGAGLAtGCtEGGGLGGGA-3'
25 104 129 5'-AAGt tGACACGGAGAAtAGAAGtA-GAGtAtGCttAGALGtL-3’
17 23 40 5'-AGAGAAtAGAAGtA-GAGtAtGCttCAGGLtALGGLCACGtE-3’
15 22 37 5'-GCtGGCAtGAGAAtAGAAGtAGGAGtAtGCtEGAACAGAC-3'
10 27 37 5'-tGCAGAGAAtAGAAGtA-GAGtAtGCttGCACCtAACAAGG-3’
9 13 22 5'-CGGAGAAtAGAAGtA-GAGtAtGCttAGCAGtGAAGGCLCCAGA-3'
6 3 9 5'-AACttAAGCAtGAGAAtAGAAGtA-GAGtAtGCttGCGtAC-3’
5 6 11 5'-GGtGCtGAAAAAtGCCAGAAtAGAAGEA-GAGEALGCtEGG-3'
5 4 9 5'-AGAGAAtAGAAGtA-GAGtAtGCttAAAGGALGLALCGGCE-3’
3 3 6 5'-CCACAAtAGCCGtGAGAAtAGAAGtACGAGtALGCELGGCtECC-3'
3 0 3 5'-Ctt tGGCGCCGAGAAtAGAAGtA-GAGtAEGCtEAGCECCA-3’
3 0 3 5'-CtACtGtGCAGAGAAtAGAAGtA-GAGtAtGCttGCACCELAACAAGG-3’
2 2 4 5'-tGAGAAtAGAAGtA-GAGtAtGCttAAGAAALGGGGAGALG-3’
2 1 3 5'-t tGCGCtGAGAAtAGAAGEAGGAGEALGCtECGCCLGGGCAC-3'
2 1 3 5'-GAGAAtAGAAGtA-GAGtAtGCttAGGLAtGAAGGCLCCAGG-3'?
2 0 2 5'-GAGAAtAGAAGtA-GAGtAtGCttAGGLtGGGGCtACCALCA-3"?
2 0 2 5'-AGAGAAtAGAAGtA-GAGtAtGCttCAAGGCAGAGCAGGGCA-3'
2 0 2 5'-GtGAAGCAGtGAGAAtAGAAGtA-GAGtAtGCEtAAGCGGtE-3'

“The sequences in bold represent the consensus obtained following SELEX.
bThe first G occurred as part of the fixed region of the 5’ primer.

and SL1102 in an assay in which zymosan A was used to stimulate
the complement activity of 10% (v/v) NHS in the presence of
MgEGTA and then measured the levels of C3a that resulted. We
observed dose-dependent inhibition of C3 activation by SL1100
and SL1102 with ICs, values well matched to the concentration
of FB, as judged by an ELISA specific for C3a (Fig. 2C). As a
control for specificity, we tested whether the same aptamers
could inhibit lysis of Ab-sensitized sheep erythrocytes in the
presence of 2% (v/v) C5-depleted serum that had been fortified
with 2 nM C5.

We found that including 2 pM of the C5-targeted aptamer
ARC1905 (43) completely inhibited hemolysis, but neither SL1100
nor SL1102 had any impact on hemolysis when used at the same
concentration (Fig. 2D). Thus, this family of FB-binding SOMAmers
act as specific inhibitors of the complement AP.

SL1102 and SL1103 bind FB at the juncture of its CCP1,
CCP3, and vWF domains

We sought structural information to better understand the physical
basis for inhibition of the AP by these FB-binding SOMAmer
reagents. To that end, we crystallized SL1102 and SL1103 bound to
human FB, collected x-ray diffraction data, and solved each
structure by molecular replacement using a structure of FB as an
initial search model (23). Because the diffraction data for the
SL1103/FB crystal extended to 3.1 A, limiting resolution, whereas
that from the SL1102/FB crystal extended to only 3.5 A (Table II),
we completed the SL1103/FB structure first then used the refined
model for SL1103 (29 bases) as starting model for SL1102 (31
bases). The final models for SL1103/FB and SL1102/FB had
Ryorc and Ry values of 20.8/24.1 and 22.7/25.7%, respectively
(Table II). Each model contains two copies of the aptamer/FB
complex in the asymmetric unit that are related by noncrystallo-
graphic symmetry (Supplemental Fig. 2). Aside from the presence
of an additional base pair formed by extension of the 5’ and 3’
ends in SL1102 when compared with SL1103 (Supplemental Fig.
2, Table I), the individual aptamer/FB complexes are practically
indistinguishable from one another as judged by structural su-
perposition (data not shown). Consequently, we restricted subse-
quent analyses to the complex represented by chains A and B in
the SL1103/FB structure.

