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Probing Proteins in Solution by 129Xe NMR Spectroscopy
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The interaction of xenon with different proteins in aqueous so-
lution is investigated by 129Xe NMR spectroscopy. Chemical shifts
are measured in horse metmyoglobin, hen egg white lysozyme, and
horse cytochrome c solutions as a function of xenon concentration.
In these systems, xenon is in fast exchange between all possible en-
vironments. The results suggest that nonspecific interactions exist
between xenon and the protein exteriors and the data are analyzed
in term of parameters which characterize the protein surfaces. The
experimental data for horse metmyoglobin are interpreted using
a model in which xenon forms a 1 : 1 complex with the protein
and the chemical shift of the complexed xenon is reported (Locci
et al., Keystone Symposia “Frontiers of NMR in Molecular
Biology VI,” Jan. 9–15, 1999, Breckenridge, CO, Abstract E216,
p. 53; Locci et al., XeMAT 2000 “Optical Polarization and Xenon
NMR of Materials,” June 28–30, 2000, Sestri Levante, Italy,
p. 46). C© 2001 Academic Press
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INTRODUCTION

Xenon is a highly polarizable, hydrophobic, and che
cally inert atom, which has a van der Waals radius of≈2 Å.
Two xenon isotopes are easily accessible to NMR s
troscopy: 129Xe (I = 1/2, natural abundance of 26.4%) a
131Xe (I = 3/2, natural abundance of 21.2%) (3).

In our paper of 1986 (4), we already pointed out the potent
importance of monoatomic xenon NMR for the study of int
molecular interactions in solution. At that time, xenon NM
was extensively used to obtain valuable information abou
internal structure of zeolites and clathrates in the solid state
to study intermolecular interactions involving xenon in the
phase (see the reviews by Dybowskiet al. (5) and by Raftery
and Chmelka (6)). Even though the number of solution stud
was scarce, it was already clear that xenon was potential
efficient spin-spy for the liquid phase. Xenon can be rega
as a spin-spy because of the extreme sensitivity of its ch
cal shift to the local environment and of its relaxation rate
1 To whom correspondence should be addressed at Laboratoire de Ch
Organique E.P. (CP165/64), Universit´e Libre de Bruxelles, 50 Avenue
F.D. Roosevelt, 1050 Bruxelles, Belgium. Fax: 32-2-650 3606. E-ma
kbartik@ulb.ac.be.
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the dynamics of the surroundings. Chemical shift studies ar
general performed with the129Xe isotope. Relaxation studies ar
more frequently performed using the quadrupolar131Xe isotope.

We have been involved in xenon NMR studies for more th
15 years. Our work has been devoted to the study of xe
dissolved in solvents (7–14) and in dilute solutions of host
molecules which can complex xenon (15–21). These studies
concerned chemical shift and relaxation rate measurements
also computer experiments based on molecular dynamics
equilibrium thermodynamics. The present work is an exam
of a study which comprises both129Xe chemical shift measure
ments and computer experiments using a thermodynamic m
previously developed in our laboratory (16). The aim of this work
is to probe the hydrophobic cavities and surfaces of protein

Cavities exist in proteins and several molecular model
studies undertaken to characterize some of their general pro
ties have been reported in the literature (22–25). There is a great
interest in the study of protein cavities because the precise
of cavities in the interior of most proteins remains unknown. T
use of xenon to study these cavities is certainly not new. In
1960s, Schoenbornet al.showed by X-ray crystallography tha
xenon can be absorbed within well-defined hydrophobic cavi
in myoglobin (26–28) and hemoglobin (29). They showed that
sperm whale metmyoglobin under 2.5 atm of xenon binds xe
in its proximal cavity (26). This site is also almost fully occu
pied in sperm whale deoxymyoglobin (27) and alkaline metmyo-
globin (pH 9.1) (28). A second lower occupancy binding site
also observed in the alkaline metmyoglobin. More recently, fo
binding sites, with occupancies ranging between 0.4 and 0
were observed in sperm whale metmyoglobin equilibrated w
7 atm of xenon and the highest occupancy site is the proxi
cavity (30). Very little perturbation of the surrounding molecu
lar structure is observed. Equilibrium constants for xenon ho
myoglobin, metmyoglobin, and cyanometmyoglobin complex
were derived from xenon absorption measurements (31). For
metmyoglobin, it was concluded that two xenon binding si
exist and that the equilibrium constants range, depending on t
perature, between 85 and 200 M−1 and between 1 and 10 M−1.

