Journal of Magnetic Resonanit2,79-86 (2001)

doi:10.1006/jmre.2001.2389, available onlatehttp://www.idealibrary.com ofl D E %

|.®

Characterization of the Effects of Nonspecific Xenon—Protein Interactions
on ?Xe Chemical Shifts in Aqueous Solution: Further Development
of Xenon as a Biomolecular Probe

Seth M. Rubir Megan M. Spencé¢ Alexander Pine$,and David E. Wemmét!

Department of Chemistry, University of California, Berkeley, California 94720;*Plysical Bioscience angMaterial Sciences Divisions,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Received December 19, 2000; revised April 25, 2001; published online August 1, 2001

The sensitivity of 2°Xe 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 12°Xe chemical shift in agueous
solution. Toward this goal, we have acquired **Xe NMR spectra
of xenon dissolved in amino acid, peptide, and protein solutions
under both native and denaturing conditions. In general, these coso-
lutes induce 12°Xe 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 12°Xe
chemical shift that likely results from a change in the xenon sol-
vation shell structure. In native protein solutions, contributions to
the overall 12°Xe 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.

Key Words: xenon NMR; *°Xe chemical shifts; xenon—protein
interactions; biomolecular probes.
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INTRODUCTION

Following initial studies of xenon in porous solidk) kenon

well suited for probing biological systems in aqueous solution
The!?®Xe chemical shift undergoes dramatic changes upon sp
cific binding to the nonpolar interiors of proteins and structurec
lipids (7—11J). In addition, it has recently been reported that ever
weak nonspecific interactions between xenon and protein su
faces have a measurable effect on the chemical shift of xenc
and that this effect changes upon protein denaturafigdr13.
This sensitivity of thé?°Xe chemical shift to neighboring chem-
ical composition and structure could make xenon a reporter ¢
biomolecular conformations and interactions and their change
with varying solution conditions. However, detailed interpreta-
tion of NMR data of xenon in biological systems remains diffi-
cult given the limited understanding of the influence of different
chemical environments on t#é°Xe chemical shift in aqueous
solution. Because not all macromolecules bind xenon with higl
affinity, knowledge of how nonspecific xenon—macromolecule
interactions affect thé?°Xe chemical shift is particularly im-
portant for the development of xenon as a general biomolecul;
probe.

Previous studies of how chemical environments in gases, lic
uids, and solids influenc&®Xe chemical shifts provide a foun-
dation for the understanding of the effects of xenon—proteil
interactions. The large range &t°Xe chemical shifts (over
5000 ppm) is due to the polarizability of its large electron cloud
which shields the nucleus from the surrounding magnetic fiel
(2-5). In the gas phase, interatomic collisions distort the xenol
electron cloud so that the nucleus becomes deshielded and t
129xe resonance frequency shifts downfield continuously wit

NMR spectroscopy has become a promising technique for prelicreased gas densit§4); for clusters of xenon gas trapped in
ing molecular structure and dynamics in materials, liquids, ap@rous solids, this downfield shift is discrete and depends o
molecules in solutionZ-5). The magnetic resonance propercluster size 15). The chemical shift o2°Xe in solution can be
ties of 129Xe are extremely sensitive to its local chemical enyp to several hundred ppm downfield of the frequency of xeno
vironment and largé??Xe NMR signals are readily attainablejn the gas phase; this deshielding effect is dominated by di
through the use of established optical pumping techniggles (persive van der Waals interactions between the dissolved not
The relatively small size and hydrophobicity of xenon make #as and solvent molecules, (16—-18. Some accounts of the van

der Waals contribution have treated the solvent as a continuu
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various linear, functionalized hydrocarbons have led to a maze3 ppm/mM. Interestingly, the effect of weak interactions un-
discrete molecular description &°Xe NMR solvent shifts in der denaturing conditions is less-= 1 ppm/mM—despite an
which the overall deshielding is treated as a sum of deshieldimgreased number of potential nonspecific interaction sites upo
effects arising from pair interactions between xenon and fungnfolding.
tional groups on solvent moleculek?, 18. Theoretical calcu-  Here we attempt to develop a more complete characterizatio
lations have confirmed thdg®Xe chemical shifts in solvents of the effects of nonspecific interactions between xenon an
can be correlated with pairwise summations of solute—solvgnbteins on thé?°Xe chemical shift in aqueous solutiot$’Xe
dispersive interaction energies using molecular pair distributiddMR data for xenon dissolved in amino acid, peptide, and pro
functions @0). tein solutions under both native and denaturing conditions ar