The SL1103 molecule adopts a compact, cylinder-like fold that
is ~50 A in length and 20 A in diameter. SL1103 resembles a
spiral staircase when viewed as a ribbon diagram in which the
railing is comprised of the aptamer sugar—phosphate backbone
(Supplemental Fig. 3A). Position mG-17 in SL1103 (mG-18 per
the numbering convention used in Fig. 1C) represents the second
pivot point in this SL1103 staircase (Supplemental Fig. 3A); its
guanine base does not pack within the core of the SOMAmer but
instead is solvent exposed. Not surprisingly, mG-17 is the only
nonterminal position permissive of substitution with a C3 spacer
(Fig. 1C), as this base may be deleted without compromising
binding. Aside from this, the core of the SL1103 molecule is held
together by extensive base-stacking and base-pairing interactions
(Supplemental Fig. 2C). The most noteworthy of these are a series
of triplex-like structures formed by coplanar arrangements of
C-25, G-6, and G-14 as well as A5 and the uracil-like moieties of
2NEdU-26 and 2NEdU-15 (Supplemental Fig. 3B). The existence
of these unconventional interactions is supported by appropriate
hydrogen bond distances (i.e., 2.7-3.4 A), unambiguous 2F,-F,
electron density at reasonably high contour levels (e.g., 1.30), and
strong model-to-map correlations in these areas (Supplemental
Fig. 2C, 2D).

The seven modified 2NEdU bases also feature prominently in the
SL1103 structure (Supplemental Fig. 3C). The first cluster of four
2NEdU is found near the middle of the SL.1103 molecule and is
comprised of positions 3, 15, 26, and 27. In an earlier experiment,
we determined that dT substitution at positions 3 and 15 had
relatively mild effects on aptamer function, but loss of the
2NEdU at positions 26 and 27 essentially abolished inhibitory
activity (Fig. 1C). Consistent with these observations, the
2NEdU sidechains from positions 26 and 27 appear to par-
ticipate in base-stacking interactions in the middle of the
aptamer that may be required for proper folding of the nucleic
acid chain (Supplemental Fig. 3D). The second cluster of three
2NEdU is comprised of positions 9, 21, and 23 and lies at the
end of the aptamer structure opposite the 5’ and 3’ termini.
Interestingly, we also found in an earlier experiment that
substitution of positions 21 and 23 by dT abolished aptamer
function (Fig. 1C). Although it is unclear if these positions are
required for structural stability of the aptamer molecule, they
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FIGURE 2. FB-binding SOMAmer reagents inhibit the AP, but not the CP of complement. (A) FB-binding SOMAmer reagents inhibit hemolysis of
rabbit erythrocytes in the presence of 10% (v/v) NHS. The ICso values for SL1100, SL1102, and SL1103 are 220, 200, and 280 nM, respectively. (B)
SL1102 inhibits hemolysis of rabbit erythrocytes in the presence of 12% (v/v) FB-depleted NHS fortified with 20 nM of human FB. The mean * SD of the
percent lysis observed in three independent determinations is shown (ICsy = 9.8 nM). (C) FB-binding SOMAmer reagents inhibit generation of C3a in 10%
(v/v) NHS stimulated with zymosan A. Both SL1100 and SL1102 blocked activation of C3 in a dose-dependent manner. (D) FB-binding SOMAmer
reagents do not inhibit the CP of complement. The percent lysis of Ab-sensitized (Ab-sensitized) sheep erythrocytes in 2% (v/v) C5-depleted NHS fortified
with 2 nM human C5 is shown as the mean * SD of six independent determinations. No significant difference in hemolysis was observed with the addition
of either 2 uM SL1100 (p = 0.52) or SL1102 (p = 0.25) when compared with the no inhibitor control. The anti-C5 aptamer, ARC1905 (40 nM), served as a

positive control and inhibited hemolysis (p < 0.001).

