Downloaded from rnajournal.cshlp.org on August 4, 2022 - Published by Cold Spring Harbor Laboratory Press

Structural and molecular basis for hyperspecificity
of RNA aptamer to human immunoglobulin G
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ABSTRACT

Potential applications for functional RNAs are rapidly expanding, not only to address functions based on primary nucleotide
sequences, but also by RNA aptamer, which can suppress the activity of any target molecule. Aptamers are short DNA or RNA
folded molecules that can be selected in vitro on the basis of their high affinity for a target molecule. Here, we demonstrate the
ability of RNA aptamers to recognize—and bind to—human 1gG with high specificity and affinity. An optimized 23-nucleotide
aptamer, Apt8-2, was prepared, and was shown to bind to the Fc domain of human IgG, but not to other IgG’s, with high affin-
ity. Apt8-2 was observed to compete with protein A, but not with the Fcy receptor, for IgG binding. NMR chemical-shift
analyses localized the aptamer-binding sites on the Fc subdomain, which partially overlaps the protein A binding site but not the
Fcy receptor binding site. The tertiary structures of the predicted recognition sites on the Fc domain differ significantly between
human IgG and other species of I1gGs; this, in part, accounts for the high specificity of the selected aptamer. Apt8-2 can there-
fore be used as a protein A alternative for affinity purification of human IgG and therapeutic antibodies. Using Apt8-2 would
have several potential advantages, raising the possibility of developing new applications based on aptamer design.
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INTRODUCTION market was expected to reach in excess of 22 billion dollars
in 2007.

During purification of therapeutic antibodies, impuri-
ties, including host cell proteins, DNA, antibody variants,
and small molecules, as well as potential contaminants such
as endotoxins and viral particles, must be removed
(Fahrner et al. 2001). Since many of the monoclonal anti-
body therapies require high doses and/or continued admin-
istration, economical and quality-controlled large-scale
production of these antibodies is of great importance. At
present, protein A affinity chromatography is the common
procedure used in purification of antibodies, because it
selectively and efficiently binds antibodies in complex solu-
tions, such as harvested cell culture media (Fahrner et al.

Laboratory-engineered therapeutic antibodies are designed
to recognize and bind to an extracellular protein. Each
therapeutic antibody presumably binds to a different anti-
gen, and, in general, it can be used alone, in combination
with chemotherapy, or as a carrier for toxins or radiation.
Recent advancements in relevant technologies have facili-
tated the development of monoclonal antibody therapies.
In 2006, 21 antibody-based therapeutics were approved by
the US Food and Drug Administration (FDA), more than
400 are in clinical trials, and the antibody therapeutic
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2001; Ghose et al. 2005). Protein A is a natural product of
Staphylococcus aureus; it binds the Fc portion of a variety of
mammalian IgG molecules (Huse et al. 2002).

The key disadvantages of protein A chromatography
include cost, quality control difficulties, resin stability, and
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acidic elution procedures. Protein A is obtained from
genetically modified bacteria through complex and expen-
sive procedures. Therefore, protein A resin is over 30 times
more expensive than other ion exchange resins, and may
account for >35% of the total raw material costs for large-
scale recovery of IgG. Also, since protein A molecules may
cause immunogenic or other physiological responses in
humans, any contaminating ligand leaked from the base
matrix must be removed during processing (Gagnon 1996).
Another drawback of using protein A for affinity purifica-
tion is that the acidic conditions required for eluting bound
antibodies can impair the antibody’s conformation and
activity (Tsumoto et al. 2004; Ghose et al. 2005; Cromwell
et al. 2006).

To overcome the disadvantages, several synthetic ligands
have been proposed as replacements for protein A in the
affinity purification of antibodies; these include the use of a
thiophilic ligand (Porath et al. 1985), histidyl ligand (Elkak
and Vjiayalakshmi 1991), Avid Al (Ngo and Khatter 1990),
or peptides or nonpeptides designed to mimic protein A
(Fassina et al. 2001; for review, see Huse et al. 2002).
However, to our knowledge none of these have as yet be-
come protein A alternatives at the manufacturing level.

The concept of using single-stranded nucleic acids
(aptamers) as affinity molecules for protein binding was
initially described in 1990 (Ellington and Szostak 1990,
1992; Tuerk and Gold 1990). The concept is based on the
ability of short (20-80 mer) sequences to fold, in the
presence of a target, into unique, three-dimensional struc-
tures that bind the target with high affinity and specificity.
Aptamers are generated by a process that combines com-
binatorial chemistry with in vitro evolution, known as
SELEX (systematic evolution of ligands by exponential en-
richment), from a complex library of randomized sequences
of typically 10'* different molecules (Oguro et al. 2003;
Klussmann 2006; Miyakawa et al. 2006; Ohuchi et al. 2006;
Keefe and Schaub 2008). It has been
demonstrated that aptamers could be
used as reagents for affinity purification

In this study, we isolated RNA aptamers that bind the Fc
portion of human IgG for the purpose of creating a protein
A alternative for the mass purification of therapeutic
antibodies. The thoroughly optimized 23-mer aptamer is
highly specific to human IgG, but not to any other species
IgGs, opening a new avenue for aptamer-based industrial
development. We demonstrate here the structural and
molecular basis for the high specificity of a RNA aptamer.

