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The sensitivity of 129Xe chemical shifts to weak nonspecific
xenon–protein interactions has suggested the use of xenon to probe
biomolecular structure and interactions. The realization of this po-
tential necessitates a further understanding of how different macro-
molecular properties influence the 129Xe chemical shift in aqueous
solution. Toward this goal, we have acquired 129Xe NMR spectra
of xenon dissolved in amino acid, peptide, and protein solutions
under both native and denaturing conditions. In general, these coso-
lutes induce 129Xe chemical shifts that are downfield relative to the
shift in water, as they deshield the xenon nucleus through weak,
diffusion-mediated interactions. Correlations between the extent of
deshielding and molecular properties including chemical identity,
structure, and charge are reported. Xenon deshielding was found
to depend linearly on protein size under denaturing solution condi-
tions; the denaturant itself has a characteristic effect on the 129Xe
chemical shift that likely results from a change in the xenon sol-
vation shell structure. In native protein solutions, contributions to
the overall 129Xe chemical shift arise from the presence of weak
xenon binding either in cavities or at the protein surface. Poten-
tial applications of xenon as a probe of biological systems including
the detection of conformational changes and the possible quan-
tification of buried surface area at protein–protein interfaces are
discussed. C© 2001 Academic Press

Key Words: xenon NMR; 129Xe chemical shifts; xenon–protein
interactions; biomolecular probes.
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INTRODUCTION

Following initial studies of xenon in porous solids (1) xenon
NMR spectroscopy has become a promising technique for p
ing molecular structure and dynamics in materials, liquids,
molecules in solution (2–5). The magnetic resonance prope
ties of 129Xe are extremely sensitive to its local chemical e
vironment and large129Xe NMR signals are readily attainab
through the use of established optical pumping techniques6).
The relatively small size and hydrophobicity of xenon mak
1 To whom correspondence should be addressed, E-mail: dewemm
LBL.gov.
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well suited for probing biological systems in aqueous solut
The129Xe chemical shift undergoes dramatic changes upon
cific binding to the nonpolar interiors of proteins and structu
lipids (7–11). In addition, it has recently been reported that e
weak nonspecific interactions between xenon and protein
faces have a measurable effect on the chemical shift of x
and that this effect changes upon protein denaturation (12–13).
This sensitivity of the129Xe chemical shift to neighboring chem
ical composition and structure could make xenon a report
biomolecular conformations and interactions and their cha
with varying solution conditions. However, detailed interpre
tion of NMR data of xenon in biological systems remains d
cult given the limited understanding of the influence of differ
chemical environments on the129Xe chemical shift in aqueou
solution. Because not all macromolecules bind xenon with
affinity, knowledge of how nonspecific xenon–macromolec
interactions affect the129Xe chemical shift is particularly im
portant for the development of xenon as a general biomole
probe.

Previous studies of how chemical environments in gases
uids, and solids influence129Xe chemical shifts provide a foun
dation for the understanding of the effects of xenon–pro
interactions. The large range of129Xe chemical shifts (ove
5000 ppm) is due to the polarizability of its large electron clo
which shields the nucleus from the surrounding magnetic
(2–5). In the gas phase, interatomic collisions distort the xe
electron cloud so that the nucleus becomes deshielded an
129Xe resonance frequency shifts downfield continuously w
increased gas density (14); for clusters of xenon gas trapped
porous solids, this downfield shift is discrete and depend
cluster size (15). The chemical shift of129Xe in solution can be
up to several hundred ppm downfield of the frequency of xe
in the gas phase; this deshielding effect is dominated by
persive van der Waals interactions between the dissolved n
gas and solvent molecules (7, 16–18). Some accounts of the va
der Waals contribution have treated the solvent as a contin
that produces an electric field in response to electronic flu
ations of the xenon (7, 19). Studies of xenon inn-alkanes and
1090-7807/01 $35.00
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various linear, functionalized hydrocarbons have led to a m
discrete molecular description of129Xe NMR solvent shifts in
which the overall deshielding is treated as a sum of deshield
effects arising from pair interactions between xenon and fu
tional groups on solvent molecules (17, 18). Theoretical calcu-
lations have confirmed that129Xe chemical shifts in solvents
can be correlated with pairwise summations of solute–solv
dispersive interaction energies using molecular pair distribu
functions (20).