do form a knot-like structure that contributes significantly to
the FB-binding surface of SL1103, as described below.
SL1103 binds FB at groove-like surface lying at the juncture of
the CCP1 and CCP3 domains from Ba and the vVWF domain from
Bb (Fig. 3A, Supplemental Fig. 2E, 2F). Approximately half of the
buried surface area in the SL1103-binding site is derived from
the CCP1 domain, with the remainder equally portioned from the
CCP3 and vWF domains. CCP1 also participates in 12 of the 16
intermolecular hydrogen bonds found in the SL1103/FB complex.
Together, these lines of evidence suggest that CCP1 is the primary
recognition site for SL1103. Within SL1103, the FB-binding
site assembles from two sets of noncontiguous bases (Fig. 3B,
Supplemental Fig. 3E, 3F) that are found in proximity to one
another in the folded aptamer (Fig. 3C). The first of these (site
1) is comprised of positions 8 through 11 and includes a single
2NEdU modification at position 9. Site 1 accounts for ~454 A?
of buried surface area from SL1103 and appears to form 10
hydrogen bonds with groups found within CCP1 of FB (Fig.
3D, Supplemental Fig. 3E, 3F). Five of these hydrogen bonds
involve atoms from the sugar—phosphate backbone of 2NEdU-
9. The second site (site 2) is comprised of positions 21 through
24 and includes two 2NEdU modifications at positions 21 and
23. Site 2 accounts for ~637 A2 of buried surface area from
SL1103 and appears to form six hydrogen bonds with groups
found within the CCP1, CCP3, and vWF domains of FB (Fig. 3E,

Supplemental Fig. 3E, 3F). The defining features of site 2 include
three hydrogen bonds between the adenine base of A-22 and Thr*®
and Ser'®® of FB, as well as extensive packing interactions be-
tween these positions and nearby surfaces derived from FB (Fig. 3F).
It is interesting to note that the sidechain modifications of 2NEdU-21
and -23 adopt conformations whereby their naphthyl groups are nearly
stacked upon one another and form a platform to display the adenine
base from position 22, which forms three hydrogen bonds with FB.
This peculiar structural arrangement resembles a molecular knot and is
difficult to envisage absent the 2NEdU modifications (Fig. 3E, 3F).
Indeed, our previous experiments showed that dT or C3-spacer sub-
stitution at any of these positions abolished function and argue for an
essential role for site 2 in aptamer activity (Fig. 1C).

FB-binding aptamers inhibit the AP by blocking formation of
the Pro-C3 convertase

Whereas biochemical studies of FB binding to C3b have revealed
two mechanistically distinct steps that are dependent on Ba and
Bb, respectively (17, 22, 24, 25), the physical basis for these in-
teractions is most readily appreciated by examining the crystal
structure of FB bound to C3b (25) (Fig. 4A). In this regard, this
structure of the so-called Pro-C3 convertase shows that CCP1 of
the Ba fragment and the vWF domain of the Bb fragment each
from close associations with the C345¢ domain of C3b (Fig. 4B).
Given the location of the aptamer binding site at the juncture of
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FIGURE 3. Structural analysis of SL.1103 bound to A
FB. (A) Structure of the SL1103/FB complex at 3.1 A
limiting resolution, as represented by chains A and B
in the PDB deposition 7JTN. SL1103 is drawn in ball-
and-stick convention with carbon atoms in cyan, oxy-
gen atoms in red, and phosphorous atoms in orange.
FB is depicted as a molecular surface in which each
domain is colored differently. A cartoon representation
of the complex is shown in the gray box, similarly to
Supplemental Fig. 2. (B) Location of the FB-binding
sites in SL1103. The aptamer is drawn in ball-and-stick
convention in which the sugar—phosphate atoms of the
backbone are shown for all residues, whereas the ni-
trogenous bases are also shown for FB-binding site 1
(carbon atoms in orange) and site 2 (carbon atoms in
cyan). The locations of selected positions in SL1103
are indicated. (C) Closeup representation of the FB
contact surface in SL1103. FB is depicted identically
to (A), whereas the positions from FB-binding site 1
(carbon atoms in orange) and site 2 (carbon atoms in
cyan) are shown in ball-and-stick convention. (D) Polar
contacts in FB-binding site 1 of SL1103. Residues in
FB are shown in ball-and-stick convention with the
same coloring scheme as (A), whereas positions from
SL1103 are shown with carbon atoms colored cyan.
Likely hydrogen bonds are represented by red dashes,
along with their respective distances in angstroms.
Note that the nitrogenous base of G-11 is hidden for
the sake of clarity. (E) Polar contacts in FB-binding site E
2 of SL1103. Representations and coloring schemes

are identical to those in (D). (F) Schematic represen-

tation of the packing interactions between FB-binding

site 2 of SL1103 and FB. Positions 21-23 of the
Thr-48

Ser—1964“~\.< Arg-168\
A-22 ja8A I
aptamer are drawn with their carbon atoms in blue, reh -t 2NE-23

whereas groups from FB are depicted according to the
color scheme of (A). Hydrophobic/packing interactions
are represented by green arcs, whereas residues that
participate in polar interactions are shown in ball-and-
stick convention. Likely hydrogen bonds are repre-
sented by red dashes.