RESULTS

Selection of IgG aptamers

RNA aptamers against the Fc portion of human IgGl
subclass (hIgG1-Fc) were selected from a library of RNA
sequences by modified SELEX with 2'-fluoro pyrimidines.
After 10 rounds of selection, we obtained six sets of RNA
sequences of 71-74 nucleotides (nt) long, Aptl through
Apt6 (Table 1). All of these sequences, 40 out of 48 se-
quences, contain consensus motifs, 5'-GGUGCU-3" and
5'-AAC-3'. Two sequences were single and the other six
sequences were not determined. The MFOLD prediction
(Zuker 2003) suggests that all examined sequences can
adopt relevant secondary structures containing a GGUGCU
bulging loop paired with ACC as one low-energy possibility
(Fig. 1). The affinity of the selected aptamers to hlgGl-
Fc was examined by surface plasmon resonance (SPR)
using BIAcore 2000. Divalent kinetic parameters for each
aptamer were estimated by curve fitting of the sensorgrams
(Table 2; Nakajima et al. 2001), reflecting the nuclear
magnetic resonance (NMR) observation that two aptamers
bind to one Fc (homodimer) unit (described below).

Optimized aptamer, Apt8-2

Several truncated and modified aptamers were designed
and their affinity to hIgG1 was measured by SPR. Apt7 is a

TABLE 1. Selected RNAs against human IgG-Fc

(Romig et al. 1999; Blank et al. 2001).

Length

Moreover, the first aptamer-based ther- RNA (nt) Frequency Sequence
apeutic, Pegaptanib (Macugen), target- ot - (a8
. . pt gCcaacguuaacuggaacuguaaaucaggugcucgaga
1ng vascular endothelial gr.owth factor, Apt2 73 10/48 aguuacaggugcuccaucaacaaaauguuacauggaacug
was approved by the FDA in December Apt3 74 7/48 gCguaaaauggaaccuggguuagaauaucgggggugcuccg
2004 for the treatment of age-related Apt4 73 5/48 geugguaaggugceucggaauggaacucgucauucggaacu
macular degeneration (AMD) (Ng et al. Apt5 71 2/48 ucaaagaagaggugcucugcgagccacgeggaacucua
2006; Zhou and Wang 2006). Consid- gzt; ;5 ?Zlg acuacaaggugcuccuugaaauguuaaaugaggaacuug

. . . gccacaaccgugcacggugcucgaaagaacugcaaggucg
erlng. the ba51§ prlnc1ple. of aptamer RNA2 75 1/48 uaaaaaaacgaguagccgaagaccggcagagcuagaaaauaa
selection, the high potenjual of RNA to Apt7 30 £8AgEUECUCUECEAgCCACECEgaacuCe
create a vast set of tertiary structures Apt8 23 ggaggugcuccgaaaggaacucc

is conceivable from both the “RNA
world” hypothesis (Gesteland et al.
1999) and the concept of “molecular
mimicry” between RNA and protein
(Nakamura 2001).

After 10 rounds of selection, 48 clones were isolated and sequenced. Apt1-Apt 6 are the
original isolates and bind human IgG. RNAT and RNA2 are also the original isolates, but
affinity to IgG has not been determined. Apt7 and Apt8 are variant aptamers. In apt1-apt 6,
sequences flanked by the primer sequences (5’-gggacacaauggacg-3' and 5’-uaacggccgac
augagag-3') are shown. The consensus sequences are underlined.
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A©r0, Indispensability of the GGUGCU bulging motif
i A aQg
=4 ‘2& ~ G ®® To investigate the requirement of the GGUGCU bulge
3GA K Gﬁ@g% AG A motif, we reselected for hIgGl affinity molecules from a
G-‘\G@ﬁ® @:‘? library derived from the Apt8-2 backbone, but with the
5 f '“'"“! G GGUGCU fully randomized. After three rounds of selec-
Apt A G% : O tion, 48 clones were isolated and sequenced. A total of 36
L_‘%_J S T preserved the GGUGCU, while the remaining 12 that lost
e . Al the GGUGCU exhibited poor affinity to hlgGl, as deter-
L_6:©_ mined by SPR. Of 48 clones from pools prior to the third
A@ ; © selection, only one clone contained GGUGCU, 46 were
5G+©3 distinct sequences, and two were the same. MFOLD pre-
© A Apt7 dicted that only one sequence, GGUGAU, passed the
Aah criteria of forming a GGUGCU-like bulge structure. SPR
G A g a g a g a analysis indicated that the GGUGAU variant bound hIgGl,
Q : Q . - : c. o although the affinity was lower than Apt8-2 (data not
r"""%ﬁ r'@“%c" r-;-@-"-ba l"“@"'"rh shown). In view of the appearance of the alternative se-
idl} ‘A : i‘l"; A i 0?' al i@f ai quence, GGUGAU, other potential bulging sequences 6-nt
G Al g Al g i ! =) long, i.e., GAUGCU, GCUGCU, GGCGCU, GGUACU, and
L_E‘:‘%__I L_Q%_J I__E'%%-—l I___AG:.%“I GGUUCU (in which substitutions are underlined), were
; © :.c :.c 6B substituted for GGUGCU in Apt8. These variants, however,
5G© 3 §gecd s gecy Geg did not bind to hIgG1 (data not shown).
Apt 8 Apt 8-1 Apt 8-2 5'g-c3 We further performed extensive substitution analysis,
Aptaun coupled with SPR, using synthetic Apt8-2 derivatives, in

