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The interaction of xenon with different proteins in aqueous so-
lution is investigated by '?°Xe 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) © 2001 Academic Press
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INTRODUCTION

Xenon is a highly polarizable, hydrophobic, and chem
cally inert atom, which has a van der Waals radius~@f A.
Two xenon isotopes are easily accessible to NMR sp
troscopy: 12°Xe (I =1/2, natural abundance of 26.4%) an
131xe (I = 3/2, natural abundance of 21.29@) (

In our paper of 19864), we already pointed out the potential
importance of monoatomic xenon NMR for the study of inte

molecular interactions in solution. At that time, xenon NMFSJ

was extensively used to obtain valuable information about t

internal structure of zeolites and clathrates in the solid state an

to study intermolecular interactions involving xenon in the g
phase (see the reviews by Dybowsitial. (5) and by Raftery
and Chmelka®)). Even though the number of solution studie
was scarce, it was already clear that xenon was potentially
efficient spin-spy for the liquid phase. Xenon can be regard

as a spin-spy because of the extreme sensitivity of its chemi
cal shift to the local environment and of its relaxation rates {8

En myoglobin £6—-28§ and hemoglobinZ9). They showed that

the dynamics of the surroundings. Chemical shift studies are i
general performed with tHé°Xe isotope. Relaxation studies are
more frequently performed using the quadrup&iaXe isotope.
We have been involved in xenon NMR studies for more thar
15 years. Our work has been devoted to the study of xeno
dissolved in solvents7¢14 and in dilute solutions of host
molecules which can complex xenoh5-21). These studies
concerned chemical shift and relaxation rate measurements ai
also computer experiments based on molecular dynamics ar
equilibrium thermodynamics. The present work is an example
of a study which comprises botf®Xe chemical shift measure-
ments and computer experiments using a thermodynamic mod
previously developed in our laboratotyd). The aim of this work
is to probe the hydrophobic cavities and surfaces of proteins.
Cavities exist in proteins and several molecular modeling
studies undertaken to characterize some of their general prope
ties have been reported in the literatu22{25. There is a great
interest in the study of protein cavities because the precise rol
of cavities in the interior of most proteins remains unknown. The
use of xenon to study these cavities is certainly not new. In the
h960$, Schoenboret al. showed by X-ray crystallography that
xenon can be absorbed within well-defined hydrophobic cavitie:

sperm whale metmyoglobin under 2.5 atm of xenon binds xenol

Iin its proximal cavity £6). This site is also almost fully occu-
rp_)ied in sperm whale deoxymyoglobi2iq) and alkaline metmyo-

lobin (pH 9.1) £8). A second lower occupancy binding site is
(Iaso observed in the alkaline metmyoglobin. More recently, four
|ading sites, with occupancies ranging between 0.4 and 0.9¢

were observed in sperm whale metmyoglobin equilibrated witl

a73::1tm of xenon and the highest occupancy site is the proxime

cavity (30). Very little perturbation of the surrounding molecu-
Tc'gﬁstructure is observed. Equilibrium constants for xenon hors
m oglobin, metmyoglobin, and cyanometmyoglobin complexes
Were derived from xenon absorption measuremeaity. (For
etmyoglobin, it was concluded that two xenon binding sites

existand thatthe equilibrium constants range, depending onten
perature, between 85 and 200 and between 1 and 10'M.