the CCP1, CCP3, and vWF domains (Fig. 3), we hypothesized that
aptamer binding to FB would block FB/C3b binding through the
mechanism of steric hindrance (Fig. 4C). Blocking formation of
the Pro-C3 convertase in this manner would prevent formation of
the active C3 convertase (Fig. 4D) and therefore explain the potent
inhibitory effects of these SOMAmer reagents on the AP (Fig. 2).

To test this hypothesis directly, we employed a competition-style
assay that was derived from an established SPR method for
monitoring FB binding to site-specifically immobilized C3b (17,
19, 25, 44). As expected, we found that injection of increasing
concentrations of FB over a C3b surface yielded a strong, dose-
dependent binding response that could be fit to a two-step asso-
ciation model (17, 25) (Fig. 5SA). However, when we repeated this
experiment using analyte solutions that contained increasing
concentration ratios of SL1103 in addition to FB, we observed that
the FB-binding response decreased dramatically (Fig. 5SB-D). We
detected no binding at all when equal concentrations of FB and
SL1103 were injected over the C3b surface (Fig. SE). When we
examined the SPR response immediately prior to injection stop,
we found that increasing concentrations SL1103 resulted in pro-
gressively greater inhibition of FB binding across all injection
points used (Fig. S5F). Together, these experiments showed that
inclusion of SL1103 had the apparent effect of reducing the ef-
fective concentration of FB present. Therefore, they demonstrate
that these FB-binding SOMAmer reagents inhibit formation of the
AP Pro-C3 convertase in a purified setting.

Site #2 Polar Contacts
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B N
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\SP
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As a final test of the functional consequences of this competitive
effect, we examined whether members of this aptamer family could
block formation of the active AP C3 convertase (Fig. 6). When we
incubated purified FB and C3b at equimolar concentrations then
added catalytic quantities of FD, we observed the generation
of two species indicative of FB cleavage into its Ba and Bb
fragments. However, when we repeated this experiment in the
presence of increasing concentrations of SL1102, we observed a
dose-dependent decrease in the extent of FB cleavage into Ba and
Bb. We also noted that when SL1102 was included at a concen-
tration roughly half that of FB, the level of FB cleavage was
likewise roughly half that of the uninhibited reaction. This finding
was consistent with the long-standing observation that FD cannot
cleave FB unless it is bound to C3b (or a closely related molecule
like cobra venom factor) (45). It also ruled out the possibility that
aptamer binding might have somehow altered this property and
led to consumptive cleavage of FB. Consequently, this ex-
periment demonstrated that FB binding by this family of
SOMAmer reagents inhibits formation of the active AP C3
convertase in addition to inhibiting formation of the AP Pro-
C3 convertase (Fig. 7).

Discussion

In this report, we have described the identification, structure, and
functional characterization of a family of DNA aptamers that bind
FB with picomolar affinity and inhibit the complement AP. Unlike
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Table II.

X-ray diffraction data collection and refinement statistics
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SL1103/FB (7JTN)

SL1102/FB (7JTQ)

Data collection

Space group

Cell dimensions
a, b, ¢ (A)
o By () |
Resolution (A)
No. of reflections
Completeness (%)
Illol
Rpim
CCip
Redundancy

Refinement

Rwork/Rfree (%)

No. of atoms
Protein
Aptamer

Ramachandran plot
Favored/allowed (%)

B-factors (range and mean)
Protein
Aptamer

Root mean square deviations
deviations .
Bond lengths (A)
Bond angles (°)

P2

87.13, 144.41, 87.19
90.00, 109.46, 90.00
50.00-3.10 (3.21-3.10)
36,509 (3525)
99.4 (96.0)

7.2 (1.4)

0.101 (0.461)
0.917 (0.573)

5.7 (4.1)