Both reaction field and group contribution analyses of sopresented. Comparison@fvalues for individual amino acids in
vated xenon chemical shifts fail to predict th&Xe shift in  solution illustrate the importance of molecular properties suct
water, where deshielding is about 45 ppm greater than expecésdchemical functionality, structure, and charge in determinin
(7). This discrepancy is likely due to a unique water structutbe >°Xe chemical shift. In solutions of denatured proteias,
around the nonpolar xenon solute. The presence of such striuas a linear dependence on protein size, thus demonstrating t
tural effects in liquid water is anticipated B$°Xe NMR spec- additivity of diffusion-mediated interactions in aqueous solu-
troscopy of xenon in clatherate hydratédl)( These studies tion. The presence of weak xenon binding sites in cavities an
have revealed the existence of small and large water cagesiithe surface of native proteins further influen&Xe chem-
which 12°Xe resonance frequencies &40 and~150 ppm ical shifts in a manner that likely depends on particular fea:
downfield from the gas phase, respectively. An understandituges of macromolecular structure. Effects of changes in th
of how cavity structure affect€®Xe chemical shifts is provided xenon solvation shell structure are investigated in solution witt
by experiments on xenon trapped in clathrates, zeolites, aratying concentrations of urea. The implications of these find
nanochannels2@—24. For example, the deshielding of xenorings for the potential use of xenon as a biomolecular probe ar
increases with decreasing cavity size and depends on the shapwesidered.
of the cavity due to its influence on the anisotropy of the elec-
tron cloud of xenon. Such structural effects likely influence the
chemical shifts of xenon interacting both specifically and non- RESULTS AND DISCUSSION
zgﬁ;:gﬁ:’any with macromolecules and other solutes in aqueo%(gnon Interactions in Amino Acid Solutions

Several previous studies have detected effects of nonspecifié series of'2°Xe NMR spectra of xenor~{11 mM) in 80%
xenon—solute interactions in water &iXe chemical shifts. In H,0/20% D,O containing glycine at different concentrations is
solutions of metal cations and halide anions, diffusion-mediatsdown in Fig. 1. The full spectrum (Fig. 1a) contains two peaks—
interactions lead to a downfield shift relative to water that irthe downfield peak (0 ppm) corresponds to the shift of xenor
creases linearly with increasing salt concentratigh).(The dissolved in solution, while the upfield peadk (—1886 ppm)
concentration-normalized chemical shift (here denateahd corresponds to xenon gas and is usediffositu referencing
expressed in units of ppm/mM) increases with ion charge, cdsee Experimental). As the glycine concentration is increase
responding to a greater polarization of the xenon electron clo#igs. 1b, 1c), the solution peak moves downfield, such that th
129%e chemical shifts in solutions of oligosaccharides derived®Xe shift relative to the?®Xe shift in water §giycine — dwate)
from glucose have been reported withvalues ranging from increases linearly with amino acid concentration. The sharp sc
0.006 ppm/mM downfield for the monomer to 0.038 ppm/mNution line (typically Av ~ 0.05 ppm) allows accurate determi-
downfield for maltohexose26). Nonspecific interactions be- nation of the shifts; a linear fit of the data plotted in Fig. 1c yields
tween xenon and metmyoglobin under both native and dersavalue for the slope = 0.0043+ 0.0001 ppm/mM. In a sim-
turing solution conditions also induce downfiéitPXe shifts ilar mannero values for several amino acids were determinec
relative to the**®Xe shift in water (3). These interactions haveand are listed in Table 1. As seen in Fig. 1c for glycine, alanine
been modeled as weak binding sites such that, in the limit whened leucine, all of the amino acids used in these experimen