1 To whom correspondence should be addressed at Laboratoire de Chimlqn 1982. Tilton and Kuntz were the first to us®¥Xe NMR
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jo study the complexation of xenon by sperm whale myoglobir
and hemoglobin32). From a study of the variation of tHé°Xe
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chemical shift and linewidth with temperature 50 to 10C Considering that neither the paper of Tilton and Kuntz nor
using a cryosolvent) under 1 atm of xenon, the authors cahese last two papers used a thermodynamic model to obta
cluded that a single xenon binding site exists in methemoglohinantitative data on xenon—protein interactions, we decided t
while two distinct xenon binding sites exist in metmyoglobinadapt the treatment we developed for éheyclodextrin—xenon
However, a single binding constant of 77 Mis estimated for system and to apply it to study xenon—protein interactions. Ou
metmyoglobin and it is interpreted as the average binding caesults were presented as communications in 1999 and 2000
stant for the two binding sites. An association rate constantiofernational meetingsl( 2). When our manuscript was near
1.8 10 M~1s! is calculated, but the value of 190 Mre- completion we learnt of the very recent publication of a pape
ported for the binding constant in horse metmyogloBif) (vas by Rubinet al. devoted to a similar problendQ). In this paper
used to arrive at this result. They also report the variation, thiey used a variant of the thermodynamic “three-site” mode
atmospheric pressure and ambient temperature, of the chemidailch we introduced in the literature in 19986] but they per-
shift of xenon with metmyoglobin concentration. They conclud®rmed their experiments with hyperpolarized xenon while we
from these measurements that the chemical shift of the bownskd thermally polarized xenon. They worked with horse met
xenon is upfield of the chemical shift of xenon in water. Thesnyoglobin while we worked with three different proteins, horse
demonstrated clearly that xenon NMR could become a powerfaketmyoglobin, hen egg white lysozyme, and horse cytochrom
tool to study the protein structure and, more precisely, internglat different concentrations. The interest in comparing differ-
cavities in proteins. ent proteins lies in the fact that the “three-site” models take:
After Tilton and Kuntz reported their results, various researchree different xenon environments into account: xenon in bul
groups, including the Tilton group, performed complementafidentical to xenon in pure water), xenonin hydrophobic cavities
studies on xenon—protein complexes using X-ray crystallognd, very importantly, xenon at the protein surface. A innovative
raphy @0, 33-3% and molecular dynamics36, 37. Compu- way to probe this last environment consists of studying xenol
tational studies were performed on the xenon—metmyoglolihemical shifts in the presence of proteins which do not havi
systemto investigate the binding energies of xenon in the cavitigsecific xenon binding sites. We have also performed compute
and the effect of protein motions on xenon trajectories in the prexperiments in order to test the parametric sensitivity of ou
tein (37). The empirical energy calculations indicate a favorabkhermodynamic model. These are the major originalities of ou
enthalpic contribution to xenon binding, the largest contributiomork with respect to the work previously published.
coming from van der Waals interactions. These calculated en-
thalpies help explain the different xenon occupancies observed MATERIALS AND METHODS
experimentally at 7 atm of xenon. Molecular dynamics simu-
lations show that transient cavities, with lifetimes of the order Salt-free crystallized and lyophilized horse skeletal muscle
of 10 to 20 ps, play a crucial role in the movement of the xenanyoglobin (MMb), hen egg white lysozyme (HEWL), and horse
atoms in the protein and that the binding sites are inaccessibl&aart cytochrome(Cyt-c) were purchased from Sigma and used
the ligand without cooperative protein motions to allow passagéthout further purification. Xenon gas at natural isotope abun:
(36). dance (purity of 99.99%) was purchased from SIAD (ltaly) and
We had to wait until 1999 to find another paper in the literdrom Air Liquide (Belgium). Wilmad high-pressure NMR tubes
ture which reports the use of xenon NMR to explore hydroph¢9D 10 mm and ID 7.1 mm) were used for all measurements.
bic sites in proteins3g8). In this study, the work of Tilton and  Protein solutions were freshly prepared at room temperatur
Kuntz is reproduced and the variation of the xenon chemiday dissolving the protein in $0/D,0 (80/20). MMb samples
shift and linewidth with temperature in horse metmyoglobin savere filtered through a membrane (0.4 PP). The exact
lutions was found to be in good agreement with the original worfrotein concentrations were determined spectrophotometr
Hyperpolarized xenon was also used to study the interactionaaflly at Amax=280 nm €wwp =31,000 M~cmt (41) and
xenon with different lyophilized proteins (horse metmyoglobirgyew,. =36,975 M~tcm™ (42), and at Amax=409 nm
horse methemoglobin, hen egg white lysozyme, and soybdas,._. = 91,970 M~* cm~1, CRC Handbook of Biochemistry).
lipoxygenase) in the solid state at low temperatures. The a2 mM cyanometmyoglobin solution was prepared by adding
thors concluded from an analysis of the resonance lineshaf@squivalents of NaCNota 2 mM MMbsolution.
that xenon is undergoing exchange between the gas phase arghmples of known volumex2 ml) were placed in the NMR
several unresolved sites associated with the protein surfacaudre of known volume~8 ml). Samples were then degassed
with cavities. A second paper published in 1999 reports the useoof a vacuum line without freezing the solution to avoid protein
hyperpolarized xenon to measure the appar@Xe spin—lattice denaturation. Up to 10 atm of xenon gas was pressurized into tt
relaxation rate of xenon dissolved in horse apomyoglobin asdmples at room temperature. The samples were left to equil
metmyoglobin solutions39). These relaxation rates were foundrate fo 1 h before the spectra were acquired. The total amour
to be significantly larger than tHé%Xe relaxation rate in pO.  of xenon added to the NMR tube was known precisely from the
According to the authors, this increase is a result of the efficiedifference between the weight of the sample after xenon additio
relaxation pathways available to xenon bound in the proteinsand the weight of the degassed sample.
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The UV-visible spectra of aqgueous MMb samples, in the ab- g196,07
sence and in the presence of xenon, were characteristic of a & ]
high-spin hemoprotein with absorption maxima at 505 and ~&!95:07
640 nm @3). The'H NMR spectra showed the typical signals S ]

characteristic of a high-spin hemoprotein in the downfield spec- i 94’0_:
tral region (20—-100 ppmYd). 193 0_3
Titrations of MMb with Hgl; were done by dilution of the pro- ’ ]
tein into solutions containing different concentrations of Kiigl 192,0]
(Hgl, with an excess of KI). ]
129%e NMR spectra in horse myoglobin solutions were 191,0

recorded on a Varian VXR-300 spectrometer at a resonance fre- ]
quency of 82.97 MHz. The chemical shift measurements were 190,0—: !