20.8/24.1
12,542
11,080
1462

94.4/5.5
16.86-185.84 (61.18)
23.22-172.75 (58.69)

0.013
1.62

P2,

87.04, 145.75, 87.06
90.00, 109.62, 90.00
50.00-3.50 (3.63-3.50)
24,998 (2428)
97.3 (93.6)
4.1(1.2)

0.147 (0.461)
0.931 (0.590)

3.4 (3.0)

22.7/25.7
12,610
11,098
1512

93.0/6.6
32.99-194.27 (82.16)
50.29-187.98 (84.46)

0.009
1.33

Values in parentheses are for the highest-resolution shell.

conventional aptamers, these so-called SOMAmer reagents in-
corporate chemical modifications of the sugar—phosphate back-
bone, such as 2’'-O-methylation and a 3'-3’-inverse dT cap, to
improve their stability against degradation by nucleases. They also

A

FIGURE 4. Proposed mechanism for AP inhibition by FB-
binding SOMAmer reagents. (A) Structure of the AP Pro-C3
convertase, as rendered from the PDB entry 2XW1J (25). C3b is
depicted as a molecular surface, whereas FB is drawn in car-
toon convention according to the color scheme used in Fig. 3.
The Ni** ion found at the interface between the vVWF domain
of FB and the C345c¢ domain of C3b is shown as a green
sphere. (B) Closeup representation of the FB/C3b complex as
drawn in (A). The locations of individual domains within FB
are highlighted. (C) Identical representation to (B), but also
showing SL1103 as inferred from the SL1103/FB crystal
structure. By binding tightly to this site on FB, SL1103 would
be expected to sterically occlude interaction of FB domains
CCP1 and vWF with the C345¢ domain of C3b. (D) Schematic

make use of the unconventional nucleotide, 2NEdU, in place of
dT (30). This latter modification imparts unique structural and
functional properties to SOMAmer reagents and results in sig-
nificantly increased affinities for their targets (29, 31). Indeed, the

AP C3 Pro-Convertase

B

CCP1/NWF Contact Site

. Factor B

portraying a proposed mechanism for AP inhibition by FB- D  Mechanism for Aptamer Inhibition of the Complement Alternative Pathway
binding SOMAmer reagents. The top pathway shows the
normal sequence of events, where FB binds to C3b to generate “Platform” “Pro-Convertase” “Convertase”
the Pro-C3 convertase that can be cleaved by FD to yield to the
active C3 convertase (i.e., C3bBb). The bottom pathway shows C3b FB C3bB C3bBb
inhibition of Pro-C3 convertase formation due to the presence
of the FB-binding aptamer. This sequence of events would / \
block subsequent formation of the active C3 convertase,
thereby resulting in potent inhibition of AP activity. @ +FD >
FB ‘
\ Aptamer /
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FIGURE 5. FB-binding SOMAmer reagents inhibit formation of the AP Pro-C3 convertase. An SPR sensor surface consisting of site-specifically
immobilized C3b was used to investigate binding of FB either alone or in the presence of increasing concentrations of SL1103. A 2-fold dilution series of
FB spanning eight different concentrations from 15.625 nM to 2 uM was injected over the surface, and the reference-corrected sensorgrams (black traces)
were fit to a two-state reaction model (red traces). (A) Binding of FB in the absence of any SL1103. (B) Binding of FB in the presence 0.1 M equivalents of
SL1103. (C) Binding to FB in the presence of 0.25 M equivalents of SL1103. (D) Binding of FB in the presence of 0.5 M equivalents of SL1103. (E)
Binding of FB in the presence of equimolar SL1103. (F) Comparison of the normalized SPR response obtained immediately prior to injection stop for each
concentration of FB, either in the absence or presence of various levels of SL1103 (legend is inset). Note that increasing levels of SL1103 diminished FB
binding to the surface at each FB concentration examined. The data shown represent one of three independent replicates.

FB-binding affinities observed for this chemically modified aptamer
family described in this study ranged from 10 to 100 pM
(Fig. 1). Subsequent crystal structure determinations for two
such SOMAmer reagents (i.e., SL1102 and SL1103) bound to
FB revealed that several of the 2NEdU modifications were found
at the two contact sites between the macromolecules (Fig. 3,
Supplemental Figs. 2, 3) and contributed significantly to the
surface area buried at each contact site (Fig. 3, Supplemental
Fig. 3). Consequently, these crystal structures confirmed our
interpretation of the substitution scanning data, which showed
that alteration of the 2NEdU positions essentially abolished
the FB-binding properties of the aptamers (Fig. 1). By binding
tightly to a site on FB that lies at the juncture of its CCP1, CCP3,
and vWF domains (Fig. 4), this family of aptamers prevents FB
binding to C3b and subsequent formation the AP C3 convertase

(Figs. 5, 6). Ultimately, this results in potent inhibition of the AP
(Fig. 2).