In 1982, Tilton and Kuntz were the first to use129Xe NMR
to study the complexation of xenon by sperm whale myoglo
and hemoglobin (32). From a study of the variation of the129Xe
7 1090-7807/01 $35.00
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chemical shift and linewidth with temperature (−50 to 10◦C
using a cryosolvent) under 1 atm of xenon, the authors c
cluded that a single xenon binding site exists in methemogl
while two distinct xenon binding sites exist in metmyoglob
However, a single binding constant of 77 M−1 is estimated for
metmyoglobin and it is interpreted as the average binding
stant for the two binding sites. An association rate constan
1.8 107 M−1 s−1 is calculated, but the value of 190 M−1 re-
ported for the binding constant in horse metmyoglobin (31) was
used to arrive at this result. They also report the variation
atmospheric pressure and ambient temperature, of the che
shift of xenon with metmyoglobin concentration. They conclu
from these measurements that the chemical shift of the bo
xenon is upfield of the chemical shift of xenon in water. Th
demonstrated clearly that xenon NMR could become a powe
tool to study the protein structure and, more precisely, inte
cavities in proteins.

After Tilton and Kuntz reported their results, various resea
groups, including the Tilton group, performed complement
studies on xenon–protein complexes using X-ray crystal
raphy (30, 33–35) and molecular dynamics (36, 37). Compu-
tational studies were performed on the xenon–metmyogl
system to investigate the binding energies of xenon in the cav
and the effect of protein motions on xenon trajectories in the
tein (37). The empirical energy calculations indicate a favora
enthalpic contribution to xenon binding, the largest contribut
coming from van der Waals interactions. These calculated
thalpies help explain the different xenon occupancies obse
experimentally at 7 atm of xenon. Molecular dynamics sim
lations show that transient cavities, with lifetimes of the or
of 10 to 20 ps, play a crucial role in the movement of the xe
atoms in the protein and that the binding sites are inaccessib
the ligand without cooperative protein motions to allow pass
(36).

We had to wait until 1999 to find another paper in the lite
ture which reports the use of xenon NMR to explore hydrop
bic sites in proteins (38). In this study, the work of Tilton and
Kuntz is reproduced and the variation of the xenon chem
shift and linewidth with temperature in horse metmyoglobin
lutions was found to be in good agreement with the original wo
Hyperpolarized xenon was also used to study the interactio
xenon with different lyophilized proteins (horse metmyoglob
horse methemoglobin, hen egg white lysozyme, and soy
lipoxygenase) in the solid state at low temperatures. The
thors concluded from an analysis of the resonance linesh
that xenon is undergoing exchange between the gas phas
several unresolved sites associated with the protein surfa
with cavities. A second paper published in 1999 reports the u
hyperpolarized xenon to measure the apparent129Xe spin–lattice
relaxation rate of xenon dissolved in horse apomyoglobin
metmyoglobin solutions (39). These relaxation rates were fou

129
to be significantly larger than the Xe relaxation rate in D2O.
According to the authors, this increase is a result of the efficie
relaxation pathways available to xenon bound in the proteins
T AL.
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Considering that neither the paper of Tilton and Kuntz n
these last two papers used a thermodynamic model to ob
quantitative data on xenon–protein interactions, we decide
adapt the treatment we developed for theα-cyclodextrin–xenon
system and to apply it to study xenon–protein interactions.
results were presented as communications in 1999 and 20
international meetings (1, 2). When our manuscript was nea
completion we learnt of the very recent publication of a pa
by Rubinet al.devoted to a similar problem (40). In this paper
they used a variant of the thermodynamic “three-site” mo
which we introduced in the literature in 1995 (16) but they per-
formed their experiments with hyperpolarized xenon while
used thermally polarized xenon. They worked with horse m
myoglobin while we worked with three different proteins, hor
metmyoglobin, hen egg white lysozyme, and horse cytochro
c, at different concentrations. The interest in comparing diff
ent proteins lies in the fact that the “three-site” models ta
three different xenon environments into account: xenon in b
(identical to xenon in pure water), xenon in hydrophobic caviti
and, very importantly, xenon at the protein surface. A innova
way to probe this last environment consists of studying xen
chemical shifts in the presence of proteins which do not h
specific xenon binding sites. We have also performed comp
experiments in order to test the parametric sensitivity of
thermodynamic model. These are the major originalities of
work with respect to the work previously published.