carried out using a 21ss pulse (90), a 0.5-s repetition time, and 14

a spectral width of 20,000 H22°Xe NMR spectra in HEWL 189,07 T 7

and Cyt-c solutions were recorded on a Bruker AMX360 spec- 0,0 0,5 1,0 1 ’SDVXE/ M
|

trometer at a resonance frequency of 99.64 MHz. The chemical

shift meq;urements were carried Iou.t uﬁln? WS@UISe (9”9)’ a FIG. 1. Variation of the observed®®Xe chemical shift as a function of
5-s repetition time, and a speptra W_ldt 0f 8062 Hz. All spectige total number of moles of xenon in the NMR tube divided by the volume
were referenced to the chemical shift of pure xenon gas extrapsolution fXe/ Vi) in 0.8 mM (@), 1.2 mM (), and 2.1 mM 4&) solutions
olated to zero pressure. To obtain this reference, spectra wer@Mb. The lines correspond to the results of the best fitting obtained wher
recorded for different amounts of pure xenon gas pressuriz'écﬁin’ andsoy: are taken as independent parameters (results shown in column
into the Wilmad high-pressure NMR tube. The number of scafis> 2"d 4 of Table 1).

recorded varied from spectrum to spectrum so as to obtain a ]
good signal-to-noise ratio. It was very difficult to obtain experfinéwidths are large in all spectra (between 500 and 50 Hz)

mental data at very low xenon concentrations (experimental tirhB€Y decrease when the amount of xenon added to the NMI
~30h). The temperature was controlled ai®% 0.1°C. tube increases and when the protein concentration decreases.

For the computer simulations two sets of 20 data points welf¥ Xenon concentrations an upfield shift is observed for the
chosen in the following manner. Xe resonance relative to the Xe resonance in the solvent (80¢

In the first set, the data points were distributed in the whol&0/20% D,0; 6 = 1923 ppm). As the xenon concentration in-
xenon concentration range: six data points were equally df§€ases, the xenon resonance shifts downfield.
tributed in the range G (nXe/Vi) < 0.13M and 14 ad- As mentioned in the Introduction, X-ray data have shown that
ditional points were distributed every 0.1 M in the rangf—Pur complexation sites exist for xenon in sperm whale MMb
0.2 M < (nXe/V}) < 1.5M (nXe/Vi = total number of moles and that one of these sites is the proximal cavity on one sid
of xenon in the NMR tube divided by the volume of solution).of the heme group. On average, even at 7 atm, only two of th
In the second set, the data points were distributed in the expgl@ur Xenon binding sites are occupied at any time, the proxima
imentally accessible xenon concentration range. The first figi€ Peing by far the most populatedy. In horse myoglobin -
points from the first set were eliminated and five additionspelutions, the xenon resonance line is influenced by the oxidatio
points were added between 0.13d(nXe/V}) < 0.6 M. and spin state of the iron in the heme group. We observed the
Surface and volume calculations and the determination € Xenon linewidth in 2 mM cyanometmyoglobin {FeS =
the residues constituting the protein external and cavities stf2) Solutions ranges between 175 and 80 Hz while in 2 mM

faces were performed using the molecular modeling progrdRftmyoglobin solutions (Fé, S=5/2) itranges between 400
SURVOL (@5). The probe size used wasi? and 150 Hz. This suggests that xenon is also complexed in th

proximal cavity of MMDb.
A large difference is reported between the two equilibrium
constants characterizing the binding of xenon to horse MMk
129¢ e NMR spectra were recorded atZ5for horse metmyo- (146 and 7 Mllat 25C) (31). We therefore believe that, at
globin solutions containing increasing amounts of xenon (tfiESt @pproximation, the chemical shift variation observed with
pressure ranged between 0 and 10 atm). A single resonance R&0n pressure in horse MMb solutions can be analyzed usin
is observed in all spectra, indicating that the xenon is in fast ékm0del in which xenon forms a 1:1 complex with the protein
change between all available environments. Figure 1 represetid €xchanges rapidly between the proximal binding sitgXe
the variation of the observed®xe NMR chemical shift as a @nd all other environments (¥g):
function of the total number of moles of xenon in the NMR tube
divided by the volume of solutiomie/V}); the three curves MMb + Xegu = Xen K = [Xelin _
correspond to three different protein concentrations. The xenon [Xe]ou[MMD]