FIGURE 1. MFOLD prediction of Fc aptamer secondary structures.
The consensus bulging structure is outlined with dotted squares. 2'-
fluoro nucleotides are indicated with circles. Uppercase letters denote
ribonucleotides, while lowercase letters denote deoxyribonucleotides.
Aptamr 1s used for NMR analysis.

truncated Apt2 of 30 nucleotides, and binds hIgGl with
equal efficiency. Apt8 is a 23-nt variant of Apt7 with a
GAAA tetra-loop substitution that also
binds hIgG1 with high affinity (see Fig 1;

which each nucleotide of GGUGCU was systematically
changed to a 2" modification or another base, as indicated
in Figure 3. Importantly, the 2'-fluoro U (fU) at position
6 (counted from the 5" end of Apt8) is indispensable since
its replacement to 2'-fluoro C (fC), 2'-hydroxy U (rU),
2'-deoxy U (dU), or 2'-O-methyl U (mU) completely
abolished the affinity to hIgG1 (see Figs. 2A, 3). In contrast,
the 2’ group in other nucleotides is somewhat flexible:
For example, the 2'-fluoro U9 could be replaced by rU or

Table 2). Apt8 contains nine 2'-fluoro
pyrimidines, six Cs, and three Us, which

TABLE 2. SPR kinetic constants of aptamers for binding IgG1

. . ka1 kd] kaz kdz

confer protection against nuclease deg- Aptamer M5 s RUTs™) o ¥
radation. To further enhance the stabil- S - — -
ity and/or to reduce the cost of chemical ! 3.2 %100 17107 4.0 1077 3.3 107 8.5

thesi t the manufacturing level 2 5.7 X 10 3.2 X 10 2.1 X 10 7.7 X 10 9.4
synthesis at the maiuiacturing 1evel, 3 3.7 x 10* 8.6 x 107 4.4 x 10" 1.1 X 1072 4.9
ribose 2’-deoxy substitutions were sys- 4 58x10° 1.6X107*  81x10° 47 x 1072 25
tematically introduced into each of the 5 8.2 x 10* 1.5 X 1077 1.6 X 107" 2.7 x107° 12
23 nucleotides and the resulting affinity 7 4.5 X 10: 3.4 % 10:: 2.9 X 10:2 5.3 X 10:§ 25
to IgGl was measured by SPR. Apt8-1 §1 g‘g z 184 3; z 1874 2{23 z 1873 3(7) ALY ﬂg
and Apt8-2, which have eight and 13, 30 % 10* 33 % 103 70 % 10-° 35 % 1073 50

substituted 2'-deoxy  nucleotides,
respectively (Fig. 1), are two such deriv-
atives that retain high affinity to IgGl
(see Fig. 2A). An in vitro stability exper-
iment revealed that the half-life of Apt8-
2 conjugated with an amino group at the
5" end was 4 h in human serum at 25°C,
which is much longer than that of
natural RNA (data not shown).
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The affinity of aptamers to higG1 was measured by SPR technology using a BlAcore 2000
instrument. Apt1 through apt5 were prepared by in vitro transcription with the Durascribe
kit, and apt7 through apt8-2 were prepared by chemical synthesis. These aptamers were
immobilized to a sensor chip, and higG1 was injected. Kinetic constants were calculated
from the sensorgrams with BlAevaluation software version 3.0. Since higG-Fc is structurally
symmetric, two aptamers were expected to bind to one higG. The NMR data supports this
stoichiometry as discussed in the text. Therefore, the nonlinear simultaneous local fitting of
divalent analyte mode (Nakajima et al. 2001) was used against four different concentrations
of higG1, 12.5, 25, 50, and 100 nM. The association rate constants 1 and 2 (ka; and ka,)
and the dissociation rate constants 1 and 2 (kd; and kd,) were estimated.
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FIGURE 2. SPR sensorgrams. 3'-poly(A)-tailed RNA aptamers were
immobilized to the streptavidin sensor chip via hybridization to a 5’-
biotinylated oligo(dT), and the chip was injected with the indicated
samples. Experimental conditions and procedures are described in
Materials and Methods. (A) Affinity of Apt8, 8-1, 8-2, and mutated
apt8 (U6C) to hIgGl (400 nM). (B) Affinity of apt7 to hIgGl
complexes with FcyR or protein A. hIgGl was preincubated with an
excess of FcyR or protein A prior to injection. FcyR and protein A
were also injected as control samples. (C) Affinity of apt7 to Remicade
(500 nM). Running buffers used during the operation were the same
buffer as used for aptamer selection (i.e., “binding buffer”) except for
the concentration of NaCl used, 0.145 M or 1 M. (D) Affinity of apt8-
2 to anti-CD26 humanized antibody and IgA (control).

2"-O-methyl U without significant loss of affinity (see Fig. 3).
These findings highlight the importance of the GGUGCU
bulging motif and the indispensability of 2’-fluoro Ué6.