MATERIALS AND METHODS

Salt-free crystallized and lyophilized horse skeletal mus
myoglobin (MMb), hen egg white lysozyme (HEWL), and hor
heart cytochromec(Cyt-c) were purchased from Sigma and us
without further purification. Xenon gas at natural isotope ab
dance (purity of 99.99%) was purchased from SIAD (Italy) a
from Air Liquide (Belgium). Wilmad high-pressure NMR tube
(OD 10 mm and ID 7.1 mm) were used for all measuremen

Protein solutions were freshly prepared at room tempera
by dissolving the protein in H2O/D2O (80/20). MMb samples
were filtered through a membrane (0.45µm PP). The exact
protein concentrations were determined spectrophotom
cally at λmax= 280 nm (εMMb = 31,000 M−1 cm−1 (41) and
εHEWL= 36,975 M−1 cm−1 (42)), and at λmax= 409 nm
(εCyt−c= 91,970 M−1 cm−1, CRC Handbook of Biochemistry)
A 2 mM cyanometmyoglobin solution was prepared by add
10 equivalents of NaCN to a 2 mM MMbsolution.

Samples of known volume (≈2 ml) were placed in the NMR
tube of known volume (≈8 ml). Samples were then degass
on a vacuum line without freezing the solution to avoid prote
denaturation. Up to 10 atm of xenon gas was pressurized into
samples at room temperature. The samples were left to eq
brate for 1 h before the spectra were acquired. The total amo
nt
.

of xenon added to the NMR tube was known precisely from the
difference between the weight of the sample after xenon addition
and the weight of the degassed sample.
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129Xe NMR STU

The UV-visible spectra of aqueous MMb samples, in the
sence and in the presence of xenon, were characteristic
high-spin hemoprotein with absorption maxima at 505 a
640 nm (43). The1H NMR spectra showed the typical signa
characteristic of a high-spin hemoprotein in the downfield sp
tral region (20–100 ppm) (44).

Titrations of MMb with HgI−3 were done by dilution of the pro
tein into solutions containing different concentrations of KHg3
(HgI2 with an excess of KI).

129Xe NMR spectra in horse myoglobin solutions we
recorded on a Varian VXR-300 spectrometer at a resonance
quency of 82.97 MHz. The chemical shift measurements w
carried out using a 21-µs pulse (90◦), a 0.5-s repetition time, an
a spectral width of 20,000 Hz.129Xe NMR spectra in HEWL
and Cyt-c solutions were recorded on a Bruker AMX360 sp
trometer at a resonance frequency of 99.64 MHz. The chem
shift measurements were carried out using a 10-µs pulse (90◦), a
5-s repetition time, and a spectral width of 8062 Hz. All spec
were referenced to the chemical shift of pure xenon gas ext
olated to zero pressure. To obtain this reference, spectra
recorded for different amounts of pure xenon gas pressur
into the Wilmad high-pressure NMR tube. The number of sc
recorded varied from spectrum to spectrum so as to obta
good signal-to-noise ratio. It was very difficult to obtain expe
mental data at very low xenon concentrations (experimental
>30 h). The temperature was controlled at 25.0± 0.1◦C.

For the computer simulations two sets of 20 data points w
chosen in the following manner.

In the first set, the data points were distributed in the wh
xenon concentration range: six data points were equally
tributed in the range 0< (nXe/Vl ) ≤ 0.13 M and 14 ad-
ditional points were distributed every 0.1 M in the ran
0.2 M ≤ (nXe/Vl ) < 1.5 M (nXe/Vl = total number of moles
of xenon in the NMR tube divided by the volume of solution

In the second set, the data points were distributed in the ex
imentally accessible xenon concentration range. The first
points from the first set were eliminated and five additio
points were added between 0.13 M< (nXe/Vl ) < 0.6 M.

Surface and volume calculations and the determination
the residues constituting the protein external and cavities
faces were performed using the molecular modeling prog
SURVOL (45). The probe size used was 2Å.