RESULTS AND DISCUSSION

(1]
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The observed chemical shift 38°Xe can therefore be ex- following computer simulations. Using our model and choser

pressed in the following manner, values for the three parameteks & 200 M2, §;, = 152 ppm,
and 8ot = 1935 ppm), we calculated the xenon chemical
[Xelin shifts for a protein concentration of 0.7 mM. Two sets of 20
Bobs = Sout + (8in — ‘SOUT)m’ [2] points were selected from this theoretical curve. In the first se

the points were distributed over the whole xenon concentratio
wheres;, = the chemical shift of complexed xenon, i.e., xenorange (0< (nXe/Vj) < 1.5M) and in the second set the points
trapped in the proximal cavityio,: = the chemical shift of were distributed in the experimentally accessible xenon cor
uncomplexed xenon which corresponds to the average cher@ntration range (@3 M < (nXe/Vj) < 1.5M). A randomly
ical shift for all the other possible environments for xenorgenerated error of less thatd.1 ppm was added to these points
[Xelin = nXen/V, = the concentration of complexed xenonand the new chemical shift values were treated as experiment
and [Xe] = (nXej, + nXeow)/ Vi = the total concentration of data points and submitted to a best fitting procedure using ot
xenon in solution. model. This procedure was repeated 180 times for both sets
If the assumptions are made that xenon is an ideal gas, thaints. The distribution of the values obtained gt §o.t, and
Henry’s law holds, and that xenon does not have an increadédre presented in Fig. 2. Analysis of these distributions clearl,
affinity for the protein surface, [Xg}; corresponds to the con-show that if we wish to obtain the three parameters with goor
centration of xenon in the pure solvent and can be given by taecuracy and precision it is necessary to have data points I
equation cated in the low xenon concentration range which corresponc
to xenon overpressures of less than 0.5 atm. Unfortunately,
NXeout nXey . o is very difficult to obtain xenon NMR spectra from which it is
vi H Vy with H = RT[Xe[",  [3] possible to extract reliable data for this concentration range. |
we had only studied one protein concentration we would no

where [Xe] (M atm™1) corresponds to the variation with preslave become aware of this problem. .

sure of the solubility of xenon in water at @G V; andVyarethe ~ BY fixing K to the value reported in the literature Ior the
volumes of liquid and gas phases in the NMR tube, X, is Xenon-horse MMb system in aqueous solution (146" Mt
the number of moles of xenon in the gas phase. Using the m&98 K) (31), we were able to derive the two other parame-
balance equation for xenonXe = nXey -+ NXeoyt + NXein), ters, in and §ou (results also reported in Table ), is now

[Xe] out =

the above equation leads to independent of the protein concentration (the differences ar
within experimental error). The value obtained is very close tc
X ViH the value that Tilton and Kuntz report as being the chemica

[Xe]out = Q(E — [Xe]m) with g = Vgiv [4] shift of xenon in the “protein site” in sperm whale MMb. In-

Vi 1+yH deed, they report a value of43 ppm from the Xe resonance

in 70% H,0/30% D,O (at atmospheric pressure), whereas we

Using Egs. [1] and [4] it is possible to write the ra-obtain a value of~-42.1 ppm from the Xe resonance in 80%
tio [Xelin/[Xe]; in terms of K and of the known quantities H20/20% D,O (at 10 atm). We must, however, for several rea-
nXe, Vi/ Vg, andH. The variation oB,,swith nXe/V, will there-  sons, be extremely cautious in the quantitative comparison c
fore be a function of three parametesds; Sout, andK. these values. First, our value &f is sensitive to the value cho-

Fitting the model to the experimental data gives the values$#n forK to fit the experimental data. A changeKrof 10 M~!
Sin, Sout, aNdK listed in Table 1. The values &fands;, should be leads to a change 8, of ~2 ppm. Second, Tilton and Kuntz
identical within experimental error for the three protein concebtain their value by extrapolating the chemical shift of xenor
trations. To understand why this is not the case, we carried out tiieatmospheric pressure in protein solutions to infinite proteit
concentration even though they do not have many data poin
in the high protein concentration range (highest concentratio
is around 20 mM). Last, but not least, it is possible that the dif-
ference in the amino acid sequences of horse and sperm whz
MMb could influence the value df, even if none of the dif-
ferences concern residues which are reported to be close to t
[MMb] (mM) K (M%) 8in (PPM)  Sout (PPM) &7, (PPM) 854 (PPM)  xenon atom in the crystal structure of the xenon—sperm whal

TABLE 1

Equilibrium Constant (K) and '?Xe Chemical Shifts (&in, fout)
Obtained from Fitting the Three Parameter Model to the Experi-
mental Data

08 115610 14044 1939401 1485:06 1938:01 MMb complex @e). _ _ _
1.2 185+ 28 156+ 3 194.94+0.1 150.0+ 0.7 195.1+0.1 As mentioned in the Introduction, Rubét al. used a variant
21 323+91 16543 196.3+0.2 151+1 196.9+0.1 of our “three site” model to analyze the variation of xenon chem-

