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Abstract

The formation of a ligand-protein complex oftentimes results in significant chemical shift changes. These changes
may occur not only in the binding pocket but also in distal regions of the protein target. Therefore the reassignment
of the backbone resonances in the complex is frequently a time consuming challenge. Here we present a suite
of resolution-enhanced N,-exchange NMR experiments useful for rapidly assigning backbone 'H and >N amide
resonances of the ligand-bound form of a protein in slow exchange with its free state. Incorporation of semi-
constant time frequency labeling periods into 3D N,-exchange experiments in combination with the collection
of resolution-enhanced 2D N -exchange difference spectra leads to a powerful set of tools for analyzing protein-
ligand complexes. This allows for both the assignment of the bound state and the rapid assessment of the protein
binding interface. The proposed methodology is demonstrated on the complex formed by the dimerization-docking
domain of the c-AMP-dependent protein kinase and the tethering domain of the dual-binding A-kinase anchoring
protein (AKAP).

Abbreviations: D-AKAP — Dual-binding A-kinase Anchoring Protein; D/D — Dimerization/Docking Domain; c-
AMP - cyclic adenosin monophosphate; Ex. — exchange; C. Ex. — chemical exchange; NMR — nuclear magnetic
resonance, PKA — c-AMP-dependent protein kinase, SCT — semi-constant time, RIa — regulatory subunit of type
Ia PKA.

Introduction ping interaction surfaces (Foster et al., 1998; Qin

et al., 2001; Zuiderweg, 2002). However, the NMR

Nuclear magnetic resonance (NMR) spectroscopy is
ideally suited to characterize non-covalent interactions
between macromolecules (Ikura et al., 1992; Qin et al.,
2001; Zuiderweg, 2002). Among the simplest and
most effective probes of such interactions are chemical
shift changes occurring upon binding (McDonald and
Phillips, 1967; Shuker et al., 1996; Foster et al., 1998).
For instance, variations in chemical shifts observed in
the presence of binding proteins are useful for map-
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assignment of the bound state of a protein is often
challenging either because of unfavorable relaxation
properties owing to the increased size of the complex
(Takahashi et al., 2000; Wiithrich, 2000) or because
of extensive chemical shift variations caused by the
binding induced conformational changes. Rather than
the time-consuming process of the direct assignment
of both the free and bound states of a protein, a more
efficient strategy focuses first on the free state and then
on the transfer of this assignment to the bound state.
For instance, when the exchange between the free and
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Figure 1. (a) Representative expansion of a IH-15N HSQC spectrum of free RIa D/D (single contours) overlaid onto its D-AKAP2-bound
state. (b) Same spectral region as in (a) but for a two-dimensional exchange spectrum (Vialle-Printems et al., 2000) of a sample containing
~1 mM Rloa D/D and 0.7 mM D-AKAP2 (333-359) peptide. Comparison of the spectra shown in panels (a) and (b) illustrates the crowding
problem caused by the simultaneous presence of the free and the two bound resonance sets along with the exchange cross-peaks. Each resonance
originating from free Rla D/D gives rise to two sets of resonances upon binding to the D-AKAP?2 peptide as a result of the disruption of the
two-fold symmetry in the dimer. Additional experimental details can be found in the Materials and methods section.

bound forms is slow in the chemical shift time scale,
the assignment of the bound state can be obtained from
that of the free state by transferring either longitudinal
two spin order (21,S,) or longitudinal >N magnetiza-
tion (S;) (Jeener et al., 1979; Montelione and Wagner,
1989; Wider et al., 1991; Farrow et al., 1994; Vialle-
Printems et al., 2000). Since the auto relaxation rate
is usually slower for S; than for 2I,S,, the experi-
ments based on the S, transfer allow the investigation
of systems with a wider range of exchange rates (koft
in the ~10 — 100 s~! range) (Vialle-Printems et al.,
2000). One problem of the exchange experiments is
that the free, bound and exchange cross-peaks are
simultaneously present in the same spectrum, thus in-
creasing the chance of peak overlap. This problem is
exemplified by the case of the complex between the
tethering domain of D-AKAP2 (Huang et al., 1997)
and the dimerization/docking (D/D) domain (residues
12-61) of the Rla subunit of the cAMP-dependent pro-
tein kinase, PKA (Leon et al., 1997)a. The free Rla
D/D domain possesses a C» axis of symmetry (Banky
et al., 2000) so that the two monomers give rise to
a single set of NMR resonances (Figure la). How-
ever, upon binding the non-palindromic D-AKAP2
peptide, this symmetry is lost and two sets of peaks
are observed for the bound dimer (Figure 1a). The S,-
exchange spectrum for the Rla D/D in the presence
of sub-stoichiometric amounts of D-AKAP2 peptide
contains therefore auto peaks arising from the free