High specificity of Apt2 and Apt8 to human IgG

The affinity of Apt2 and Apt8 to different hIgG subclasses
and other mammalian IgGs was examined by SPR. Both
aptamers bound to all hIgG subclasses, hIgGl through
hlgG4, but not to other IgGs examined so far, such as
those from mouse, rat, rabbit, bovine, chicken, canine,
feline, and guinea pig (data not shown). This high selec-

tivity is in sharp contrast to protein A, which shows much
less stringent affinity and binds to these IgGs, except for
chicken IgG, rat IgG2a, rat IgG2b, and bovine IgG1 (Huse
et al. 2002).

Multiple sequence comparisons of Fc fragments

The sequences from 14 different IgG-Fc fragments from
different animals or subclasses (examined above) were com-
pared (Fig. 4). The hlgGl-Fc (between P238 and L443)
shares 95% amino acid identity to hIgG2 ~ 4 Fc fragments,
and >64% identity to other animal species. It is thus, rather
surprising that none of the selected aptamers bind mouse
IgG1-Fc despite its 96.6% similarity to hIgGl-Fc. The
multiple sequence alignment highlights several amino acids
that are unique to, or favored by hIgGl through hlgG4
(residues that are found, at most, twice in 10 nonhuman
IgG Fc sequences are marked in Fig. 4). Of 24 of these
unique residues, G281 and F404 show an NMR chemical
shift perturbation upon binding to the aptamer (described
below). Therefore, we reason that multiple amino acids,
including those unique to human Fc, might synergistically
contribute to the specific interaction with the aptamer
(discussed shortly).

SPR competition experiments of the aptamer
with protein A and Fcy receptor

The Fc portion of IgG-coated antigens (immune com-
plexes) binds the receptor protein (FcyR) on the surface
of macrophages or monocytes, and initiates a series of
signaling events that result in the phagocytosis/destruction

g a
a
U, mu, u, fC:G =
iC,C. ™ €. G»mG
\ -
c iU_ G <> mG
a

[

iG, g, A fUws g
u, U, mu, fC == fU
1G, g, mG, A, 1C <> G o
g, mG - G fC <> C, ¢, mC, A:fU
aq—-A-fUd—b- IJ,IT!U

g-c

gec

5 3

Apt 8-2

FIGURE 3. Functional annotation of base substitutions and ribose
2" modifications in Apt8-2. The indicated variations were introduced
into Apt8-2 systematically by chemical synthesis, and the affinity of
these modified oligonucleotides to hIgGl was monitored by SPR.
Symbols: uppercase letters, ribonucleotide; lowercase letters, deoxy-
ribonucleotide; f, 2'-fluoro; m, 2'-O-methyl. A:fu and fC:G indicate
substitutions of the corresponding base pairs, G:fC and fU:a, respec-
tively. The affinity of each substitution, relative to the original Apt8-2
is indicated: red, equivalent; purple, drastically reduced; blue, no
affinity. These were evaluated with BIAcore sensorgrams.
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FIGURE 4. Sequence alignments of selected I1gG Fc fragments and amino acids involved in
binding to the aptamer, protein A, and FcyR. Multiple sequences of Fc domains from different
organisms and subclasses were aligned with GENETYX Ver. 8 software. Fc species: Humanl,
human IgGl (P238-L443, Accession no. BC006402); Human2, human IgG2 (AF449616);
Human3, human IgG3 (BC033178); Human4, human I1gG4 (BC025985); Mousel, mouse IgG1
(AB097849); Mouse2a, mouse 1gG2a (AB097847); Mouse3, mouse IgG3 (D14625); Ratl, rat
IgG1 (BC107452); Rat2a, rat IgG2a (BC088240); Rabbit, rabbit IgG (N00008); Bovinel, bovine
IgG1 (S82409); Bovine2, bovine 1gG2 (S82407); Feline, feline IgG (AB016711); and Canine,
canine IgG (AF354264). Amino acids conserved in all of the sequences are highlighted in black,
and those conserved in human IgG subclasses, but rarely in other species (at most two of 10
species), are highlighted in yellow. Amino acids that showed NMR chemical shifts upon
binding to the aptamer are indicated in red for large shifts, orange for medium shifts, and
purple for perturbed residues that were not quantitatively assigned. Three amino acid clusters,
sites 1-3, which are suggested as the primary binding sites for the aptamer, are outlined in red
squares (see text for explanation). The binding sites of protein A and FcyR are marked by green
and blue asterisks, respectively. The Cy2—Cy3 domain junction is also indicated.
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of the immune complex. The binding
site. of FcyR on Fc is distinct from
that of Apt7 since the SPR signal of
an Apt7-immobilized sensor chip in-
creased drastically upon the addition
of hIgGl-FcyR (50 kDa) complexes
(Fig. 2B). This is in contrast to what
was observed with known anti-IgE
aptamers, which block IgE binding to
Fc,R (Wiegand et al. 1996). On the
other hand, the SPR signal only slightly
increased, if at all, upon the addition
of hIgGl-protein A (46 kDa) com-
plexes, far below the level theoretically
expected (Fig. 2B). Therefore, the
aptamer-binding site on Fc does not
overlap with FcyR, but rather overlaps,
at least in part, with protein A. These
findings are consistent with the known
separate binding sites of FcyR and
protein A on the tertiary structure of
Fc (Deisenhofer 1981; Kato et al. 2000;
Sondermann et al. 2000) (shown below
in Fig. 6B).