Both reaction field and group contribution analyses of s
vated xenon chemical shifts fail to predict the129Xe shift in
water, where deshielding is about 45 ppm greater than expe
(7). This discrepancy is likely due to a unique water struct
around the nonpolar xenon solute. The presence of such s
tural effects in liquid water is anticipated by129Xe NMR spec-
troscopy of xenon in clatherate hydrates (21). These studies
have revealed the existence of small and large water cage
which 129Xe resonance frequencies are≈240 and≈150 ppm
downfield from the gas phase, respectively. An understand
of how cavity structure affects129Xe chemical shifts is provided
by experiments on xenon trapped in clathrates, zeolites,
nanochannels (22–24). For example, the deshielding of xeno
increases with decreasing cavity size and depends on the s
of the cavity due to its influence on the anisotropy of the el
tron cloud of xenon. Such structural effects likely influence
chemical shifts of xenon interacting both specifically and no
specifically with macromolecules and other solutes in aque
solution.

Several previous studies have detected effects of nonspe
xenon–solute interactions in water on129Xe chemical shifts. In
solutions of metal cations and halide anions, diffusion-media
interactions lead to a downfield shift relative to water that
creases linearly with increasing salt concentration (25). The
concentration-normalized chemical shift (here denotedα and
expressed in units of ppm/mM) increases with ion charge, c
responding to a greater polarization of the xenon electron clo
129Xe chemical shifts in solutions of oligosaccharides deriv
from glucose have been reported withα values ranging from
0.006 ppm/mM downfield for the monomer to 0.038 ppm/m
downfield for maltohexose (26). Nonspecific interactions be
tween xenon and metmyoglobin under both native and de
turing solution conditions also induce downfield129Xe shifts
relative to the129Xe shift in water (13). These interactions hav
been modeled as weak binding sites such that, in the limit wh
a small fraction of xenon is bound to nonspecific sites,

α =
∑

nonspecific sites

δnonspecificKnonspecific, [1]

where δnonspecific is the chemical shift of xenon at each si
andKnonspecificis the strength of the binding interaction at th
site. 129Xe chemical shift data in native metmyoglobin sol
tions are fit to a model that also accounts for the strong spe

binding site in native metmyoglobin, yielding anα value of
T AL.
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2–3 ppm/mM. Interestingly, the effect of weak interactions
der denaturing conditions is less—α = 1 ppm/mM—despite an
increased number of potential nonspecific interaction sites u
unfolding.

Here we attempt to develop a more complete characteriza
of the effects of nonspecific interactions between xenon
proteins on the129Xe chemical shift in aqueous solution.129Xe
NMR data for xenon dissolved in amino acid, peptide, and p
tein solutions under both native and denaturing conditions
presented. Comparison ofα values for individual amino acids i
solution illustrate the importance of molecular properties s
as chemical functionality, structure, and charge in determin
the 129Xe chemical shift. In solutions of denatured proteinsα
has a linear dependence on protein size, thus demonstratin
additivity of diffusion-mediated interactions in aqueous so
tion. The presence of weak xenon binding sites in cavities
at the surface of native proteins further influences129Xe chem-
ical shifts in a manner that likely depends on particular f
tures of macromolecular structure. Effects of changes in
xenon solvation shell structure are investigated in solution w
varying concentrations of urea. The implications of these fi
ings for the potential use of xenon as a biomolecular probe
considered.