and the two bound sets together with exchange cross-
peaks among these three sets (Figure 1b). As a result,
for each peak observed in the HSQC of the free Rla
D/D there can be up to nine peaks in the exchange
spectrum. In other words, the number of peaks in the
exchange spectra can increase by almost one order
of magnitude as compared to the simple HSQC spec-
trum of the free state, resulting in extremely crowded
spectra (Figure 1b). It is therefore important to design
experiments that deconvolute this spectral complexity
not only by increasing the dimensionality of the ex-
change spectra (Vialle-Printems et al., 2000), but also
by optimizing the resolution. In this paper, we pro-
pose a pair of 3D S,-exchange experiments in which
the resolution is enhanced through the extensive use
of semi-constant time frequency labeling (Figure 2)
(Grzesiek and Bax, 1993; Logan et al., 1993). In ad-
dition, we also designed a 2D difference (Wider et al.,
1991) semi-constant time S;-exchange pulse sequence
that separates exchange cross-peaks from overlapping
auto-peaks (Figure 4). This set of resolution-enhanced
and edited S;-exchange experiments is expected to fa-
cilitate the assignment of macromolecular complexes.
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Figure 2. Pulse sequences for the semi-constant time 3D-HN-ex-H (a) and for the semi-constant time gradient and sensitivity-enhanced
3D-N-ex-NH (b) experiments. Semi-constant time evolution periods are highlighted by the dashed boxes. Narrow and wide bars represent
90° and 180° pulses, respectively, whereas lower and larger rectangles indicate the water-flip back pulses. All pulses have ‘X’ phase unless
otherwise indicated. The delay A is set to 1/4J = 2.75 ms, whereas Tnix defines the exchange mixing time. (a) The semi-constant time
incremented delays for the t; dimension are: 1, = A + 3 pus + [m/Q2SW )], t1p, = 3 us + [(0.5/SW) — (A/M)]m, and t;. = pl8ON + 6 us
+ A — (A/M)m, where p180N is the duration of the 15N 180° pulse, SW is the spectral width for the F1 dimension andm =0, 1, ... M — 1
(ty = m/ISW1). Mis the total number of complex #; points. Similarly, the semi-constant time incremented delays for the t; dimension are:
tha = A+ 3 ps + [/(2SW))], top, = 3 ps + [(0.5/SW3) — (A/N)]n, and tpc = p180H + 6 us + A — (A/N)n, where p180H is the duration
of the 'H 180° pulse, SW), is the spectral width for the F2 dimension andn =0, 1, ..., N — 1 (t, = n/SW»). Nis the total number of complex
tr points. The water suppression is achieved through the 3-9-19 WATERGATE scheme with the delay § set accordingly to (Piotto et al., 1992).
The phase cycle is: 1 =, ¥, =Y, =¥; d2 =X, =X; 93 =¥, =¥, =%, ¥, ¥, =%, =%, ¥ =%, ¥, ¥, =¥ =%, ¥, ¥ =Y; b4 =X, -X, X, =X, X, =X, X,
—X, =X, X, =X, X, =X, X, =X, X; {5 =y, ¥, =¥, —Y; dg = X, X, X, X, —X, —X, —X, —X; lec. = X, —X, —X, X, —X, X, X, —X. The relative gradient
strengths are: Gx: 0, G1y: 0, Giz: 1.00; Gox: 0, Goy: 2.75, Gpz: 2.75; G3x: 3.88, Gay: 0, G3,: 3.88; Gyx: 2.13, Gay: 2.13, Gaz: 1.59. (b) The
semi-constant time incremented delays for the t; dimension of the 3D-N-ex-NH experiment are the same as the corresponding delays for the
to dimension of the 3D-HN-ex-H experiment in panel (a). The semi-constant time incremented delays for the ty dimension of the 3D-N-ex-NH
experiment are: tp, = pI180H + 6 us + A — (A/N)n, top, =3 ps + [(0.5/SW3) — (A/N)]n and 1o = A + 3 ps + [n/(2SW»)], where p180H
is the duration of the 'H 180° pulse, SW is the spectral width for the F2 dimension andn =0, 1, ..., N — 1 (1, = n/SW»). As before, N is the
total number of complex #, points. The phase cycle for the 3D-N-ex-NH pulse sequence is: 1 =y, y, =y, —y; P2 =X, =X; O3 =Y, ¥, ¥, ¥, —¥s
-, =Y, —Y¥; ¢4 = 8(x), 8(—x), rec. =X, —X, —X, X, —X, X, X, —X, —X, X, X, —X, X, —X, —X, X. The phase ¢5 is y and it is inverted synchronously
with the sign of the 15N—encoding gradient G3 to achieve Echo/Anti-Echo quadrature detection for tp. The relative gradient strengths in the
3D-N-ex-NH experiment are: Gix: 0, G1y: 0, Gyz: 1.00; Gox: 0, Goy: 2.75, Goz: 2.75; G3x: +/— 6.88, Gay: +/— 6.88, G3z: +/— 5.16; Gyx:
0.688, Gyy: 0.688, G3,: 0.516. Additional experimental details can be found in the Materials and methods section.

