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Abstract
The 2′-fluoro/2′-O-methyl modified RNA aptamer Macugen is a potent inhibitor of the angiogenic
regulatory protein, VEGF165. Macugen binds with high affinity to the heparin-binding domain
(HBD) of VEGF165. Hydrogen exchange rates of the imino protons were measured for free Macugen
and Macugen bound to the HBD or full-length VEGF to better understand the mechanism for high
affinity binding. The results here show that the internal loop and hairpin loop of Macugen are highly
dynamic in the free state and are greatly stabilized and/or protected from solvent upon protein binding.
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Introduction
Macugen is the first aptamer to be employed as a human therapeutic and was derived from an
in vitro selection against the key angiogenic regulator protein, vascular endothelial growth
factor, VEGF165 [1]. VEGFs are a set of essential growth factors that are required for both
development of new blood vessels and maintenance of normal vasculature. Binding of VEGFs
to various cell surface tyrosine kinase receptors is a critical step in initiation of angiogenesis
[2]. VEGFs are also involved in various pathological processes including age-related macular
degeneration, diabetic retinopathy and cancer [2]. VEGF165, the most abundant isoform, has
been identified as the pathological isoform and therefore represents a drug target for various
disease states [2]. The in vitro selection for VEGF165 employed 2′-fluoro pyrimidine
modifications to enhance stability against ribonucleases [1]. The clinically used therapeutic,
Macugen, is further modified with a 3′ cap, 2′-O-methyl ribose sugars on all but two of the
purine residues and a 40 kD PEG on the 5′ end (see Fig. 1A) [1]. The anti-VEGF aptamer
(referred to here as Macugen) binds to VEGF165 (referred to here as VEGF) with high affinity
(Kd ~ 50 pM), requires Ca2+ ions for binding and has been shown to efficiently inhibit blood
vessel growth [1,3]. VEGF consists of two independent domains, a receptor-binding domain
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and a heparin-binding domain (HBD) [2]. There are NMR and/or X-ray crystal structures for
each of the individual domains, and the 55-amino acid HBD has no hydrophobic core but
instead four disulfides are critical for stabilizing the protein fold [4,5]. A photo-crosslinking
study indicated that Macugen specifically recognizes VEGF by targeting the HBD [3]. Previous
studies also showed that Macugen binds to the HBD in vitro with 12 nM affinity and that the
isolated HBD efficiently competes with full-length VEGF for Macugen binding in cell culture
[6]. NMR studies showed very similar secondary structure and chemical environment of the
phosphate backbone for Macugen, whether it is bound to the HBD or to VEGF [6]. These
studies also showed new imino proton resonances for Macugen upon binding to either the HBD
or VEGF indicating the aptamer is stabilized by complex formation [6]. To more directly
address the extent of stabilization of Macugen upon binding protein, the hydrogen exchange
rates of imino protons were measured here for free Macugen and Macugen bound to the HBD
and to full-length VEGF. The results show that the aptamer employs an induced-fit mechanism
to achieve high affinity binding.

Material and Methods
Non-pegylated Macugen (Figure 1A) was obtained from Transgenomics (Omaha, NE).
Uniformly 15N-labeled HBD (VEGF111–165) and 15N, 2H-labeled mouse VEGF164 were
expressed in Pichia pastoris and purified as previously described [6]. The 0.5 mM HBD-
Macugen and 0.1 mM VEGF-Macugen 1:1 complexes were prepared and exchanged into NMR
buffer (10 mM Tris-d11, pH 7.0, 100 mM NaCl, 0.55 mM CaCl2, 0.05 mM EDTA in 90%
H2O/10% D2O). NMR experiments were carried out on Varian Inova 500 or 600 MHz
spectrometers equipped with room temperature or cyrogenic z-axis pulsed-field gradient
probes, respectively. The exchange rates of the imino protons were determined as previously
described [7,8]. Briefly, the apparent longitudinal relaxation rate constants, R1a, for the imino
protons were measured by semi-selective inversion recovery 1D NMR experiments, using
delay times ranging from 0.001 to 5 s. A water-selective inversion recovery experiment was
used to determine the longitudinal relaxation rate constants for water, R1w, which were 0.34
and 0.27 s−1 at 15 °C and 35 °C, respectively. Water magnetization transfer experiments were
performed using delay times ranging from 5 to 100 ms (Macugen and HBD-Macugen) or from
5 to 50 ms (VEGF-Macugen). The imino hydrogen exchange rate constants (kex) were
determined by fitting to Eqn. 1:

(Eqn. 1)

where I0 and I(t) are the peak intensities of the imino proton in the water magnetization transfer
experiments at times zero and t, respectively [9].