RESULTS AND DISCUSSION

129Xe NMR spectra were recorded at 25◦C for horse metmyo-
globin solutions containing increasing amounts of xenon (
pressure ranged between 0 and 10 atm). A single resonanc
is observed in all spectra, indicating that the xenon is in fast
change between all available environments. Figure 1 repres
the variation of the observed129Xe NMR chemical shift as a

function of the total number of moles of xenon in the NMR tub
divided by the volume of solution (nXe/Vl ); the three curves
correspond to three different protein concentrations. The xe
Y OF PROTEINS 169
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FIG. 1. Variation of the observed129Xe chemical shift as a function o
the total number of moles of xenon in the NMR tube divided by the volu
of solution (nXe/Vl ) in 0.8 mM (d), 1.2 mM (h), and 2.1 mM (m) solutions
of MMb. The lines correspond to the results of the best fitting obtained w
K , δin, andδout are taken as independent parameters (results shown in colu
2, 3, and 4 of Table 1).

linewidths are large in all spectra (between 500 and 50 H
They decrease when the amount of xenon added to the N
tube increases and when the protein concentration decrease
low xenon concentrations an upfield shift is observed for
Xe resonance relative to the Xe resonance in the solvent (8
H2O/20% D2O;δ= 192.3 ppm). As the xenon concentration in
creases, the xenon resonance shifts downfield.

As mentioned in the Introduction, X-ray data have shown t
four complexation sites exist for xenon in sperm whale MM
and that one of these sites is the proximal cavity on one s
of the heme group. On average, even at 7 atm, only two of
four xenon binding sites are occupied at any time, the proxi
site being by far the most populated (30). In horse myoglobin
solutions, the xenon resonance line is influenced by the oxida
and spin state of the iron in the heme group. We observed
the xenon linewidth in 2 mM cyanometmyoglobin (Fe3+, S =
1/2) solutions ranges between 175 and 80 Hz while in 2 m
metmyoglobin solutions (Fe3+, S= 5/2) it ranges between 400
and 150 Hz. This suggests that xenon is also complexed in
proximal cavity of MMb.

A large difference is reported between the two equilibriu
constants characterizing the binding of xenon to horse M
(146 and 7 M−1 at 25◦C) (31). We therefore believe that, a
first approximation, the chemical shift variation observed w
xenon pressure in horse MMb solutions can be analyzed u
a model in which xenon forms a 1:1 complex with the prote
and exchanges rapidly between the proximal binding site (Xin)
and all other environments (Xeout):
e

non
MMb + Xeout ⇀↽ Xein K = [Xe]in

[Xe]out[MMb]
. [1]
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The observed chemical shift of129Xe can therefore be ex-
pressed in the following manner,

δobs= δout+ (δin − δout)
[Xe]in

[Xe]l
, [2]

whereδin = the chemical shift of complexed xenon, i.e., xeno
trapped in the proximal cavity,δout = the chemical shift of
uncomplexed xenon which corresponds to the average ch
ical shift for all the other possible environments for xeno
[Xe]in = nXein/Vl = the concentration of complexed xenon
and [Xe]l = (nXein + nXeout)/Vl = the total concentration of
xenon in solution.

If the assumptions are made that xenon is an ideal gas,
Henry’s law holds, and that xenon does not have an increa
affinity for the protein surface, [Xe]out corresponds to the con-
centration of xenon in the pure solvent and can be given by
equation

[Xe]out = nXeout

Vl
= H

nXeg

Vg
with H = RT[Xe]o, [3]

where [Xe]o (M atm−1) corresponds to the variation with pres
sure of the solubility of xenon in water at 25◦C,Vl andVg are the
volumes of liquid and gas phases in the NMR tube, andnXeg is
the number of moles of xenon in the gas phase. Using the m
balance equation for xenon (nXe = nXeg + nXeout + nXein),
the above equation leads to

[Xe]out = g

(
nXe

Vl
− [Xe]in

)
with g =

Vl
Vg

H

1+ Vl
Vg

H
. [4]

Using Eqs. [1] and [4] it is possible to write the ra
tio [Xe]in/[Xe]l in terms of K and of the known quantities
nXe,Vl/Vg, andH. The variation ofδobswith nXe/Vl will there-
fore be a function of three parameters:δin, δout, andK.