Materials and methods by Ni** affinity and size exclusion chromatograph-
ies (Banky et al., 2000). Fragment (12-61) of Rla
Sample preparation was prepared by trypsin digestion as reported pre-
viously (Banky et al., 2000). The unlabeled tether-
The dimerization/docking (D/D) domain of “N- 1o domain (residues 333-359) of D-AKAP2 (Ac-
labeled Rla (residues 1-61) was expressed in Es- VQGNDEAQEELAWKIAKMIVSDVMQQ-NH2)

cherichia coli Rossetta (DE3) (Novagen) and purified
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Figure 3. Representative 3D-N-ex-NH and 3D-HN-ex-H cross-peaks for Q26 (panels a and b) and 133 (panels c¢ and d), respectively. The
notation ‘bound’ ‘refers to one of the two bound resonance sets. For Q26 the bound’” and the free resonances have distinct chemical shifts
along both the H and the >N dimensions so that in both 3D spectra (a and b) the exchange cross-peaks are well resolved from the diagonal.
For 133 the bound’ and the free resonances have very similar I5N chemical shifts so that the free-bound’ cross-peak for 133 is resolved in the
3D-HN-ex-H spectrum (d) but not in the 3D-N-ex-NH spectrum (c). Exchange cross-peaks are boxed within rectangles or squares. Additional
experimental details can be found in the Materials and methods section.

was synthesized by Anaspec (San Jose, CA). The Rla
D/D / D-AKAP2 complex (1:1 stoichiometry) was
prepared by addition of a weighed amount of lyo-
philized peptide into ~10 mL of Rlae D/D solutions
(50 mM sodium acetate, 100 mM sodium chloride,
pH 4.0). The complex was purified from the free pro-
tein and/or peptide by gel filtration chromatography
(Sephacryl S-100). Fractions containing pure Rl D/D
/ D-AKAP2 complex were pooled and concentrated
to approximately 500 pL with the aid of ultrafiltra-
tion membranes (3000 Da MWCO). NMR samples
were prepared by adding enough sodium azide and
DO to these solutions to achieve a final concentra-
tion of 0.02% and 10%, respectively. The Rloe D/D
/ D-AKAP2 complex gives good spectra under these