Note.The errors are fitting errorgi). 12°Xe chemical shiftsq?,, 5%, were ical shiftin a 5 mMSOIUt!On Of MMDb (40) Not surprisingly, th_ey
obtained from fitting the same model to the experimental datamiiied at  found that in order to fit their data uniquely they had to fix the

146 M1, value ofK. Their experiments were run at 298 K but they chose ¢
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FIG.2. Distribution of the values foK, §i,, anddoy; Obtained via the computer simulations. The dark bars correspond to the results obtained using the narrc
range ofnXe/V, values and the lighter bars correspond to the results obtained using the larger raXg¢ \dfvalues.

value forK of 190 M~1, which is the value reported for the equi- It is known from X-ray data that Hgl binds in the proximal
librium constant at 293 K31). They report a value fati, which  cavity of sperm whale MMb46). Tilton and Kuntz report com-
is —20 ppm from the Xe resonance in 80%®}20% D,O. This petitive binding between xenon and Hdfor the protein 82).
value is significantly smaller than ours but they have very felthey observe a limiting xenon chemical shift when the xenon-
data points, especially in the low xenon concentration range (spperm whale MMb system is titrated with Hgand the xenon
data point for a xenon overpressure of less than 1 atm). linewidth decreases from 200 to 20—-30 Hz. We titrated our sys
8out Is proportional to the protein concentration (Fig. 3). Theemwith Hgl with the hope of blocking the xenon complexation
dependence of,: on protein concentration shows that xenosite. If this site is not accessible to xenon, the observed xeno
interacts nonspecifically with the protein surface and this cherhemical shift will be a function of the nonspecific interactions
ical shift is the average value between the chemical shifts loétween xenon and the protein exterior or, in other words, a direc
xenon in the pure solvent and xenon in contact with the proteimeasure od,.. We observed that horse MMb does not complex
surface. Since the fraction of xenon in contact with the protektgl; in its proximal cavity. Indeed, the xenon linewidths do not
surface is proportional to the protein concentration, the obsenaetrease when the xenon—horse MMb system is titrated wit
dependence on protein concentration is to be expected. Hgl; (upto a 10:1 ratio of Hgl to protein), indicating that the
proximal cavity is still accessible to xenon. It is clear that the
availability of this site is very sensitive to the precise conforma-

g197,04 tion of the protein. Horse and sperm whale myoglobin differ by
by 19 amino acids and the changes in the atomic distribution seel
:1 96,5 to have a marked effect on the binding properties of the protein
3 We thought that it might be possible to quantify the nonspe-
©196,0- cific interactions of xenon with the protein surface, and thereby

] obtain a value forsy, by studying the interaction of xenon
195,5- with proteins which do not have a specific xenon binding site.
] This approach is similar to the one that we used previousl

195,0 when studying the complexation of xenon bycyclodextrin

] in solution (6). In that study, we used maltohexaose in or-
194,5- der to estimate the contribution of the nonspecific interactior
] of xenon on the observed chemical shift. The approach use

194,0- by Rubinet al. (40) was to study denatured metmyoglobin in
] solution. Since xenon is extremely sensitive to its environment
1935 4+ ¥+ 77— the measured chemical shift is certainly influenced by the burie
0,5 1,0 1,5 2,0 2,5 residueswhich become accessible when the protein is denatur

and also by the presencé®M urea. We measured the xenon

chemical shift in solutions of hen egg white lysozyme and horse
FIG.3. Chemical shift of uncomplexed xenosi(,) as a function of MMb  Cytochromec. We chose these two proteins because they hav