NMR probing of the
aptamer-binding site on Fc

To identify the aptamer-binding site on
the Fc fragment, we performed titration
experiments using 'H-'’N heteronu-
clear single quantum coherence (HSQC)
spectra of NMR using an Apt8-2 de-
rivative, Aptymr (see Fig. 1). Several
chemical-shift changes were observed
upon titration of Fc with Aptyyg (Fig. 5).
For example, the T250 resonance com-
pletely disappears from its original posi-
tion and appears at another position
in the spectrum when a two molar
equivalent of aptamer (to Fc) is added,
suggesting a 1:2 (Fc:aptamer) stoichio-
metric interaction.

These chemical shifts were quanti-
fied for each residue according to the
equation [((AHN)?> + (AN/5)%)/2]"2
(Pellecchia et al. 1999), where AHN
and AN represent the difference in pro-
ton and nitrogen chemical-shift changes
between the free and the aptamer-
bound forms. Large chemical shifts
([((AHN)* + (AN/5))/2]"* > 0.06
ppm) were observed for T250, L1251,
V264, A339, S400, G402, F404, and
1432 (marked in red in Fig. 4), while
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FIGURE 5. Superposition of the 'H-'N HSQC spectra of the "°’N-G,
LLKTV,AM,C H W,Y,F, S-labeled Fc fragment (black) and
that of the aptamer-bound Fc fragment (red). Relevant amino acid
positions are assigned.

medium chemical shifts (0.06 > [((AHN)? + (AN/5)?)/2]"? >
0.04 ppm) were observed for G281, G316, K340, F372,
F405, 1406, and A431(marked in orange in Fig. 4). Al-
though the chemical-shift changes for K246, L314, K338,
R344, G371, V397, and S403 (marked in purple in Fig. 4)
were not quantitatively assigned due to overlapping or line
broadening of the signals, these signals were obviously
perturbed upon binding to the aptamer.

The amino acids showing chemical-shift changes are
mapped on the crystal structure of human IgGl-Fc
(marked by red in Fig. 6A) and on the amino acid sequence
(Fig. 4). These residues cluster on the Cy3 domain and the
boundary between Cy2 and Cy3, which is the known
binding site of protein A (marked by green in Fig. 6B). Of
these protein A-interacting residues, signals from L1251,
L314, and L1432 were perturbed by the aptamer. In con-
trast, the FcyR-binding site is clearly separated from the
aptamer-binding site (marked by blue in Fig. 6B). These
findings are consistent with the SPR study on protein A and
FcyR binding to immobilized Apt8. Interestingly, the exten-
sive surface of the Cy3 domain seems to be involved in
aptamer binding. This mode of interaction is not known
with natural ligands of IgG.

Aptamer-based affinity purification
of IgG and therapeutic antibodies
under neutral elution conditions

Apt7, Apt8-2, and its two variants bearing minor mod-
ifications (see legend of Fig. 7) were immobilized to resin
by amino coupling at 5" or 3’ termini to test the affinity

purification of IgG from human sera. Aptamer—IgG com-
plexes were pulled down, washed, and bound IgGs were
eluted with neutral buffer EBI (200 mM KCI, 10 mM
EDTA and 10 mM TriseHCI, pH 7.6). The purity of IgG
was investigated by SDS polyacrylamide gel electrophoresis
(SDS-PAGE), which was equivalent to that achieved by
currently available protein A resin (Fig. 7A). With the 3’
amino-conjugated aptamer purified by HPLC, which was
immobilized at about 1 pmol/mL-gel, IgG was purified at
about 30 mg/mL-gel. The capacity of protein A resin was
also about 30 mg/mL-gel. Consistent with the SPR analysis,
the aptamer resin failed to pulldown IgG from mouse sera
(data not shown). Efficient elution was reproducibly con-
firmed with several neutral buffers containing 10 mM
EDTA or 0.2 M KCI (see Fig. 7B), but not with 1 M NaCl,
1 M urea, or pH 3 citrate (see Fig. 7C). Aptamer resin can
be regenerated multiple times without significant loss of
activity by washing with 6 M urea (at room temperature
or 65°C), or by heating at 85°C for 5 min in pure water
(data not shown).

Antibodies for therapeutic use are either chimeric or
humanized. We examined three therapeutic antibodies,
Remicade (Infliximab, FDA-approved chimeric antibody
against TNFa), humanized anti-CD26 (in clinical trials),
and CamPath (Alemtuzumab, FDA-approved humanized
antibody against CD52), for their affinity to the aptamer.
Pure antibody preparations of Remicade and anti-CD26
bound strongly to the Apt8-2 immobilized sensor chip of
SPR, and little-bound Remicade could be removed, even
with 1 M NaCl solution (Fig. 2C,D). CamPath was supplied
as a harvested cell (CHO) culture fluid. The IgG fraction
was affinity purified with the Apt8-2 resin, eluted with neu-
tral buffer containing 300 mM KCI and 10 mM TriseHCl,
pH 7.6, and was analyzed by high-performance liquid
chromatography (HPLC). The data clearly indicate that
the CamPath antibody can be purified to near homogeneity
from the CHO culture fluid (Fig. 7D). Additionally, the
aptamer can bind to Fc fusion proteins such as CD28 and
RANK, which are potential therapeutics (data not shown).