experimental conditions. However, the free D-AKAP2
(333-359) peptide is insoluble under the conditions
necessary for our studies of the complex. In addition,
the peptide can dissociate during the course of the
acquisition of the NMR data. Thus, the 1:1 complex
is metastable under these conditions owing to the ag-
gregation of the D-AKAP2 (333-359) peptide in its
free state. In order to circumvent this problem, we
prepared sub-stoichiometric mixtures of RIoe D/D and
D-AKAP2. Peptide rebinding to the excess free Rla
D/D, rather than peptide aggregation, is favored un-
der these conditions and the integrity of the sample
is maintained. The concentration of protein in the
free form was estimated by comparison of peak in-
tensities in 'H-'SN HSQC spectra taken immediately
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Figure 4. Pulse sequences for the semi-constant time 2D-N;, exchange difference experiment. Semi-constant time evolution periods are high-
lighted by the dashed boxes. The 2D N-ex-H (a) and the 2D ex-N-H (b) were acquired in interleaved mode in order to minimize difference
artifacts. All fixed delays, pulse symbols, phase cycles and gradient strengths are as for the 3D HN-ex-H experiment (Figure 2a). The
semi-constant time variable delays for the t; dimension are as in the 3D N-ex-NH experiment (Figure 2b). Additional experimental details

can be found in the Materials and methods section.

after sample preparation and just before acquisition
of the exchange spectra. The concentration of pro-
tein in the 1:1 complex was estimated by the method
of Gill and von Hippel (Gill and von Hippel, 1989)
using extinction coefficients of 6090 M~! cm™~! and
5400 M~! cm~! at 276 nm for the dimeric Rlo. D/D
and for the D-AKAP2 peptide, respectively.

NMR experiments

All NMR spectra were acquired using the same ex-
perimental conditions: temperature of 308 K, pH 4.0,
50 mM sodium acetate, 100 mM NaCl. The 2D-N-
ex-H-differenence and the 3D-N-ex-NH spectra were
acquired at 600 MHz (Bruker DRX spectrometer),
while the remaining spectra were acquired at 500 MHz
(Bruker DMX spectrometer). The PN decoupling was
implemented in all experiments using the GARP se-
quence (Shaka et al., 1985) with an RF field strength
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of 1 or 1.25 kHz. All water-flip back pulses had a
rectangular shape and duration of 2 ms. Quadrature
detection was achieved using the States-TPPI method
(Marion et al., 1989) for all indirectly detected dimen-
sions except for tp of the 3D N-ex-NH experiment in
Figure 2b in which the Echo/Anti-echo approach was
used (Schleucher et al., 1993). The 'H carrier fre-
quency was on the water signal whereas that for N
was at the center of the amide region. All gradients
were sine-bell shaped with duration of 0.8 ms and a
ring-down delay of at least 0.2 ms. The exchange mix-
ing time was 230 ms in all experiments. The relaxation
delay between transients was at least 1.1 s for all pulse
sequences. For all the >N dimensions the spectral
width was 1317.78 Hz and 64 complex points were
acquired. For all the directly detected 'H dimensions
the spectral width was 8389.26 Hz and 512 complex
points were recorded. In the indirectly detected HN
dimension of the 3D-HN-ex-H spectrum 50 complex
points were acquired for a spectral width (SWp) of
2999.94 Hz. Additional information can be found in
the figure captions.

Results and Discussion

As shown in Figure 1b, the complexity of unedited
2D-exchange spectra presents a challenge even for
relatively small protein-protein complexes, such as
the RIo/D / D-AKAP2 (333-359) system. However,
significant simplification of the exchange spectra can
be obtained by combining increased dimensionality
(3D) (Vialle-Printems et al., 2000) with semi-constant
time frequency labeling (Grzesiek and Bax, 1993;
Logan et al., 1993). Specifically, two semi-constant
time 3D-exchange experiments are proposed: a 3D
HN-ex-H pulse sequence, in which both 'H and N
spins are frequency labeled before the exchange mix-
ing time (Figure 2a), and a 3D N-ex-NH, in which
only N spins are frequency labeled before the ex-
change mixing time (Figure 2b). The key differences
between the 3D experiments proposed here and those
of Vialle-Printems (Vialle-Printems et al., 2000) are
the extensive application of semi-constant time fre-
quency labeling and of sensitivity enhancement when
applicable. In the 3D HN-ex-H pulse sequence the
semi-constant time evolution of 'H and N chemical
shifts takes advantage of the INEPT and refocused-
INEPT delays necessary to create '’N, magnetiza-
tion before the exchange mixing period (Figure 2a),
whereas in the 3D-N-ex-NH experiment the semi-
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Figure 5. Representative expansions of the cross-peaks for A60 in
the spectrum acquired with the pulse sequence of Figure 4a (a) and
in the semi-constant time 2D-N, exchange difference experiment
(b). The two bound A60 sets coincide and their resonances signific-
antly overlap with those of free A60 both along the 'H and the N
dimensions. As a result in the unedited exchange spectrum (a) the
exchange cross-peaks for A60 cannot be resolved; however these
cross-peaks are clearly detected in the difference experiment (b).
Negative peaks were plotted with only one contour line and result
from the difference between auto-peaks. Additional experimental
details can be found in the Materials and methods section.