concentration. roughly the same number of residues as MMb and also simila

[MMb]/mM
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dimensions (HEWL: 129 residues, accessible surface measure £ 195.0
by SURVOL = 6500A2; Cyt-c: 104 residues, accessible surface & ]
= 6000A2; MMb: 153 residues, accessible surfac@700A2). S
X-ray data have shown that HEWL can complex xenoninanin- 5
ternal cavity 85). However, the occupancy factor of this cavity (g
is relatively low (0.28) and we believe that for our experimental ~ 194.
conditions (below 10 atm) this cavity will not be significantly
occupied. To our knowledge no X-ray studies of the interaction 193,
of xenon and cytochromehave been reported. Analysis of X-
ray structures of cytochrome (PDB code: 1HRC), using the
SURVOL molecular modeling software, suggest that no cavity
large enough to accommodate a xenon atom exists in this protei
and that none can be created with small structure perturbations 192.
129%e NMR spectra were recorded at°®5for solutions of
both proteins containing increasing amounts of xenon (the pres
sure ranged between 1 and 10 atm). A single sharp resonanc
line (linewidth less than 20 Hz in HEWL solutions and less than
10 Hz in Cyt-c solutions) is observed in all of the spectra. Since
we suppose that there are no specific xenon complexation site
which are significantly occupied in these proteins, the chemical E
shift of this resonance line correspondsstg. If we assume, o,
—
like we did for MMb, that xenon is an ideal gas, that Henry's s
law holds, and that xenon does not have an increased affinity 3
for the protein surface and if we consider that the volume oc-“
cupied by the protein\{,) is small compared to the solution
volume (we estimat¥), to be~3% ofV, for the highest protein
concentration), it is possible to calculate, for these systems, th
Xenon concentration in solution, [Xelndeed, this quantity can
be calculated from the total number of moles of xenon added tc
the sealed NMR tube and the exact volumes of the liquid and
the gas phases. Figures 4a and 4b represent the variation of tt ]
observed?®Xe NMR chemical shift for different HEWL and 192.8
Cyt-c concentrations as a function of xenon concentration in ]
solution. The variation of th&°Xe NMR chemical shift in the 1926777
solvent (80% HO/20% D,0) is also shown in Fig. 4a. 0 0.01 0.02 0.03 0.04
The fact that the xenon chemical shift in HEWL and Cyt-c [Xe]ll M
solutionsis alinear function of [Xg$hows us that our MMb data
should have been analyzed with an additional parameter wh|pure solvent, 80% pD/20% D,0 (O). and in 0.9 mM @), 1.7 mM (J), and
characterizes the linear dependencégfwith [Xe];. However, 4.3 mM (A) solutions of HEWL. (b) Variation of?°Xe chemical shift as a
we see that the variatiody, in Figs. 4a and 4b is less thanfunction of [Xe] in 1.0 mM @), 2.4 mM (J), and 4.8 mM &) solutions of
0.3 ppm, which is of the same order of magnitude as the er@yt-c.
attached to the determination &f,; in the horse MMb system.
We can, however, analyze the HEWL and Cyt-c data to obtain
more information on the chemical shift of xenon at the proteMihereds=the chemical shift of xenon at the protein surface,
surface. Indeed, as mentioned prEViOL&JM,iS an average value b= the chemical shift of xenon in the bulk which Corresponds
between the chemical shift of xenon in the pure solvég)tand to the chemical shift of xenon in the solveniXes/nXe =the
the chemical shift of xenon in contact with the protein surfadgolar fraction of xenon at the protein surface, ane, =
(8s). The protein surface is constituted of different residues afi¥és + nXep=the total number of moles of xenon in
we consideBs an averaged value for xenon at the surface. Tigelution.
chemical shift can therefore be expressed in the as It is not obvious why the chemical shift of xenon observed
in H,O/D,0(8p) varies with xenon concentration. It is possible
that the formation of clathrates of xenon, which is hydrophobic
%(8 S0+ 8 [5] plays a role. If we express the variation&fas a function of
nXe, b b [Xe]; asAg + Bo[Xe],, for a given protein concentration Eqg. [5]
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becomes

nXxes
A= AO+ nXe| (55_ AO)

Sout = A+ B[Xe], where [6]

X
B=B«l—nej.
nXe

figures, it is possible to obtain a value for thef both proteins:

8s = 202+ 1 ppm for HEWL ands = 197+ 1 ppm for Cyt-c.

These results show that xenon is sensitive enough to differer
tiate the two protein surfaces. We characterized the residues
the protein surfaces in terms of their hydrophobicity, charge
and polarity. The biggest differences between HEWL and Cyt-c
surfaces concern the proportion of charged and polar residue
Whereas in Cyt-c the percentage of charged residues is high

For a given protein, we expegdto be independent of XenoNha, in the HEWL surface (55% vs 40%), it is the contrary for
concentration and the molar fraction of xenon at the protejf, polar residues (20% vs 35%). With the data that we have |

surface Xes/nXeg) to be proportional to the protein concen
tration. Analysis of Eq. [6] shows that the slop®) @nd the
intercept Q) of the variation ofs,,; with [Xe], should be lin-

s, however, not obvious to establish a correlation between th

value ofds and the nature of the surface residues.

ear with_th_e protein concentration. As shown in Figs. 5_a and CONCLUSIONS
5b, this is indeed the case. From the data represented in these

194,5- .
£ ]
g | -
<194,0- 7

193,5 p

193,0-

192,0l|l|]l|ll|l|lr|ll|l||lll|
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FIG.5. (a) InterceptA, and (b) slopeB, of the variation 0By vs [Xe] as
a function of the concentration of HEWIO) and Cyt-c @).

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

ACKNOWLEDGMENTS

This work was supported by the Italian Government, Fondi 40% 1995, anc
by Human Capital (EC), Contract ERBCHRXCT930112. K. B., M. L., and J. R.
acknowledge financial support obtained by the Belgian FNRS as a contributiol
to the LEA (CNRS-FNRS).

REFERENCES

1. E. Locci, K. Bartik, M. Luhmer, M. Casu, G. Saba, A. Lai, and J. Reisse,
Probing hydrophobic cavities in myoglobin B?Xe NMR spectroscopyn
Keystone Symposia, “Frontiers of NMR in Molecular Biology VI,” January
9-15, 1999, Breckenridge, CO, p. 53, Abstract E216.