RESULTS AND DISCUSSION

Xenon Interactions in Amino Acid Solutions

A series of129Xe NMR spectra of xenon (≈11 mM) in 80%
H2O/20% D2O containing glycine at different concentrations
shown in Fig. 1. The full spectrum (Fig. 1a) contains two peak
the downfield peak (0 ppm) corresponds to the shift of xe
dissolved in solution, while the upfield peak (≈ −188.6 ppm)
corresponds to xenon gas and is used forin situ referencing
(see Experimental). As the glycine concentration is increa
(Figs. 1b, 1c), the solution peak moves downfield, such tha
129Xe shift relative to the129Xe shift in water (δglycine− δwater)
increases linearly with amino acid concentration. The sharp
lution line (typically1v ∼ 0.05 ppm) allows accurate determ
nation of the shifts; a linear fit of the data plotted in Fig. 1c yie
a value for the slopeα = 0.0043± 0.0001 ppm/mM. In a sim-
ilar manner,α values for several amino acids were determin
and are listed in Table 1. As seen in Fig. 1c for glycine, alan
and leucine, all of the amino acids used in these experim
induce129Xe shifts that are downfield relative to the129Xe shift
in buffer, which indicates that nonspecific interactions betw
xenon and amino acids deshield the xenon nucleus more
interactions with water alone. Given the dilute solute conc
trations for which this effect is observable, deshielding lik
occurs through direct xenon–solute interactions which pola
the xenon electron cloud rather than through a solute-indu
change in bulk water structure. This supposition is consis
with previous accounts of the deshielding effects of ions in aq

ous solution (25).
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EFFECTS OF XENON-PROTEIN

FIG. 1. Effect of glycine on129Xe NMR chemical shifts of xenon in aqueou
solution. (a) Spectrum of xenon alone in 80% H2O/20% D2O at a concentration
≈11 mM. The downfield peak (0 ppm) corresponds to solvated xenon, whil
upfield signal (≈−188.6 ppm) is due to xenon gas present in a glass capillary
and is used for in situ referencing. (b) Dissolved xenon resonances in solutio
varying glycine concentration in 80% H2O/20% D2O. The129Xe signal shifts
downfield with increasing glycine concentration. (c) Plot of129Xe chemical
shift as a function of amino acid concentration for xenon dissolved in solut
containing glycine (r), alanine (j), and leucine (m). Shifts are referenced to
the129Xe chemical shifts of xenon dissolved in 80% H2O/20% D2O. Linear fits
of the data yields slopes ofαglycine = 0.0042± 0.0001 ppm/mM,αalanine=
0.0057± 0.0001 ppm/mM, andαleucine= 0.0073± 0.001 ppm/mM.

The deshielding effects of amino acids resulting from n
specific xenon–solute interactions can be quantitatively un
stood in a manner consistent with previous models for129Xe
chemical shifts that consider pairwise van der Waals inte
tions between xenon and solvent functional groups. In th

models, the129Xe chemical shift is determined by the mola
INTERACTIONS ON129Xe SHIFTS 81
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density of functional groups present in the solvent, where
relative deshielding effect of each functional group is related
the strength of the van der Waals interaction between the fu
tional group and xenon (17, 18, 20). As predicted by this analysis
the 129Xe chemical shift depends linearly on the mole fracti
composition of noninteracting solvent mixtures as the conc
trations of functional groups interacting with xenon chang
(18, 27). We propose that the linear change in the129Xe chem-
ical shift with the addition of amino acids in aqueous soluti
is analogously due to changes in functional group concen
tions; thus, the overall deshielding of xenon will be due to a
ditive dispersive van der Waals interactions. The trend inα val-
ues for the aliphatic and polar amino acids listed in Table
supports this conclusion. Studies of xenon in linear functi
alized alkanes and alcohols have suggested that the desh
ing contributions of methyl and methylene groups are m
significant than the contribution of hydroxyl groups due to
larger dispersive interaction energy (18). Accordingly, increas-
ing the methyl group concentration in water should result
an increase in the129Xe chemical shift that reflects the relativ
Xe–CH3 and Xe–OH interaction energies. Indeed, the obser
increase inα from glycine (α = 0.0042± 0.0001 ppm/mM) to
alanine (α = 0.0057± 0.0002 ppm/mM), which correspond
to the addition of a methyl group, is in agreement with th
prediction. It is thus seen that the chemical identity of t
amino acid sidechain has a characteristic effect on the129Xe
shift in aqueous solution that is consistent with previous stud
in solvent.