a small fraction of xenon is bound to nonspecific sites, induce'?%Xe shifts that are downfield relative to th&Xe shift
in buffer, which indicates that nonspecific interactions betweel
o= Z Snonspecifid nonspecifis [1] xenon and amino acids deshield the xenon nucleus more th:
nonspecific sites interactions with water alone. Given the dilute solute concen

trations for which this effect is observable, deshielding likely
where Snonspecific IS the chemical shift of xenon at each siteccurs through direct xenon—solute interactions which polariz
and Knonspecificis the strength of the binding interaction at thathe xenon electron cloud rather than through a solute-induce
site. 1°Xe chemical shift data in native metmyoglobin soluehange in bulk water structure. This supposition is consister
tions are fit to a model that also accounts for the strong specifiith previous accounts of the deshielding effects ofions in aque
binding site in native metmyoglobin, yielding anvalue of ous solution25).
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density of functional groups present in the solvent, where th
relative deshielding effect of each functional group is related t
the strength of the van der Waals interaction between the fun
tional group and xenori{7, 18, 20. As predicted by this analysis,
the 12°Xe chemical shift depends linearly on the mole fraction
composition of noninteracting solvent mixtures as the concer
trations of functional groups interacting with xenon change:
(18, 27. We propose that the linear change in th&e chem-
ical shift with the addition of amino acids in aqueous solution
is analogously due to changes in functional group concentr:
tions; thus, the overall deshielding of xenon will be due to ad
ditive dispersive van der Waals interactions. The trend val-
ues for the aliphatic and polar amino acids listed in Table :
supports this conclusion. Studies of xenon in linear function
alized alkanes and alcohols have suggested that the deshie
ing contributions of methyl and methylene groups are more

160 mM significant than the contribution of hydroxyl groups due to a
Wf/\'\/\/\'\—wn"‘/\"\lj\“\"‘/‘“ larger dispersive interaction energyg]. Accordingly, increas-
200mM ing the methyl group concentration in water should result ir
L L 05 por 00 opm 06 ppm an increase in th&9Xe chemical shift that reflects the relative
Xe—CH; and Xe—OH interaction energies. Indeed, the observe
increase irx from glycine @ = 0.0042+ 0.0001 ppm/mM) to
alanine ¢ = 0.0057+ 0.0002 ppm/mM), which corresponds
c 12 to the addition of a methyl group, is in agreement with this
,/' prediction. It is thus seen that the chemical identity of the
g /,f’ amino acid sidechain has a characteristic effect on*%fxe
= sl ol shift in aqueous solution that is consistent with previous studie
,«zj y '._.-h// in solvent.
E s
.° 04} K //
35 s
ozf _/,.,z" TABLE 1
ok 129 e Deshielding in Amino Acid Solutions
50 100 150 200 250
Amino Acid Concentration (mM) o (ppm/mMy Xenon acceSOSibIe
Amino acid x1073 surface Area (AP
FIG.1. Effectofglycine ort2°Xe NMR chemical shifts of xenon in aqueous ]
solution. (a) Spectrum of xenon alone in 80%®3120% DO at a concentration Glyc!ne 42+0.1 254
~11 mM. The downfield peak (0 ppm) corresponds to solvated xenon, while tﬁga_nlne 57+02 282
upfield signal—188.6 ppm) is due to xenon gas presentin a glass capillary tub{g“n? 61401 328
and is used for in situ referencing. (b) Dissolved xenon resonances in solutiong%‘l"_Clne 13+03 365
varying glycine concentration in 80%8/20% D,O. Thel?Xe signal shifts >¢'"N€ 45402 301
downfield with increasing glycine concentration. (c) Plot'é¥e chemical Threqn|ne 6£02 320
shift as a function of amino acid concentration for xenon dissolved in solutio;@ro,smé 75408 422
containing glycine ¢), alanine W), and leucine 4). Shifts are referenced to roI|ne_ . 39403 329
the12%Xe chemical shifts of xenon dissolved in 80%®20% D»O. Linear fits Aspartic acid q 9+1 347
YPYDVPDYA 38+3 —

of the data yields slopes afycine = 0.0042 £ 0.0001 ppm/mM @aianine =
0.0057 + 0.0001 ppm/mM, an@|eycine = 0.0073+ 0.001 ppm/mM.