2. E. Locci, K. Bartik, M. Luhmer, M. Casu, G. Saba, A. Lai, and J. Reisse,
Probing protein cavities and surfaces8§Xe NMR spectroscopyn Xe-
MAT 2000, “Optical Polarization and Xenon NMR of Materials,” June 28—
30, 2000, Sestri Levante, Italy, p. 46. (Abstract)

3. C. J. Jameson, “Multinuclear NMR,” pp. 1-463, Plenum Press, New York,
1987.

4. J. Reisse, Monoatomic xenon: Its great interest in chemistry as a probe c
intermolecular interactions, and its (easy) study by NMR,). Chem10,
665-672 (1986).

5. C. Dybowski, N. Bansal, and T. M. Duncan, NMR spectroscopy of xenon
in confined spaces: Clathrates, intercalates, and zeoAtes). Rev. Phys.
Chem42,433-464 (1991).

6. D. Raftery and B. F. Chmelka. Xenon NMR spectroscapyNMR Basic
Principles and Progress” (B. @&tiich, Ed.), pp. 111-157, Springer-Verlag,
Berlin, 1994.



174

LOCCI ET AL.

7. M. Luhmer, A. Dejaegere, and J. Reisse, Interpretation of the solvent eff@&. B. P. Schoenborn, Structure of alkaline metmyoglobin—-xenon complex

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

on the screening constant of Xe-12@agn. Reson. Chen27, 950-952

(1989). 29

. A. Dejaegere, M. Luhmer, M.-L. Stien, and J. Reisse, Study of NMR relax-

ation of xenon-131 in quadrupolar solvenisMagn. Resor®1,362-374 3q,
(1991).

. A. Moschos and J. Reisse, Nuclear magnetic relaxation of xenon-129 dis-

solved in organic solvents, Magn. Resorf5, 603-606 (1991). 31.
M. Luhmer, D. Van Belle, J. Reisse, M. Odelius, J. Kowalewski, and J.
Laaksonen, Magnatic relaxation of xenon-131 dissolved in benzene. A stugly
by molecular dynamics and Monte Carlo simulatiohsChem. Phys98,
1566-1578 (1993).

M. Luhmer and J. Reisse, Molecular dynamics simulation study of thgy
NMR relaxation of xenon-131 dissolved in 1,3-dioxane and in 1,4-dioxane,
J. Magn. Reson. A15,197-205 (1995).

M. Luhmer and K. Bartik, Group contribution analysis of xenon NMRg,4
solvent shifts,). Phys. Cheml01,5278-5283 (1997).

M. Luhmer and J. Reisse, Quadrupole NMR relaxation of the noble gases
dissolved in simple liquids and solutions: A critical review of experimentads
data in the light of computer simulation resul&pg. Nucl. Magn. Reson.
Spectrosc33,57-76 (1998).

M. Luhmer, A. Moschos, and J. Reisse, Intermolecular dipole—dipole spi
relaxation of xenon-129 dissolved in benzene. A molecular-dynamics sim-
ulation studyJ. Magn. Reson. A13,164-168 (1995).

M. Claessens, O. Fabre, D. Zimmermann, and J. Reisse, NMR studys8f
molecular interactions between xenon and crown ettigar, Soc. Chim.
Belg.93,983-989 (1984).

K. Bartik, M. Luhmer, S. J. Heyes, R. Ottinger, and J. Reisse, Probi
molecular cavities inx-cyclodextrin solutions by xenon NMRJ,. Magn.
Reson. BL09,164-168 (1995).

K. Bartik, M. Luhmer, J. P. Dutasta, A. Collet, and J. Reid&e and'H
NMR study of the reversible trapping of xenon by cryptophane-A in organigg
solution,J. Am. Chem. S0d20,784-791 (1998).

M. Luhmer, B. M. Goodson, Y.-Q. Song, D. D. Laws, L. Kaiser, M. C. Cyrier,
and A. Pines, Study of xenon binding in cryptophane-A usng laser-inducgg
NMR polarization enhancemert,Am. Chem. Sot21,3502-3512 (1999).

K. Bartik, M. El Haouaj, M. Luhmer, A. Collet, and J. Reisse, Can
monoatomic xenon become chir&@hem. Phys. Chert, 221-224 (2000).

K. Bartik, M. Luhmer, A. Collet, and J. Reisse, Molecular polarizatiom] .
and molecular chiralization: The first example of a chiralized xenon atom,
Chirality 13,2—6 (2001). 42
G. Saba, M. Casu, and A. Lai, Application of quadrupdi#ixe-NMR
relaxation to the study of macromolecular systens,J. Quantum Chem.
59,343-348 (1996).

A. A. Rashin, M. lofin, and B. Honig, Internal cavities and buried waters i3,
globular proteinsBiochemistry25, 3619-3625 (1986).