DISCUSSION

This is the first report of an aptamer to human IgG Fc, as
well as of an application of aptamer to process-scale pro-
duction of therapeutic antibodies. The optimized aptamer,
Apt8-2, is 23-nt long and contains four 2’-fluoro U/C and
13 2'-deoxy nucleotides. NMR chemical-shift analysis in-
dicated that two aptamer molecules bind to one IgG-Fc.
Reselection and site-directed substitution studies clearly
highlighted the requirement of the GGUGCU bulging
motif for high affinity to hIgG-Fc. Importantly, the central
U of this motif (i.e., U6 from the 5’ end of Apt8-2) must be
2'-fluoro, since any other base or 2’ modifications could
not substitute functionally for the 2’'-fluoro U6. Thus, the
2'-fluorine of U6 likely plays a crucial role in forming or
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human IgG1

antibodies, since some antibodies are
known to adopt an inactive conforma-
tion (Tsumoto et al. 2004; Ghose et al.
2005; Cromwell et al. 2006). In this
study, we showed that the Apt8-2 affin-
ity resin is able to purify IgG from
human sera at equivalent efficacy and
purity to protein A resin. Importantly,
the Apt8-2 resin is able to release bound
IgG under neutral conditions using an
EDTA- or 0.2 M KCl-based elution
buffer. EDTA is a chelating agent and
probably alters the three-dimensional
structure of the aptamer by removing
divalent metal ions Mg®" and Ca®",
thereby eluting Fc. Interestingly, mono-
valent cations, K* and Na™, have oppo-
site effects on affinity. Bound IgG is
released with 0.2 M and 1 M KCl, but
not with 0.145 M and 1 M NaCl (see
Fig. 7). We assume that the proper com-
bination of monovalent and divalent
cations is a prerequisite for the active
conformation of aptamer, and an excess
of K" leads to inactive conformation.
The SPR analysis suggests that Apt8-2
does not bind Fc at the same site as

FIGURE 6. The structural organization of the Fc domain of human IgG1 (PDB code: 2DTQ)
(Yamaguchi et al. 2006) and the interface of the interaction with the aptamer, protein A, and
FcyR. Shown are the Cpy2 and Cy3 domains. (A) Spatial localization of amino acids perturbed
upon addition of Aptyyr. Amino acids that showed NMR chemical shifts upon binding to the
aptamer are indicated in red for large shifts, orange for medium shifts, and purple for residues
that were perturbed but not quantitatively assigned due to overlap or line broadening of the
signals. The assigned residues are marked only on one strand of the C;2 and Cyy3 domains for
clarity. (B) Amino acids responsible for binding FcyR and protein A are shown in cyan and
green, respectively (Deisenhofer 1981; Kato et al. 2000; Sondermann et al. 2000). (C) Space-
filling model of Fc structures of human IgG1 (left), mouse IgG1 (middle; PDB code 1IGY)
(Harris et al. 1998), and rat IgG2 (right; PDB code 111C) (Martin et al. 2001). Shown by
different colors in one strand of Fc are the three sites in human IgG1-Fc responsible for the spe-
cific interaction with the aptamer (indicated also in Fig. 4) and their equivalent sites in the
mouse and rat Fc: site 1, green; site 2, orange; site 3, red. The diagrams were created with the

FcyR binding, but rather binds at the
site of protein A binding. Previous crys-
tallographic and NMR studies have shown
that protein A binds at the boundary
between Cy2 and Cyx3 of hlgG-Fc,
while FcyR binds at the hinge region
of IgG-Fc (see Fig. 6B) (Deisenhofer
1981; Kato et al. 2000; Sondermann
et al. 2000). Consistently, the current
NMR study revealed that the aptamer

program ICM (MolSoft).

stabilizing a structure that fits Fc via hydrogen bonding to
amino acid(s) or other chemical interactions. Other posi-
tions were less stringent, with substitutions or modifica-
tions more generally accepted. Nucleotides outside of the
GGUGCU motif are also somewhat replaceable, such as in
the stem or loop region, as long as the predicted secondary
structure is similar to Apt7. Accordingly, a GAAA tetra
loop was substituted into Apt7, giving rise to the shortest
aptamer, Apt8, which is appropriate for chemical synthesis.
It is anticipated that the cost of RNA production will be
greatly reduced in a few years, which will be important to
make process-scale production of aptamer-based ligands
more cost effective.

Acid elution of bound IgG is one of the key disadvan-
tages of protein A resin for manufacturing therapeutic