Results and Discussion
Hydrogen exchange properties of the imino protons were measured here to probe changes in
base pair dynamics of Macugen upon formation of the Macugen-HBD or Macugen-VEGF
complexes. The resonance assignments of the imino proton spectra of free Macugen and
Macugen complexed with HBD or VEGF were previously reported [6]. Figs. 1B and 1C show
the temperature dependencies of the imino proton spectra of Macugen free and complexed with
HBD. Some imino protons show chemical shift changes upon binding to the HBD (U10 and
G3) and new resonances are observed (U6, U17, U18 and U24) [6]. These new resonances are
in slow exchange with water in the Macugen-HBD complex but exchange too fast to be
observed in the free Macugen. All the base-paired imino proton resonances except the terminal
G27 are still observed up to 40 °C in the HBD-Macugen complex whereas most of the imino
proton resonances are extensively broadened or not observed at 40 °C in free Macugen (Fig.
1). The imino proton spectrum for Macugen complexed with VEGF at 40 °C is very similar to
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the spectrum for the HBD-Macugen complex except, as previously noted, the U20 resonance
is observed in the VEGF but not the HBD complex [6]. These results clearly demonstrate that
individual base pairs and the overall secondary structure of Macugen are greatly stabilized
upon binding to the isolated HBD or full-length VEGF.

The hydrogen exchange rate constants of the imino protons, kex, were determined as described
in Methods. The R1a measured here (Fig. 5S in Supporting Material) represents the sum of the
spin lattice relaxation rate constant R1 and kex. The R1a values were determined for free
Macugen at 15 °C and for the HBD-Macugen complex at 15 and 35 °C and the VEGF-Macugen
complex at 35 °C (Table 2S Supporting Material). Fig. 2A shows 1D difference spectra of the
magnetization transfer experiment as a function of delay time between the selective water
inversion and detection pulse for free Macugen at 15 °C. The non-exchangeable H2′ and H2″
resonances on dT28 are used as controls to identify interference arising from NOEs with water
and show no peaks in these difference spectra below 100 ms. In contrast, there are large changes
in the intensity of many imino proton resonances indicating exchange with water. The relative
peak intensities of the difference spectra, [I0−I(t)]/I0, for the imino proton resonances of free
Macugen at 15 °C are plotted as a function of delay time in Fig. 2B and these data were used
to determine kex by fitting to Eqn. 1. Analogous difference spectra for the Macugen-HBD
complex at 15 and 35 °C are shown in Figs. 3A and 3B respectively. Plots of [I0−I(t)]/I0 for
several imino protons in the Macugen-HBD are shown in Fig. 4. The kex values for individual
imino protons in free Macugen and Macugen in the HBD and VEGF complexes are given in
Table 1. In free Macugen at 15 °C, residues G2 and G3 in the lower stem and G9 in the upper
stem all form Watson-Crick base pairs and the imino protons for G2 and G3 exchange over 4-
fold slower than for G9. As expected, relatively rapid exchange is observed for the imino proton
on the terminal C1·G27 base pair (kex = 76 s−1 for G27) as well as for the imino protons in the
G15·U10 wobble in the upper stem (kex = 32 and 25 s−1 for U10 and G15). The imino protons
in the internal and hairpin loops, the A4·U24 and U6·A19 base pairs neighboring the internal
loop and the A8·U17 base pairs in the upper stem all exchanged too fast with solvent to be
observed in the NMR spectra (kex > 400 s−1 Table 1). These results show that a large part of
Macugen, including the internal loop, the hairpin loop and parts of the upper and lower stem
are quite dynamic in the free state.

A high degree of solvent protection was observed for the Macugen-HBD complex at 15 °C,
where many of the imino protons exchanged too slowly to be accurately determined from this
NMR hydrogen exchange method (kex < 1.5 s−1). As seen in the 1D difference spectrum at 100
ms in Figs. 2A and 2B there are small but observable intensities for the nonexchangeable H2′
and H2″ resonances of dT28. These peaks cannot be due to solvent exchange and thus arise
from direct or spin-diffused NOE interactions with water [10]. Therefore, it was only possible
to place an upper limit of < 1.5 s−1 for the slowest exchanging imino protons. In addition,
resonance kex overlap for G2/U10 and G9/U18 prevented the kex values for these protons from
being uniquely determined so only an upper limit for each pair is reported (Table 1). The U14
and U20 imino proton resonances were not observed which means the kex > 400 s−1 in the
HBD-Macugen complex. Interestingly, the kex for G15 of the G·U wobble pair was too slow
to accurately measure in the complex (Fig. 4B) and therefore is reduced by at least a factor of
25 upon binding the HBD (Table 1). The U6 and U24 imino protons are in base pairs
neighboring the internal loop and have kex of 2.7 and 4.2 s−1 respectively, in the complex as
compared with their kex of > 400 s−1 in free Macugen (Table 1). These results demonstrate that
the secondary structure of Macugen and the internal loop and hairpin loop are greatly stabilized
by formation of the HBD-Macugen complex.