Fitting the model to the experimental data gives the values
δin, δout, andK listed in Table 1. The values ofK andδin should be
identical within experimental error for the three protein conce
trations. To understand why this is not the case, we carried ou

TABLE 1

Equilibrium Constant (K) and 129Xe Chemical Shifts (δin, δout)
Obtained from Fitting the Three Parameter Model to the Experi-
mental Data

[MMb] (mM) K (M−1) δin (ppm) δout (ppm) δ∗in (ppm) δ∗out (ppm)

0.8 115± 10 140± 4 193.9± 0.1 148.5± 0.6 193.8± 0.1
1.2 185± 28 156± 3 194.9± 0.1 150.0± 0.7 195.1± 0.1
2.1 323± 91 165± 3 196.3± 0.2 151± 1 196.9± 0.1
Note.The errors are fitting errors (47). 129Xe chemical shifts (δ∗in, δ
∗
out) were

obtained from fitting the same model to the experimental data withK fixed at
146 M−1.
T AL.
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following computer simulations. Using our model and chos
values for the three parameters (K = 200 M−1, δin = 152 ppm,
and δout = 193.5 ppm), we calculated the xenon chemic
shifts for a protein concentration of 0.7 mM. Two sets of 2
points were selected from this theoretical curve. In the first s
the points were distributed over the whole xenon concentra
range (0< (nXe/Vl ) ≤ 1.5 M) and in the second set the poin
were distributed in the experimentally accessible xenon c
centration range (0.13 M ≤ (nXe/Vl ) ≤ 1.5 M). A randomly
generated error of less than±0.1 ppm was added to these poin
and the new chemical shift values were treated as experime
data points and submitted to a best fitting procedure using
model. This procedure was repeated 180 times for both se
points. The distribution of the values obtained forδin, δout, and
K are presented in Fig. 2. Analysis of these distributions clea
show that if we wish to obtain the three parameters with go
accuracy and precision it is necessary to have data points
cated in the low xenon concentration range which correspo
to xenon overpressures of less than 0.5 atm. Unfortunatel
is very difficult to obtain xenon NMR spectra from which it i
possible to extract reliable data for this concentration range
we had only studied one protein concentration we would
have become aware of this problem.

By fixing K to the value reported in the literature for th
xenon–horse MMb system in aqueous solution (146 M−1 at
298 K) (31), we were able to derive the two other param
ters,δin and δout (results also reported in Table 1).δin is now
independent of the protein concentration (the differences
within experimental error). The value obtained is very close
the value that Tilton and Kuntz report as being the chemi
shift of xenon in the “protein site” in sperm whale MMb. In
deed, they report a value of−43 ppm from the Xe resonanc
in 70% H2O/30% D2O (at atmospheric pressure), whereas
obtain a value of−42.1 ppm from the Xe resonance in 80%
H2O/20% D2O (at 10 atm). We must, however, for several re
sons, be extremely cautious in the quantitative comparison
these values. First, our value ofδin is sensitive to the value cho
sen forK to fit the experimental data. A change inK of 10 M−1

leads to a change inδin of ≈2 ppm. Second, Tilton and Kuntz
obtain their value by extrapolating the chemical shift of xen
at atmospheric pressure in protein solutions to infinite prot
concentration even though they do not have many data po
in the high protein concentration range (highest concentra
is around 20 mM). Last, but not least, it is possible that the d
ference in the amino acid sequences of horse and sperm w
MMb could influence the value ofδin, even if none of the dif-
ferences concern residues which are reported to be close t
xenon atom in the crystal structure of the xenon–sperm wh
MMb complex (26).

As mentioned in the Introduction, Rubinet al.used a variant
of our “three site” model to analyze the variation of xenon che
ical shift in a 5 mMsolution of MMb (40). Not surprisingly, they

found that in order to fit their data uniquely they had to fix the
value ofK. Their experiments were run at 298 K but they chose a
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FIG. 2. Distribution of the values forK , δin, andδout obtained via the computer simulations. The dark bars correspond to the results obtained using the narrower
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range ofnXe/Vl values and the lighter bars correspond to the results obtai

value forK of 190 M−1, which is the value reported for the equ
librium constant at 293 K (31). They report a value forδin which
is−20 ppm from the Xe resonance in 80% H2O/20% D2O. This
value is significantly smaller than ours but they have very
data points, especially in the low xenon concentration range
data point for a xenon overpressure of less than 1 atm).
δout is proportional to the protein concentration (Fig. 3). T