TABLE 1
129Xe Deshielding in Amino Acid Solutions

α (ppm/mM)a Xenon accessible
Amino acid ×10−3 surface Area (A

a
2)b

Glycine 4.2± 0.1 254
Alanine 5.7± 0.2 282
Valine 6.1± 0.1 328
Leucine 7.3± 0.3 365
Serine 4.5± 0.2 301
Threonine 4.6± 0.2 320
Tyrosinec 7.5± 0.8 422
Proline 3.9± 0.3 329
Aspartic acidd 9± 1 347
YPYDVPDYAd 38± 3 —

a Reportedα values are the concentration-normalized downfield shifts
duced by each amino acid or peptide relative to the129Xe chemical shift of
xenon alone in water.α values were determined from a linear fit of129Xe chem-
ical shift data of xenon (≈11 mM) dissolved in five solutions of each amino ac
or peptide (see Experimental).

b Solvent accessible surfaces were calculated with the GRASP soft
package.

c Tyrosine measurements were made in phosphate buffer at pH 11.5 to
prove solubility.

d Aspartic acid and peptide measurements were made in phosphate bu

rpH 7.0.
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Effects of Sidechain Accessibility, Polar Groups,
and Charges on129Xe Deshielding

Further examination of theα values listed in Table 1 reveal
the importance of molecular structure and functional group c
tributions to the129Xe chemical shift. There exists a positive co
relation between the xenon accessible surface area of aliph
amino acids and the extent of deshielding characterized by
parameterα; such a correlation is indicative of a mechanism
deshielding through van der Waals interactions between xe
and the solute. This trend in aqueous solution is similar to ob
vations previously made for xenon dissolved in organic solv
consisting of different length hydrocarbon chains (18). The po
amino acids are apparent exceptions to the correlation betw
sidechain size and deshielding. The xenon accessible sur
area of serine (301̊A2) and threonine (320̊A2) are similar to ala-
nine (282Å2) and valine (327̊A2), but theα values of both amino
acids are more comparable to glycine (254Å2). This observation
suggests that the hydroxyl group contribution to xenon deshi
ing in aqueous solution is smaller than methyl and methyle
groups and is consistent with the relative Xe–CH3 and Xe–OH
interaction energies (18).

The strong deshielding effect of charges in amino acid s
chains is reflected by theα for aspartic acid listed in Table 1
Whereas the accessible surface area of aspartic acid (348Å2) is
comparable to that of leucine (365̊A2), theα value is signifi-
cantly greater, indicating that the aspartate anion present at
considerably influences the129Xe shift. The zwitterions presen
in the free amino acid backbone at pH 7 also likely contribu
to theα values listed for the amino acids in Table 1. Cons
quently, one should not expect that theα value of a peptide to
correspond exactly to the sum of theα values for the individ-
ual amino acids of which the peptide is composed; although
backbone and sidechain functional groups remain accessib
xenon interactions, the formation of peptide bonds removes
significant contribution of backbone ions to129Xe deshielding.
As expected, the experimental value ofα for the peptide YPY-
DVPDYA (αexp= 0.038± 0.003) was found to be less than th
sum of the individual amino acid contributions based on t
values in Table 1 (αcalc= 0.061± 0.005).

Interactions of Xenon in Denatured Protein Solutions

The effects of van der Waals interactions and molecular str
ture on the129Xe chemical shift observed in aqueous solutions
amino acids provide a framework for characterizing the effe
of nonspecific interactions between xenon and proteins. Figu
shows129Xe chemical shift data for titrations of hen egg whi
lysozyme and bovine serum albumin (BSA) under both nat
and denaturing conditions at a xenon concentration of≈11 mM.
As previously observed in myoglobin solution (13), nonspecific
interactions between xenon and these proteins induce a do
field shift relative to the shift of xenon in aqueous buffer alo
(δbuffer = 0 ppm). This trend is consistent with the linear chan

in the concentration of functional groups interacting with xen
T AL.
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upon addition of protein to water and the deshielding effec
this change as observed in amino acid solutions. Insofar as d
tured proteins lack structured internal cavities that bind xen
their α values depend only on diffusion-mediated interactio
with xenon. Accordingly,α should increase with denatured pr
tein size as the concentration of accessible functional gro
increases. Figure 3 shows theα value of the peptide YPYD-
VPDYA and the proteins lysozyme, RNaseA, proteinase K, a
BSA under native and denaturing conditions. Theα values for
the peptide and denatured proteins have a linear dependen
the number of amino acids in the protein sequence, thus
firming the additivity of deshielding effects due to dispersi
van der Waals interactions. Slight discrepancies may exist
cause of differences in specific amino acid composition, but
have measured the averageα value for a denatured protein t
equal≈0.005 ppm/mM per amino acid. A notable exception
the linear trend shown in Fig. 3 is theα value previously re-
ported for denatured metmyoglobin (13), which is greater than
predicted. However, the presence of the iron heme in solu
may account for the increased deshielding of xenon; our p
liminary data suggest that the addition of heme alone to
urea solution results in a substantial downfield shift of the129Xe
resonance.