1160 RNA, Vol. 14, No. 6

binding caused a perturbation of the
signals from L[251, L314, and L432,
which are known to interact with pro-
tein A and are apart from the FcyR-binding site (Fig. 6A).
Importantly, the predicted aptamer-binding area on hlgG-
Fc seems to be broader than the protein A-binding area.
This might account, at least in part, for the aptamer’s high
and specific affinity to hIgG-Fc relative to protein A. The
chemical-shift analysis highlights three primary sites
involved in the interaction, i.e., L314-G316 (site 1),
K338-R344 (site 2), and V397-L406 (site 3) (marked by
red squares in Fig. 4). Most of the amino acids that did not
show a chemical shift within these sites are probably due to
non-lSN—labeling of the relevant residues (Q, E, D, N, P).
These three sites are located on the surface of the Fc
domain, and their structural organizations are not identical
between human Fc and other species (Fig. 6C). We
speculate that the aptamer discriminates primarily site 2,
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FIGURE 7. Purification of IgG with Fc-aptamer resin. (A) SDS-
PAGE of affinity purified IgG from human sera. The same amount of
serum was applied to each affinity resin, and bound IgG was either
eluted with EB1 in lanes 1—4, or solubilized by SDS-sample buffer in
lane 5. (Note that elution with pH 3 citrate from rProtein A resin gives
rise to essentially the same pattern as lane 5.) Lane M, molecular
marker; lane 1, Apt8-2; lane 2, Apt8 variant containing 2'-O-methyl
nucleotides at positions G1, G2, G12, A13, Al4, Al5, C22, and C23;
lane 3, Apt8-2 variant containing 2'-O-methyl nucleotides at position
U9; lane 4, Apt7; lane 5, rProtein A; lane 6, hIgG1 (standard); lane 7,
human serum. The purity was calculated as a percentage of total stain
using Imag]. (B) Buffer conditions that efficiently elute IgG from
aptamer resin. Human sera was applied to Apt8-2 affinity resin and
bound hIgG was recovered using neutral elution buffers: lane 1, EB1;
lane 2, EB2 (200 mM KCl and 10 mM TriseHCI, pH 7.6); lane 3, EB3
(10 mM EDTA, 300 mM NaCl, and 10 mM TriseHCI, pH 7.6); lane 4,
EB4 (10 mM EDTA and 10 mM TriseHCI, pH 7.6). Under each of
these conditions, it was reproducibly confirmed that 1gG could be
efficiently recovered from sera with >80% purity. (C) Buffer con-
ditions that did not efficiently elute IgG from aptamer resin. 1gG
released from (lanes I-4) or remained bound (lanes 5-8) to the Apt7
resin was analyzed by SDS-PAGE after heating in SDS sample buffer.
Elution buffers: lanes I and 5, 1 M NaCl; lanes 2 and 6, 1 M KCI
(under this condition IgG was lost as aggregates); lanes 3 and 7, 1 M
Urea; lanes 4 and 8, pH 3 citrate. (D) CamPath (anti-CD52
humanized antibody) was purified from a CHO cell supernatant with
Apt8-2 affinity resin using EB2 buffer, and subjected to HPLC
chromatography with a SE-HPLC column (G3000swxl, TOSOH).

since it is topologically most different among different
species IgGs. Moreover, of these, N315, Q342, and F404 are
relatively unique to human Fc (Fig. 4). These findings in-
dicate that the aptamer recognizes both the structure and
residues, thereby achieving high specificity to human Fc.

In sum, RNA aptamer has the potent ability to achieve
not only high affinity but also hyperspecificity to target
protein. The IgG-Fc aptamer-conjugated resin showed high
performance in the antibody purification. The purity and
efficiency are comparable to those with protein A resin.
Importantly, antibody can be purified under neutral con-
dition, unlike protein A resin, which requires acidic elution.
Therefore, the anti-Fc RNA aptamer developed in this
study could overcome several disadvantages of protein A
resin and certainly provides us with a novel opportunity to
develop a protein A alternative for the mass production of
therapeutic antibodies.

MATERIALS AND METHODS

Materials

Human IgGl through IgG4 were purchased from Calbiochem;
mouse IgGl and IgG2a, human serum, and mouse serum from
Chemicon; mouse IgG2b, rat IgG2a, rat IgG2b, and rabbit IgG
from Zymed Laboratories; mouse IgG3, bovine IgGl, bovine
IgG2, and cat IgG from Bethyl; rat IgG1, RANK-Fc fusion protein
(hIgG1-Fc Prol00-Lys330) and CD28-Fc fusion protein from
R&D Systems; IgGs from chicken and dog from Rockland; rat
IgG2c from UK-Seratec; guinea pig IgG from Biogenesis; Remicade
(Infliximab, 10 mg/mL) from Centocor B.V. Anti-CD26 hu-
manized antibody was a kind gift from Chikao Morimoto
(Institute of Medical Science, University of Tokyo), and CHO
cell culture fluid containing CamPath (Alemtuzumab, anti-CD52
humanized antibody) was a kind gift from G. Hale and H.
Waldmann (the Therapeutic Antibody Center, Oxford). rProtein
A-conjugated resin and NHS-activated Sepharose 4 resin were
purchased from Amersham Bioscience, Tresyl-TOYOPEARL
resin from TOSOH, Ni-NTA affinity resin from Qiagen, and BD
Talon™" affinity resin from BD science. RNA was prepared either
by in vitro transcription using a DuraScribe T7 Transcription kit
(Epicentre) according to the manufacturer’s instructions or by
chemical synthesis (Gene Design, Inc.).