dependence ofδout on protein concentration shows that xen
interacts nonspecifically with the protein surface and this ch
ical shift is the average value between the chemical shift
xenon in the pure solvent and xenon in contact with the pro
surface. Since the fraction of xenon in contact with the pro
surface is proportional to the protein concentration, the obse
dependence on protein concentration is to be expected.
FIG. 3. Chemical shift of uncomplexed xenon (δ∗out) as a function of MMb
concentration.
ed using the larger range ofnXe/Vl values.
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It is known from X-ray data that HgI−3 binds in the proximal
cavity of sperm whale MMb (46). Tilton and Kuntz report com-
petitive binding between xenon and HgI−3 for the protein (32).
They observe a limiting xenon chemical shift when the xeno
sperm whale MMb system is titrated with HgI−3 and the xenon
linewidth decreases from 200 to 20–30 Hz. We titrated our s
tem with HgI−3 with the hope of blocking the xenon complexatio
site. If this site is not accessible to xenon, the observed xe
chemical shift will be a function of the nonspecific interactio
between xenon and the protein exterior or, in other words, a di
measure ofδout. We observed that horse MMb does not comp
HgI−3 in its proximal cavity. Indeed, the xenon linewidths do n
decrease when the xenon–horse MMb system is titrated
HgI−3 (up to a 10 : 1 ratio of HgI−3 to protein), indicating that the
proximal cavity is still accessible to xenon. It is clear that t
availability of this site is very sensitive to the precise conform
tion of the protein. Horse and sperm whale myoglobin differ
19 amino acids and the changes in the atomic distribution s
to have a marked effect on the binding properties of the prot

We thought that it might be possible to quantify the nons
cific interactions of xenon with the protein surface, and there
obtain a value forδout, by studying the interaction of xeno
with proteins which do not have a specific xenon binding s
This approach is similar to the one that we used previou
when studying the complexation of xenon byα-cyclodextrin
in solution (16). In that study, we used maltohexaose in o
der to estimate the contribution of the nonspecific interact
of xenon on the observed chemical shift. The approach u
by Rubinet al. (40) was to study denatured metmyoglobin
solution. Since xenon is extremely sensitive to its environme
the measured chemical shift is certainly influenced by the bu
residues which become accessible when the protein is dena
and also by the presence of 6 M urea. We measured the xeno
chemical shift in solutions of hen egg white lysozyme and ho

cytochromec. We chose these two proteins because they have
roughly the same number of residues as MMb and also similar
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dimensions (HEWL: 129 residues, accessible surface meas
by SURVOL= 6500Å2; Cyt-c: 104 residues, accessible surfa
= 6000Å2; MMb: 153 residues, accessible surface= 7700Å2).
X-ray data have shown that HEWL can complex xenon in an
ternal cavity (35). However, the occupancy factor of this cavi
is relatively low (0.28) and we believe that for our experimen
conditions (below 10 atm) this cavity will not be significant
occupied. To our knowledge no X-ray studies of the interac
of xenon and cytochromec have been reported. Analysis of X
ray structures of cytochromec (PDB code: 1HRC), using the
SURVOL molecular modeling software, suggest that no ca
large enough to accommodate a xenon atom exists in this pr
and that none can be created with small structure perturbati

129Xe NMR spectra were recorded at 25◦C for solutions of
both proteins containing increasing amounts of xenon (the p
sure ranged between 1 and 10 atm). A single sharp reson
line (linewidth less than 20 Hz in HEWL solutions and less th
10 Hz in Cyt-c solutions) is observed in all of the spectra. Si
we suppose that there are no specific xenon complexation
which are significantly occupied in these proteins, the chem
shift of this resonance line corresponds toδout. If we assume,
like we did for MMb, that xenon is an ideal gas, that Henr
law holds, and that xenon does not have an increased affi
for the protein surface and if we consider that the volume
cupied by the protein (Vp) is small compared to the solutio
volume (we estimateVp to be≈3% of Vl for the highest protein
concentration), it is possible to calculate, for these systems
xenon concentration in solution, [Xe]l . Indeed, this quantity can
be calculated from the total number of moles of xenon adde
the sealed NMR tube and the exact volumes of the liquid
the gas phases. Figures 4a and 4b represent the variation
observed129Xe NMR chemical shift for different HEWL and
Cyt-c concentrations as a function of xenon concentration
solution. The variation of the129Xe NMR chemical shift in the
solvent (80% H2O/20% D2O) is also shown in Fig. 4a.