The structures of SL1102 and SL.1103 in their FB-bound forms
share some fundamental features with other complexes of DNA
aptamers bound to proteins. For example, SL1103 has a total buried
surface area of 1091 A” in its target-bound state. This value is
comparable to those seen in previous cocrystal structures
(i.e., 657-1276 10%2) of DNA aptamers bound to molecules as di-
vergent as thrombin, vVWF, and IL-6 (46). Separately, the stacking
and clustering of the naphthyl sidechains described in this study
for SL1103 has also been observed in the IL-lo-binding
SOMAmer reagent, SL1067 (47). Despite these similarities,
SL1102 and SL1103 are also defined by features that belie their
specificity for FB. These include their ability to form numerous
polar interactions with FB as well as what appears to be an
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FIGURE 6. FB-binding SOMAmer reagents inhibit
formation of the AP C3 convertase. Formation of the AP

. Aptamer (uM)
C3 convertase was monitored by an SDS-PAGE-based
method. The appearance of the FB proteolytic cleavage C3b (0.4 M)
products, Ba and Bb, was only seen when FB is incubated FB (0.4 pM)
with C3b in the presence of FD. Inclusion of increasing FD (0.08 uM)
concentrations of the FB-binding aptamer, SL1102, inhibi- EaF i

ted FB cleavage in a dose-dependent manner, even though
all other required components were present. Significantly,
convertase formation was blocked at an approximately

equimolar ratio between FB and SL1102. Positions of Bb =+

C3b, FB, Bb, Ba, and FD are indicated with arrows. Mass

of the protein molecular mass markers (M) are given in

kilodaltons. The data shown represent one of three inde- Ba —»
FD =i

pendent replicates.

exceptional level of shape complementary between the SOMAmers
and the proprotease (Fig. 3, Supplemental Figs. 2, 3). These attri-
butes were the outcome of a multilayered SELEX process, which
used human FB as the target molecule for in vitro evolution of these
ligands. Although the family of SOMAmers described in this work
binds with picomolar affinity to human FB and potently inhibits
human complement, we suspected that the highly optimized nature
of their interactions with human FB might also limit the activity of
these molecules against FB from more distantly related mammalian
species. Indeed, whereas SL1102 blocked hemolysis of rabbit
erythrocytes by sera obtained from macaques to essentially the
same extent as it did human serum, SL1102 was noticeably less
effective in inhibiting hemolysis by rodent sera (Fig. 7A). Given this
observation, evaluation of these SOMAmers in various experi-
mental rodent models of complement-mediated diseases might not
be appropriate.

To arrive at structural explanation for the functional selectivity of
these FB-binding aptamers, we compared the aptamer/FB crystal
structures (Fig. 3, Supplemental Fig. 2) to the sequences of FB
from various mammalian species along with that of human C2
(Fig. 7B). Although human C2 is the most closely related human
protein to FB, roughly three quarters of the C2 residues that
correspond to the aptamer binding site of FB were not identical.
This very likely explains the failure of SL1100 and SL1102 to

A

FIGURE 7. Cross-species reactivity of FB-binding
SOMAmer reagents. (A) Percent inhibition of rabbit
erythrocyte hemolysis by 1 uM SL1102 in the pres-
ence of 15% (v/v) normal mammalian sera. Note that
2 uM SL1102 and 30% (v/v) mouse serum was used in
that experiment only because of its relatively low re-
activity. The data shown represent a single determi-
nation. (B) Homology between the FB proteins from
human and representative mammalian species for the
amino acids forming major contacts with the FB-
binding aptamers. The corresponding sequence for
human C2 is shown at the bottom for reference. An
underscore symbol represents a deletion in the se-
quence, whereas the appearance of two residues in a
single block represents an insertion. Polar contacts are
highlighted in green, those that form packing interac-
tions are highlighted in red, whereas those residues that
make both packing and polar contacts are highlighted
in orange. Residues that differ from human FB are
highlighted in gray. Note that site 1 of the aptamer
primarily contacts FB residues 52-61, whereas site 2
contacts FB residues outside that region (see Fig. 3).