To further identify the most stable regions of Macugen in the complex, kex measurements were
performed at 35 °C in the HBD- and VEGF-Macugen complexes. The imino protons for G2
and G3 in the lower stem and G9 and U17 in the upper stem still exchanged too slowly to
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accurately measure (Table 1). Interestingly, the U10 and G15 in the wobble pair also exchanged
too slowly to measure in either complex at 35 °C (Fig. 4A). This compares with the imino
protons of the central U·G wobble pair in an 11 base-paired RNA duplex which had kex values
of 13 to 16 s−1 under similar conditions [8]. These results indicate that the base pairs in the
upper stem, including the U10·G15 wobble pair, are strongly stabilized and/or much more
protected from solvent, upon protein binding. This is consistent with previous photo-
crosslinking of U14 in the hairpin loop with C137 in the HBD of VEGF [3]. Excluding the
terminal G·C base pair, the U6·A19 and A4·U24 base pairs that neighbor the internal loop had
the fastest exchange for any Watson-Crick base pairs in the HBD complex at both temperatures
(Table 1, Fig. 4B). The VEGF-Macugen complex (Table 1) shows slightly smaller kex for
residues U6, U18 and U24 in the internal loop compared to the complex with the HBD. The
major difference between these complexes is for the imino proton on U20 in the internal loop,
which goes from being in too fast exchange to observe in the HBD complex (kex > 400 s−1) to
kex of 44 s−1 in the VEGF complex at 35 °C. Thus, amino acids outside the HBD are directly
or indirectly having a large effect on hydrogen exchange of the U20 imino proton in the VEGF
complex. These data show that for Macugen in the HBD and VEGF complexes, base pairs in
the upper stem and the U·G wobble pair in hairpin loop have a higher degree of stabilization
and/or are more protected from solvent than residues in the internal loop.

The hydrogen exchange data obtained here show very rapid exchange for many imino protons
in the internal loop and base pairs neighboring the internal loop in the free aptamer. There are
very large changes in for many of these imino protons upon binding of the HBD or VEGF
kex protein. These results demonstrate that even RNAs that bind their target protein with
extremely high affinities (Macugen binds VEGF with Kd = 50 pM) can be very dynamic in
their free state. A dynamic free state has been previously observed for the U1A RNA which
also forms a high affinity complex with the U1A protein [11]. The hydrogen exchange data
here support an induced-fit type mechanism for the aptamer binding its protein target [12,13].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The sequence and secondary structure of Macugen. 2f and 2m indicate 2′-fluoro and 2′-O-
methyl modifications. Temperature-dependent imino proton spectra of (B) free Macugen, (C)
the HBD-Macugen complex and (D) the VEGF-Macugen complex.
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Figure 2.
(A) Imino proton difference spectra between a control spectrum (shown at bottom) and spectra
acquired by varying the delay time after water inversion for free Macugen at 15 °C. The control
spectrum is the same watergate solvent suppression experiment except that no water inversion
was performed. The H2′ and H2″ resonances of dT28 are shown on the right to compare
exchange and NOE effects. (B) The relative peak intensities in the difference spectra, [I0−I(t)]/
I0, for various imino protons in free Macugen as a function of delay time after water inversion.
Solid lines indicate the best fit to Eqn. 1. The peak intensities of dT28-H2″ resonances, which
arise from an NOE effect, are represented as small closed circles.
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Figure 3.
Imino proton difference spectra between control spectra (shown on bottom) and spectra
acquired by varying the delay time after water inversion for the HBD-Macugen complex at
(A) 15 °C and (B) 35 °C. The control spectra are the watergate solvent suppression experiment
except that no water inversion was performed.
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Figure 4.
The relative peak intensities in the difference spectra, [I0−I(t)]/I0, as a function of delay time
(A) for the G15 imino protons in free Macugen (15 °C) and in the HBD-Macugen complex
(15 °C and 35 °C) and (B) for the U6 imino proton of the HBD-Macugen complex (15 °C and
35 °C). Solid lines indicate the best fitting of these data using Eqn. 1. The U6 imino proton
exchanges too fast to be observed in free Macugen.
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