The fact that the xenon chemical shift in HEWL and Cy
solutions is a linear function of [Xe]l shows us that our MMb dat
should have been analyzed with an additional parameter w
characterizes the linear dependence ofδout with [Xe]l . However,
we see that the variationδout in Figs. 4a and 4b is less tha
0.3 ppm, which is of the same order of magnitude as the e
attached to the determination ofδout in the horse MMb system
We can, however, analyze the HEWL and Cyt-c data to ob
more information on the chemical shift of xenon at the prot
surface. Indeed, as mentioned previously,δout is an average value
between the chemical shift of xenon in the pure solvent (δb) and
the chemical shift of xenon in contact with the protein surfa
(δs). The protein surface is constituted of different residues
we considerδs an averaged value for xenon at the surface. T
chemical shift can therefore be expressed in the as
δout = nXes

nXel
(δs− δb)+ δb, [5]
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FIG. 4. (a) Variation of129Xe chemical shift as a function of [Xe]l in the
pure solvent, 80% H2O/20% D2O (s), and in 0.9 mM (d), 1.7 mM (h), and
4.3 mM (m) solutions of HEWL. (b) Variation of129Xe chemical shift as a
function of [Xe]l in 1.0 mM (d), 2.4 mM (h), and 4.8 mM (m) solutions of
Cyt-c.

whereδs= the chemical shift of xenon at the protein surfac
δb= the chemical shift of xenon in the bulk which correspond
to the chemical shift of xenon in the solvent,nXes/nXel = the
molar fraction of xenon at the protein surface, andnXel =
nXes + nXeb= the total number of moles of xenon in
solution.

It is not obvious why the chemical shift of xenon observe
in H2O/D2O(δb) varies with xenon concentration. It is possibl
plays a role. If we express the variation ofδb as a function of
[Xe]l asA0+ B0[Xe]l , for a given protein concentration Eq. [5]
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becomes

δout = A+ B[Xe]l where

A = A0+ nXes

nXel
(δs− A0)

B = B0

(
1− nXes

nXel

)
.

[6]

For a given protein, we expectδs to be independent of xenon
concentration and the molar fraction of xenon at the prote
surface (nXes/nXel) to be proportional to the protein concen
tration. Analysis of Eq. [6] shows that the slope (B) and the
intercept (A) of the variation ofδout with [Xe]l should be lin-
ear with the protein concentration. As shown in Figs. 5a a
5b, this is indeed the case. From the data represented in th
FIG. 5. (a) Intercept,A, and (b) slope,B, of the variation ofδout vs [Xe]l as
a function of the concentration of HEWL (s) and Cyt-c (d).
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in
-

d
ese

figures, it is possible to obtain a value for theδs of both proteins:
δs = 202± 1 ppm for HEWL andδs = 197± 1 ppm for Cyt-c.
These results show that xenon is sensitive enough to diffe
tiate the two protein surfaces. We characterized the residue
the protein surfaces in terms of their hydrophobicity, char
and polarity. The biggest differences between HEWL and Cy
surfaces concern the proportion of charged and polar resid
Whereas in Cyt-c the percentage of charged residues is hi
than in the HEWL surface (55% vs 40%), it is the contrary f
the polar residues (20% vs 35%). With the data that we hav
is, however, not obvious to establish a correlation between
value ofδs and the nature of the surface residues.

CONCLUSIONS

Our work was essentially devoted to a methodological stu
of the possibilities that xenon NMR offers for the structur
study of proteins. It clearly shows that the extreme sensitiv
of xenon chemical shift to its environment offers many adva
tages. Indeed, xenon acting as a spin-spy is clearly able to d
very subtle differences between various protein environme
However, the sensitivity is so high that experimentally sign
cant differences are difficult to explain. This is particularly tru
for the protein surface effects. To further the interpretation
will be necessary to study a large ensemble of different prote
Such a study is justified in the context of specific problems l
monitoring the consequences of mutation on protein surface
cessibility and on intraprotein compactness.
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