B
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inhibit the CP (Fig. 2), presumably because of their inability to
bind C2. Moreover, even though FB orthologs from other mam-
mals shared >80% sequence identity to human FB, we still
identified several positions within the aptamer binding site that
contained substitutions. Most significantly, Thr*® in primate FB
was changed to Asp and Val in mouse and rat FB, respectively.
Although it is worth noting that Thr*® forms several backbone-
and sidechain-mediated polar interactions with FB-binding site 1
of the aptamers (Fig. 3D), it is unclear at the present time if
changes at residue 59 alone could be responsible for the reduced
activity against rodent complement. In the future, this limitation
might be addressed by reverse-engineering these SOMAmers to
gain binding activity toward rodent FB. Alternatively, the SELEX
procedure could be redone entirely using rodent FB as the target
molecule. Presumably, this would allow identification of analo-
gous families of FB-binding SOMAmer reagents that can inhibit
rodent complement with comparable potency. Such work would
have the added benefit of allowing for comparisons of inhibition of
complement function in different animal models.

Although it was long suspected, work from throughout the last
two decades has now firmly established the complement AP as a
driving force in many human inflammatory diseases (reviewed in
Ref. 3, 5, 6, 48). This has led to considerable interest in devel-
oping inhibitors that target the various proteins required for proper
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AP function as therapeutics (reviewed in Ref. 4, 8). Because the
AP C3 convertase is the enzyme underlying the self-amplifying
activation of C3 via the AP, it presents perhaps the most attractive
target for inhibitor development. Yet the AP C3 convertase itself is
comprised of two large molecules in C3b and Bb. It also cleaves
one of the most abundant proteins in the blood as its substrate
(i.e., C3). These considerations have raised important questions
regarding the most effective strategy for blocking convertase ac-
tivity. In this regard, various mAbs (15, 49), peptidomimetics
(8, 50), and even small-molecule inhibitors (39) of C3/C3b function
have been described. Several compstatin-class peptidomimetics
are now in clinical trials for indications such as periodontal dis-
ease, paroxysmal nocturnal hemoglobinuria, and C3 glomerulop-
athy (8). Nevertheless, targeting FB remains an equally intriguing
and complementary approach. To that end, a small-molecule FB
inhibitor that appears to reversibly bind the Bb active site and
inhibit its enzymatic activity has recently been described (51).
This molecule, known as LNP023, has been investigated in rodent
models of arthritis and membranous nephropathy and is currently
in clinical trials for treatment of paroxysmal nocturnal hemoglo-
binuria and C3 glomerulopathy (51). Other inhibitors, including
two separate FB-binding mAbs, have also been reported and
successfully investigated in various disease models (52, 53). These
molecules block the AP by inhibiting proconvertase formation,
which is also a defining characteristic of the FB-binding aptamers
described in this study (Fig. 5). Although none of these inhibitors
have progressed to clinical trials, we believe further investigation
is warranted, as each of them interferes with an event farther
upstream in the AP than does LNP023.

The high-affinity and conformational selectivity with which Abs
recognize their targets make them valuable assets for therapeutic
manipulation of physiological systems. Although aptamers and
related molecules do not possess any of the downstream effector
functions of Abs (e.g., opsonization, triggering the CP, etc.), they
maintain the ability to bind their cognate ligands with high affinity
and potency in a much smaller package (e.g., ~10 kDa). In addition
to this, chemical modifications of the sugar—phosphate backbone
(e.g., 2'-O-methylation) and the inclusion of nonstandard nitrog-
enous bases provide chemically modified aptamers with signifi-
cant improvements in nuclease sensitivity and serum stability
(Supplemental Fig. 1). This enhanced pharmacological profile,
along with their low-cost of synthesis compared with production
of proteins like Abs, raises the possibility that they could be pow-
erful tools for inhibiting serum-resident or otherwise extracellular
proteins. The generalizable nature of the SELEX process has al-
ready enabled identification of SOMAmer reagents that bind over
5000 different human proteins (54). Many of these SOMAmer re-
agents could be potent inhibitors of complex biochemical networks
(e.g., complement, coagulation, etc.) or various signaling axes
that control cellular responses (e.g., cytokines, chemokines,
etc.). Consequently, SOMAmer reagents and related molecules
seem poised to find further applications in the treatment of human
disease.
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