Interactions of Xenon in Native Proteins:
Effects of Weak Binding Sites

Given the importance of functional group accessibility
xenon in determining the overall deshielding, considerat
of diffusion-mediated xenon–protein interactions alone wo
predict thatα values for denatured proteins should be cons
tently greater thanα values of native proteins where amino ac
sidechains are buried within a core. However, as observed in
case of BSA (Fig. 2), proteinase K, and previously in myoglo
(13), α values of proteins can be greater under native con
tions than under denaturing conditions. Furthermore, as see
Fig. 3, theα values of native proteins do not show a simple d
pendence on the number of amino acids in the protein seque
this behavior suggests contributions toα from effects other than
diffusion-mediated interactions. A more detailed model for h
native proteins affect129Xe chemical shifts must account for th
possibility of cavities within the macromolecular structure
surface sites which preferentially interact with xenon. Inde
examples of multiple xenon binding sites in proteins have b
observed in crystal structures of myoglobin, lysozyme, and s
eral serine proteases (28, 29). In all cases except the primar
binding site in myoglobin, these binding interactions are we
enough so that the fraction of total xenon in solution occu
ing cavity or surface sites is small. Accordingly, the presen
of such binding sites results in a change in the overall129Xe
chemical shift that is directly proportional to protein conce
tration, andα for a protein can be considered as the sum o
large number of weak binding interactions consisting of b
oncavity sites within the native structure and diffusion-mediated
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FIG. 2. Effects of lysozyme and bovine serum albumin (BSA) on129Xe chemical shifts in aqueous solution. (a)129Xe NMR spectra of xenon (≈11 mM)
dissolved in solutions of∼0.3 mM BSA and∼0.7 mM lysozyme under native (phosphate buffer pH 7.0) and denaturing conditions (citrate bufer pH 2.9
urea). All 129Xe chemical shifts are downfield relative to the shift of xenon alone in each buffer (δbuffer = 0ppm). The extent of xenon deshielding in nativ
protein solution relative to denatured protein solution differs for the two proteins; this difference reflects the presence of effects from weak binding sites that
are particular to native protein structure.(b)129Xe chemical shifts of≈11 mM xenon dissolved in solutions of native lysozyme (r), denatured lysozyme (m),
native BSA (j), and denatured BSA (d). Chemical shift values are reported relative to the value for xenon alone in buffer solution. Linear fits of the data

slopes ofαIysozyme= 0.43± 0.01 ppm/mM andαBSA = 3.48± 0.04 ppm/mM under native conditions at pH 7.0 andαIysozyme= 0.62± 0.02 ppm/mM and

io

f
t
r

ch
s
-
a
that
ion.
αBSA = 2.87± 0.10 ppm/mM under denaturing conditions at pH 2.9.

interactions between xenon and accessible protein funct
groups.

Whereas denaturation always increases the number o
shielding dispersive interactions, proteins such as BSA
haveαdenatured< αnative must have a strong downfield cont
bution toα from cavity sites present only in the native stru

ture. The presence of such cavities in BSA is supported
the fact that the129Xe spin-lattice relaxation time is longer in

ve
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de-
hat
i-
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blood plasma that also contains the drug flucloxacillin, whi
binds specifically to BSA (30). Conversely, proteins such a
lysozyme withαdenatured> αnative have an overall upfield con
tribution from cavity sites or a downfield contribution from
small number of such sites that is modest compared to
from the increase of dispersive interactions upon denaturat
Specific xenon binding sites in hen egg-white lysozyme ha

been observed by x-ray crystallography (29). The direction of



E

o
e
7

it
a

h
v
n

,

n

ic

e
r
n
t
in
.