Selection-amplification of higG aptamers

The preparation of a pool of 5 X 10'* different RNA molecules
randomized over 40 nucleotides (40N RNA pool) and affinity
RNA selection amplification was carried out essentially as de-
scribed previously (Oguro et al. 2003; Miyakawa et al. 2006) with
the exception of the target protein being histidine-tagged RANK-
Fc fusion protein. The sequence of the first template was
5'-ctctcatgteggeegtta- (40N)-cgtecattgtgteectatagtgagtegtatta-3', and
the primers used were 5'-taatacgactcactatagggacacaatggacg-3' and
5'-ctctcatgtcggecegtta-3'. The DuraScribe T7 Transcription kit
produced RNA containing 2'-fluoro pyrimidine nucleotides.
The binding buffer used for selection was 145 mM sodium chlo-
ride, 5.4 mM potassium chloride, 0.8 mM magnesium chloride,
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1.8 mM calcium chloride, and 20 mM TriseHCl (pH 7.6). The
target protein was immobilized on Ni-NTA affinity resin (Qiagen)
or BD Talon®" affinity resin (BD Science), and protein-RNA
complexes were released with 100 mM imidazole. After 10 rounds
of selection, aptamer cDNAs were cloned into pGEM-T Easy vec-
tor (Promega) and sequenced. Optimizing SELEX at the GGU
GCU bulge sequence was conducted with 2'-fluoro C/U using
apt8 as the base template, 5'-tgtcggecgttacagttccggtttcecgg-(6N)-
tgtaactcgtccattgtcee-3', where 6N was six random sequences instead
of GGUGCU, and primers 5'-taatacgactcactatagggacaatggacgagt
tac-3" and 5'-tgtcggccgttacagttc-3'. A total of 40 g of hIgG1 were
immobilized in 40 pwL of NHS-activated Sepharose resin.

Surface plasmon resonance assay

The SPR assays were performed essentially as described previously
using the BIAcore 2000 instrument (BIAcore) (Oguro et al. 2003;
Miyakawa et al. 2006). The aptamer templates were amplified and
tagged at the 3'-end with dT16 by PCR using 5'-template primer
(5'-taatacgactcactatagggacacaatggacg-3') and dT16 tagging 3'-
template primer (5'-ttttttttttttttttctctcatgteggecgtta-3’).  These
DNA templates were then transcribed to poly(A)-tailed RNAs. A
5'-biotinylated dT16 oligomer was bound to the surface of the
streptavidin sensor chip (BIAcore) of flow cells 1 and 2. The
poly(A)-tailed RNA was immobilized to about 1000 RUs in flow
cell 2 by complementary hybridization to the dT16 oligomer. IgG
solution (of different concentration between 500 and 12.5 nM)
was injected to the flow cells 1 and 2 of the sensor chip. Data was
obtained by subtracting the flow cell 1 data from the flow cell
2 data, thereby showing the net interaction between RNA and
protein. To regenerate the sensor chip, bound material was
completely removed by injecting 6 M urea. Kinetic constants
were estimated by using BIAevaluation 3.0 software (BIAcore)
(Nakajima et al. 2001).

NMR measurements

Aptymr (see Fig. 1) was purified by denaturing PAGE and
extensive desalting. The aptamer was then annealed by heating
for 5 min at 95°C followed by snap-cooling on ice, and was dis-
solved in 5 mM sodium phosphate (pH 6.0) containing 50 mM
NaCl and 5 mM MgCl, in 10% D,O. The final concentration of
the aptamer was 3.2 mM. The Fc fragments of amino acids
selectively labeled human 1gGls (ISN—G, LL KTV, AMC H,
W, Y, F, S-label, ®N-V, W, R-label, and °N-K-label) were pre-
pared as described previously (Yamaguchi et al. 2006; Matsumiya
et al. 2007). The Fc fragment was dissolved in 5 mM sodium
phosphate (pH 6.0) containing 50 mM NaCl and 5 mM MgCl, in
10% D,O. The final concentration of the Fc fragment was 0.32
mM. The two-dimensional 'H-'>N HSQC spectra (Bodenhausen
and Ruben 1980) were measured on a Bruker DMX-500 spec-
trometer equipped with a 5-mm triple-resonance cryo-probe. The
probe temperature was set to 37°C or 52°C. 'H chemical shifts
were given from external sodium 2,2-dimetyl-2-silapentane-
5- sulfonate, while >N chemical shifts were from liquid ammonia
at 21.6 ppm. Spectral assignments have been described previously
(Yamaguchi et al. 2006). The concentrated aptamer (3.2 mM) was
added stepwise to the 0.32 mM Fc fragment and the titration was
monitored by collecting two-dimensional ‘H-">N HSQC spectra
at each titration point. The final protein-to-RNA ratio was 1:2.

1162 RNA, Vol. 14, No. 6

Pulldown experiment

Amino-modified aptamers were immobilized to Tresyl TOYO
PEAL resin or NHS-activated Sepharose 4 Fast Flow according to
the manufacturer’s instructions. An amino group was attached to
the aptamer’s 5" or 3’ end through a CI18 linker. The ligand
density was about 1 pmol/mL-gel. Most purification experiments
were conducted with 10 pL of resin in a PCR-tube. Several 10 pL
of human serum were added to it and incubated for 15 min at
room temperature. After washing the resin with the binding buffer
several times, IgG was eluted with a neutral elution buffer and
analyzed by SDS-PAGE. The aptamer resin was regenerated by
washing with 6 M urea at room temperature or 65°C for 15 min,
or heating at 85°C for 5 min with pure water. For comparison,
IgG precipitation with rProtein A resin was performed with
a similar method as shown above except that bound IgG was elu-
ted with pH 3 citrate or solubilized with SDS-sample buffer
by heating at 65°C for 15 min. Proteins were analyzed by SDS-
PAGE and the purity was calculated using Image] (Abramoff et al.
2004).
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