S. J. Hubbard, K. H. Gross, and P. Argos, Intramolecular cavities in globulgJ .
proteins,Protein Eng.7, 613-626 (1994).

M. A. Williams, J. M. Goodfellow, and J. M. Thornton, Buried waters and
internal cavities in monomeric proteirBjotein Sci.3, 12241235 (1994). 45,
S. J. Hubbard and P. Argos, Cavities and packing at protein interfaces,
Protein Sci.3,2194-2206 (1994). 46.
B. P. Schoenborn, H. C. Watson, and J. C. Kendrew, Binding of xenon to
sperm whale myoglobijature207,28-30 (1965).

B. P. Schoenborn and C. L. Nobbs, The binding of xenon to sperm whal@.
deoxymyoglobinMol. Pharmacol2, 495-498 (1966).

J. Mol. Biol.45,297-303 (1969).

B. P. Schoenborn, Binding of xenon to horse hemogldWature208,760—

762 (1965).

R. F. Tilton, Jr., I. D. Kuntz, Jr., and G. A. Petsko, Cavities in proteins:
Structure of a metmyoglobin—xenon complex solved toaﬂ,.Biochemistry
23,2849-2857 (1984).

G. J. Ewing and S. Maestas, The thermodynamics of absorption of xeno
by myoglobin,J. Phys. Chemz4,2341-2344 (1970).

R. F. Tilton, Jr., and I. D. Kuntz, Jr., Nuclear magnetic resonance studies o
xenon 129 with myoglobin and hemoglobBiochemistry21, 6850-6857
(1982).

M. Schiltz, T. Prang; and R. Fourme, On the preparation and X-ray data
collection of isomorphous xenon derivatives Appl. Cryst.27, 950-960
(1994).

M. Schiltz, R. Fourme, |. Broutin, and T. Prasgrhe catalytic site of serine
proteinases as a specific binding cavity for xen8tructure3, 309-316
(1995).

T. Prang, M. Schiltz, L. Pernot, N. Colloc’h, S. Longhi, W. Bourguet, and
R. Fourme, Exploring hydrophobic sites in proteins with xenon or krypton,
Proteins30,61-73 (1998).

R. F. Tilton, Jr., U. C. Singh, I. D. Kuntz, Jr., and P. A. Kollmann, Protein—
ligand dynamics. A 96 picosecond simulation of a myoglobin—xenon com-
plex,J. Mol. Biol. 199,195-211 (1988).

R. F. Tilton, Jr., U. C. Singh, S. J. Weiner, M. L. Connlly, I. D. Kuntz, Jr.,
and P. A. Kollmann, Computational studies of the interaction of myoglobin
and xenon,). Mol. Biol. 192,443-456 (1986).

8. C. R. Bowers, V. Storhaug, C. E. Webster, J. Bharatam, A. Cottone III, R.

Gianna, K. Betsey, and B. J. Gaffney, Exploring surfaces and cavities ir
lipoxygenase and other proteins by hyperpolarized xenon-129 NMRm.
Chem. Socl21,9370-9377 (1999).

A. Stith, T. K. Hitchens, D. P. Hinton, S. S. Berr, B. Driehuys, J. R.
Brookeman, and R. G. Bryant, Consequence€dfe—H cross relaxation

in agueous solutiond, Magn. Resorl39,225-231 (1999).

S. M. Rubin, M. M. Spence, B. M. Goodson, D. E. Wemmer, and A. Pines,
Evidence of nonspecific surface interactions between laser-polarized xenc
and myoglobin in solutionProc. Natl. Acad. Sci. USAR7, 9472-9475
(2000).

E. Breslow, Changes in side chain reactivity accompanying the binding o
heme to sperm whale apomyoglobinBiol. Chem239,486-496 (1964).

T. Imoto and J. A. Rupley, Oxidation of lysozyme by iodine: Iden-
tification and properties of an oxindolyl ester intermediate: Evidence
for participation of glutamic acid 35 in catalysid, Mol. Biol. 80, 657—

667 (1973).

D. W. Smith and J. P. Williams, Analysis of the visible spectra of some
sperm-whale ferrimyoglobin derivativeBiochem. J110,297-301 (1968).

Y. Yamamoto, A. Osawa, Y. Inoue, R. Chujo, and T. SuzukitHANMR
study of electronic structure of the active site®éleorhinus Japonicus
metmyoglobinEur. J. Biochem192,225-229 (1990).

P. Alard, “Calculs de Surface etfihergie dans le Domaine des Macrogol’
cules,” Ph.D. thesis, Universitibre de Bruxelles, 1991.

R. H. Kretsinger, H. C. Watson, and J. C. Kendrew, Binding of mercury—
iodide and related ions to crystals of sperm whale metmyoglabikiol.

Biol. 31,305-314 (1968).

W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, “Numer-
ical Recipes in C,” Cambridge Univ. Press, Cambridge, 1998.



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1.
	TABLE 1
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 5.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