d
A

d

han

ed
ne,

n-
eld
v-
e

and
nge

up-
y
eld-
tion
ffect
eld
re-
rom
nd
n-

f
ena-
ical
lar

ple,
be

rted

lvent
84 RUBIN

FIG. 3. Values of the parameterα (solute concentration dependence
the 129Xe chemical shift) for the peptide YPYDVPDYA and the proteins h
egg white lysozyme (129 amino acids), RNaseA (124), proteinase K (2
and BSA (607) under native (d) and denaturing (j) conditions as a function
of the number of amino acids in the protein sequence. The linear depend
of α values for denatured proteins on protein size demonstrates the additiv
xenon deshielding due to diffusion-mediated interactions in solution; a line
yields a slope≈0.005 ppm/mM per amino acid, reflecting the average value
α for an amino acid in a protein.

the shift contribution from cavity sites is determined by t
structure of the cavity and is likely consistent with obser
tions of xenon shifts in clathrates, zeolites, and nanochan
(22–24).

Xenon Solvation Shell Structure in Aqueous Solution

The above account of129Xe chemical shifts in amino acid
peptide, and protein solutions ignores any effects the coso
may have on the structure of the solvation shell around xe
The local water structure around xenon results in a129Xe chem-
ical shift in pure water which is further downfield than ant
ipated by a pairwise van der Waals interaction model (7, 18).
However, the introduction of additional van der Waals int
actions between xenon and amino acids leads to further
tive deshielding that is reasonably consistent with a functio
group analysis alone. This observation suggests that the s
ture of the xenon solvation shell in water effectively rema
intact in the dilute conditions used in these experiments
order to examine the effects of high solute concentrations
the 129Xe chemical shift,129Xe NMR spectra were acquire
of ≈11 mM xenon dissolved in urea solutions up to 8 M.
seen in Fig. 4, the behavior of the measured shifts with
creasing urea concentration is quite different from that in
lute amino acid and protein solutions—the129Xe chemical shift

remains nearly constant at low urea concentration and mo
T AL.
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upfield relative to water at urea concentrations greater t
∼1 M.

A similar trend in129Xe chemical shift data has been observ
in mixtures of water with cosolvents such as alcohols, dioxa
and acetonitrile (31). At low mole fractions of cosolvent, the
129Xe chemical shift remains constant or moves linearly dow
field; beyond a certain mole fraction, the shift moves upfi
until it reaches the limiting shift in pure cosolvent. The beha
ior of these solutions in the dilute limit is consistent with th
addition of solute that either does (in the case of alcohols
dioxane) or does not (in the case of urea and acetonitrile) cha
significantly the van der Waals deshielding of xenon. The
field influence on the129Xe chemical shift cannot be explained b
changes in functional group concentrations that affect deshi
ing; alternatively, the upfield behavior suggests that the addi
of large amounts of urea or cosolvent changes the unique e
of water structure on the overall shift. Thus, the relative upfi
chemical shift of xenon in concentrated urea solution likely
flects a change in the structure of the xenon solvation shell f
that in pure water. This sensitivity to solvent shell structure a
the simplicity of modeling xenon as a hydrophobic solvent e
courages the application of129Xe NMR in studying the effects
of denaturant and the mechanism of protein denaturation.

Outlook for the Use of Xenon as a Biomolecular Probe

Observations of129Xe NMR signals in aqueous solutions o
amino acids, peptides, and proteins under both native and d
turing conditions have elucidated the contributions of chem
functionality, charge, solute accessibility, and macromolecu
structure to the129Xe chemical shift. The ability to predict how
changes of these properties affect129Xe chemical shifts may al-
low for the use of xenon as a biomolecular probe. For exam
the dependence ofα on accessible protein surface area may

FIG. 4. 129Xe chemical shifts of xenon (≈11 mM) dissolved in 80%
H2O/20% D2O as a function of added urea. Chemical shift values are repo
relative to the value for xenon alone in 80% H2O/20% D2O. The upfield trend at
high urea concentration is consistent with a change in the contribution of so

vesshell structure to the129Xe chemical shift.
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EFFECTS OF XENON-PROTEIN

