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Abstract

The chemical shift of the 129Xe NMR signal has been shown to be extremely sensitive to the local
environment around the atom and has been used to follow processes such as ligand binding by bacterial
periplasmic binding proteins. Here we show that the 129Xe shift can sense more subtle changes: magnesium
binding, BeF3

− activation, and peptide binding by the Escherichia coli chemotaxis Y protein. 1H-15N
correlation spectroscopy and X-ray crystallography were used to identify two xenon-binding cavities in
CheY that are primarily responsible for the shift changes. One site is near the active site, and the other is
near the peptide binding site.
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Several properties of 129Xe have made it an attractive NMR-
based biomolecular probe. These include xenon’s affinity
for small hydrophobic cavities in proteins, the remarkable
chemical shift sensitivity of xenon to nonbonded local en-
vironment, and the signal-to-noise enhancement made pos-
sible by optical pumping (Goodson 2001). Laser-polarized
129Xe nuclear magnetic resonance (129Xe NMR) spectra are
simple, have no background, and can be obtained in a single
scan (Goodson 2001). 129Xe NMR has been used to probe
hydrophobic cavities in several proteins, including myoglo-
bin, hemoglobin, T4 lysozyme, maltose binding protein, and
recently an engineered cavity in the ribose binding protein
(Tilton and Kuntz 1982; Bowers et al. 1999; Rubin et al.
2002; Lowery et al. 2004).

The possibility of using 129Xe NMR as a means for de-
tecting biomolecular conformational states was first dem-
onstrated for maltose binding protein, MBP (Rubin et al.

2000). When MBP binds maltose, which changes it from the
open to the closed conformation, the observed 129Xe chemi-
cal shift moves 0.9 ppm mM−1 upfield (Rubin et al. 2000).
The dependence of 129Xe chemical shift on MBP confor-
mation arises from a single xenon binding cavity whose
129Xe chemical shift and binding affinity depend on the
protein’s conformation, a conformation-sensitive xenon-
binding cavity (Rubin et al. 2002). Because such a cavity
serves as a conformational reporter site, the protein does not
need modification and is fully recoverable after analysis.

Here we report a further example in which 129Xe NMR
responds to several conformational states of the Escherichia
coli chemotaxis Y protein (CheY). CheY (12 kDa) is a
signal transduction protein required for chemotaxis that is
activated by phosphorylation on a conserved aspartate resi-
due (Asp57). Phosphorylation induces a conformational
change that increases CheY’s affinity for its downstream
target protein, FliM (Falke et al. 1997). Here we demon-
strate that CheY contains two xenon-binding cavities that
confer 129Xe chemical shift sensitivity to three different
protein functional states as well as providing moderate sen-
sitivity to peptide binding. 1H-15N correlation spectroscopy
(HSQC) and X-ray crystallography were used in identifying
and characterizing the sites of xenon binding.
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Results

129Xe chemical shift sensitivity to CheY conformation

The change in 129Xe chemical shift with increasing protein
concentration (the concentration-normalized 129Xe chemi-
cal shift) is a useful means of characterizing xenon–protein
interactions. A significant difference between the concen-
tration-normalized 129Xe chemical shift of the folded and
unfolded states of a protein indicates the presence of a xe-
non-binding cavity (Rubin et al. 2002). Figure 1 shows a
plot of the 129Xe chemical shift as a function of protein
concentration for the folded and unfolded conformations of
CheY. The concentration-normalized 129Xe chemical shift
values for the folded and unfolded CheY conformations are,
respectively, 1.6 ± 0.1 ppm mM−1 and 0.4 ± 0.1 ppm mM−1.
The strong dependence of xenon chemical shift on the
folded state of CheY, twice the magnitude seen for MBP
(Rubin et al. 2002), indicates the presence of at least one
xenon-binding cavity.

Figure 1 also shows that 129Xe is affected differently by
different states of CheY; the normalized shifts for the
states—inactive, magnesium-bound, activated, and FliM-pep-
tide bound—are 1.6 ± 0.1 ppm mM−1, 1.3 ± 0.1 ppm mM−1,

0.8 ± 0.1 ppm mM−1, and 0.7 ± 0.1 ppm mM−1, respec-
tively. The sensitivity of 129Xe chemical shift to four CheY
conformations is the first example of 129Xe responding to
more than two different protein conformational states for a
single protein and the first example of 129Xe sensitivity to
protein–peptide binding.

Identifying the xenon-binding cavities
with 1H-15N HSQC spectroscopy

The location of xenon binding cavities in proteins can be
determined using amide 1H-15N correlation (HSQC) spectra
taken at different xenon concentrations (Rubin et al. 2002;
Lowery et al. 2004). Assigned 1H-15N HSQC resonances
affected by increasing xenon concentration can be mapped
onto the protein structure, identifying the region of the pro-
tein that is involved in xenon binding (Rubin et al. 2002;
Gröger et al. 2003).

1H-15N HSQC spectra were collected from both inactive
and activated CheY conformations in the presence and ab-
sence of xenon. The total amide proton chemical shift dif-
ference between 0 mM and ∼40 mM xenon for each residue
of both the inactive and active conformations are plotted as
histograms in Figure 2, A and B. Three regions in the se-
quence are affected by xenon binding, residues near Asp12,
residues near Asp57, and residues between Thr87 and Tyr106.
Mapping the residues according to the magnitude of their
xenon-induced shifts onto the inactive CheY backbone
shows that the residues whose environments are perturbed
most by increasing xenon concentration cluster about two
cavities that were identified with the program VOIDOO
(Fig. 3A). One of these cavities (H1-�3) is located directly
below residues Asp57 and Asp12, involving residues from
H1, �1, �3, and �4. The second cavity (�4-H4) is located
near Tyr106, involving residues from �5, H4, and �5 (Cho et
al. 2000; Lee et al. 2001a). The residues that significantly
shift upon xenon binding for the activated conformation of
CheY cluster about similar regions of the protein (Fig. 3B).

Identifying the xenon-binding
cavities with X-ray crystallography

The xenon binding sites in CheY were also analyzed using
X-ray crystallography. The structure of CheY activated with
the aspartyl phosphate mimic BeF3

− was previously deter-
mined (Lee et al. 2001a) (crystallized in the space group
P212121 with two molecules in the asymmetric unit and
diffracted to 2.4 Å). Crystals of BeF3

− activated CheY were
pressurized with 100 psi xenon for 1 min before freezing.
Data collection and refinement statistics from the xenon-
pressurized crystals are summarized in Table 1.

Figure 4 shows a difference electron density omit map
(Fobs–Fcalc) with no xenon in the model. Electron density of

Figure 1. Change in 129Xe chemical shift (��Xe) with protein concentra-
tion (C) for apo (�), magnesium-bound (�), activated (●), FliM peptide-
bound (▫), and denatured (�) CheY. ��Xe is the difference between the
129Xe chemical shift of each titration point and buffer. 129Xe chemical shift
values and error bars (± 0.01 ppm) were obtained from peak fits. The
concentration-normalized 129Xe chemical shifts, or slopes of the lines, are
1.6 ± 0.1 ppm mM−1, 1.3 ± 0.1 ppm mM−1, 0.8 ± 0.1 ppm mM−1, 0.7 ± 0.1
ppm mM−1, and 0.4 ± 0.1 ppm mM−1, for apo, magnesium-bound, acti-
vated, FliM-bound, and denatured CheY, respectively. 129Xe chemical shift
is sensitive to four different CheY functional states.
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