constant time evolution of >N chemical shifts uses
also the delay of the dephasing INEPT that imme-
diately follows the mixing block. In all cases the
simultaneous chemical shift and scalar coupling evol-
ution implemented through the semi-constant time
schemes scales down the signal decay caused by relax-
ation. In the case of the 3D-N-ex-NH experiment it is
also possible to implement echo/anti-echo quadrature
detection with sensitivity enhancement, as shown in
Figure 2b (Sattler et al., 1999).

The combined analysis of the semi-constant time
3D-N-ex-NH and 3D HN-ex-H experiments is very
useful to reliably assign exchange cross-peaks. For in-
stance, when the exchange is between two states with
well resolved frequencies in both the 'H and the N
dimensions, such as the case of Q26, then the ex-
change cross-peaks are observed in both 3D spectra
(Figures 3a, b) providing an independent validation
of the assignment of the cross-peak. However, when
the exchange is between two states with well resolved
frequencies only in the 'H or the "N dimensions,
then the exchange cross-peak is observed only in one
of the two 3D spectra. For example, the backbone
resonance frequencies for 133 in the free and one of
the bound states are characterized by different 'H fre-
quencies but very similar YN chemical shifts. In this
case, no exchange cross-peak is detectable in the 3D-
N-ex-NH spectrum (Figure 3c) but a clear exchange
cross-peak appears in the 3D-HN-ex-H spectrum (Fig-



ure 3d). Similarly, for cases in which the exchanging
peaks are well resolved only in the SN dimension,
the exchange cross-peaks are observed in the 3D-N-
ex-NH experiment but not in the 3D-HN-ex-H data
set.

When the exchange is between two states with
poorly resolved frequencies in both the 'H and the
I5N dimensions, then the exchange cross-peak resides
very close to the diagonal of both 3D-N-ex-NH and
3D-HN-ex-H spectra and therefore none of the pulse
sequences of Figure 2 is suitable. For these poorly
resolved cases, a 2D-difference experiment (Wider
et al., 1991) was designed (Figure 4) in which the
semi-constant time N frequency labeling occurs
alternatively before (2D N-ex-H pulse sequence in
Figure 4a) or after (2D ex-N-H pulse sequence in
Figure 4b) the exchange mixing period. Both 2D
N-ex-H and 2D-ex-NH pulse sequences detect the
auto-peaks but only the 2D N-ex-H experiment al-
lows the observation of exchange-cross peaks. As a
result the difference spectrum (2D N-ex-H — 2D-ex-N-
H) contains greatly reduced auto-peaks that facilitate
the observation of the exchange-cross peaks. For in-
stance, for A60 the free and bound resonances are so
poorly resolved along both the 'H and the >N dimen-
sions that it is not possible to separate the auto-peaks
from the exchange cross-peaks in the unedited spec-
trum (Figure 5a). However, in the semi-constant time
I5N,-exchange difference experiment this separation
is easily achieved (Figure 5b). Even if the auto-peaks
are dramatically attenuated, they are still present in the
difference spectrum but with opposite sign relative to
the exchange cross-peaks (Figure 5b). This is because
the absence of exchange cross-peaks in the 2D-ex-N-
H spectrum makes its auto-peaks more intense than the
corresponding auto-peaks in the 2D-N-ex-H spectrum.

In conclusion, the combination of 2D and 3D 1°N,,-
exchange experiments with semi-constant time fre-
quency labeling and with difference spectroscopy res-
ulted in a suite of resolution-enhanced '3N,-exchange
pulse sequences that facilitates the assignment of ex-
changing systems, such as the free and bound states of
a protein.
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