useful in identifying the formation of protein–protein interfac
Amino acid side chains that were previously exposed to sol
become inaccessible to xenon upon formation of an interf
accordingly, protein deshielding due to diffusion-mediated
teractions should decrease. The magnitude of this decrea
α quantifies how much surface area is buried at the interf
The dependence ofα on particular structural features of n
tive proteins such as the existence of xenon cavity sites
the amino acid composition of the protein surface suggests
native state conformational changes may be detected by a
servable change inα. The observation of the effect of a chan
in α upon protein denaturation already demonstrates the
of 129Xe chemical shifts to sense a change in protein struc
upon modifying solution conditions. In addition, we have
tained evidence that the shift is sensitive to the different na
state conformations of a sugar binding protein (32). Considering
the sharp129Xe resonance lines of xenon in these solutions,
can contemplate assaying conformational changes that res
1α∼ 1 ppm/mM at protein concentrations down to∼10µM.
The fact that the129Xe chemical shift is highly sensitive t
changes in macromolecular properties even in the absen
strong specific binding interactions suggests that xenon ca
used as a general probe of biomolecular systems.

EXPERIMENTAL

All chemicals were purchased from Sigma and used w
out further purification. Amino acid and peptide samples u
in titrations were typically prepared by dissolving a kno
mass of solid powder in water or 100 mM phosphate bu
(pH 7.0) containing 20% D2O, to create a 25–200 mM stoc
solution. Native protein and peptide solutions were prepa
by dissolving lyophilized powder in 100 mM phosphate buf
(pH 7.0) containing 20% v/v D2O. Denatured protein solution
were prepared by dissolving lyophilized powder in 100 mM
rate, 6 M urea, and 5 mM DTT (RNaseA only) (pH 2.9) conta
ing 20% v/v D2O. Concentrations of protein and peptide sto
solutions ranged from 0.35 to 2.0 mM and 5.3 mM, respectiv
as determined by the absorbance of 280-nm UV light us
εYPYDVPDYA = 4470 M−1 cm−1, εlysozyme= 37,970 M−1 cm−1,
εBSA = 42,925 M−1 cm−1, εRNaseA = 9440 M−1 cm−1, and
εproteinaseK= 36,560 M−1 cm−1 (33).

Chemical shift measurements were made as previously
scribed using 80% enriched129Xe (Isotec) that was loaded int
a medium-walled NMR tube (Wilmad, Buena, NY) adap
with a screw cap to hold the gas (13). Samples were dega
sed through freeze–thaw cycles and evacuated prior to loa
≈2.5 atm xenon; gas pressures were confirmed with a g
upon loading and rechecked upon subsequent recovery of th
after each experiment. Assuming the concentration of xeno
water depends linearly on pressure, with a slope of 4.4 mM
(34), we determine a xenon concentration of≈11 mM in solu-
tion. A reasonably consistent pressure (±0.2 atm) was neces

sary as the129Xe chemical shift in water changes∼0.01 ppm
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per mM xenon in solution. Samples were gently agitated
allowed to equilibrate before acquisition of data with eithe
Bruker AMX 600 MHz or a Varian Inova 300 MHz spectrom
ter. A sealed glass capillary tube filled with∼5 atm of xenon gas
was included in each sample as a standard reference. The129Xe
chemical shifts in water, phosphate buffer (pH 7.0), and cit
buffer with 6 M urea (pH 2.9) were typically 188.6, 189.1, a
187.0 ppm downfield from this gas reference and were sens
to salt concentration and mole fraction D2O.

In each solution, the129Xe chemical shift was deter
mined from the highest point of the solution resonance p
(the estimated accuracy of chemical shift determination
∼0.01 ppm) and referenced to the chemical shift of xenon
buffer alone (i.e.,δbuffer = 0 ppm). The values ofα for each
titration were determined from linear fits of chemical shift me
surements in solutions at five different amino acid or protein c
centrations that were generated by the dilution of initial sto
solutions. The concentrations of solute were high enough
that the difference in129Xe chemical shifts between points
titrations (>0.2 ppm) were large compared to the uncertai
in the measurement due to the xenon concentration and
nance linewidth (∼0.01 ppm). Linear fits of the titration dat
yield standard errors such that all differences between the
portedα values (except between threonine and serine) are
tistically significant with a confidence of>95%. The xenon ac
cessible surface areas of amino acids were determined u
the software GRASP (probe radius 2.0Å) and PDB coordinate
files from the Hetero-Compond Information Center, Upps
(http://xray.bmc.uu.se/hicup); these coordinate files lacked
oxygen on the backbone carboxylate group.
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