2 Reporteda values are the concentration-normalized downfield shifts in-
duced by each amino acid or peptide relative to ¥#e chemical shift of
xenon alone in watew values were determined from a linear fit'é#Xe chem-
ical shift data of xenor<11 mM) dissolved in five solutions of each amino acid

The deshielding effects of amino acids resulting from notar peptide (see Experimental).
specific xenon—solute interactions can be quantitatively under? Solvent accessible surfaces were calculated with the GRASP softwal
stood in a manner consistent with previous models'féxe Package.

. . . L . € Tyrosine measurements were made in phosphate buffer at pH 11.5 to ir
chemical shifts that consider pairwise van der Waals mterapq(-)vgsolubimy phosp P

tions between xenon and solvent functional groups. In these aspartic acid and peptide measurements were made in phosphate buffer
models, the'?®Xe chemical shift is determined by the molapH 7.0.
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Effects of Sidechain Accessibility, Polar Groups, upon addition of protein to water and the deshielding effect o
and Charges oA?°Xe Deshielding this change as observed in amino acid solutions. Insofar as den
Further examination of the values listed in Table 1 revealstur‘?d proteins lack structured lnt_erna_ll caV|t|e§ that_bmd xenon
. : their « values depend only on diffusion-mediated interactions
the importance of molecular structure and functional group con- : . .
I 29 . ) . " with xenon. Accordinglyy should increase with denatured pro-
tributions to the-*®Xe chemical shift. There exists a positive cor- . . . . .
tein size as the concentration of accessible functional grour

relation between the xenon accessible surface area of alipha IC eases. Figure 3 shows thevalue of the peptide YPYD-

amino acids and the extent of deshielding characterized by BDYA and the proteins lvsozvme. RNaseA. proteinase K. ant
parametet; such a correlation is indicative of a mechanism P ysozyme, 1SEA, P ’
SA under native and denaturing conditions. Bhealues for

deshielding through van der Waals interactions between xenph . ; ;
X . T € peptide and denatured proteins have a linear dependence
and the solute. This trend in agueous solution is similar to obsgtr-

. . . . . le number of amino acids in the protein sequence, thus col
vations previously made for xenon dissolved in organic solvent_ . e - . .
. . ) irming the additivity of deshielding effects due to dispersive
consisting of different length hydrocarbon chains (18). The polar . . . . . .
. - . g van der Waals interactions. Slight discrepancies may exist be
amino acids are apparent exceptions to the correlation betweén . : o : . .
: o S ) cause of differences in specific amino acid composition, but w
sidechain size and deshielding. The xenon accessible surf'ﬁlce

area of serine (30A2) and threonine (3282) are similar to ala- ea\ljZITg %%l;_’red r;h/; ,?Ave;i@;ﬁws afgir da : ig?:é:g%fcrgti:gﬁo
nine (282A2) and valine (327A?), but thex values of both amino g 09 PP P : P

acids are more comparable to glycine (ﬁ@n}. This observation the linear trend shown in Fig. 3 is thevalue previously re-

7 ._pprted for denatured metmyoglobih3), which is greater than
suggests that the hydroxyl group contribution to xenon OIeShIe%‘rgedicted. However, the presence of the iron heme in solutio

ing in aqueous solution is smaller than methyl and methylene

groups and is consistent with the relative Xe—Giid Xe—OH may account for the increased deshielding of xenon; our pre
interaction energies (18) liminary data suggest that the addition of heme alone to 6NV

The strong deshielding effect of charges in amino acid sié'éea solution results in a substantial downfield shift of'#9e

chains is reflected by the for aspartic acid listed in Table 1. resonance.

Whereas the accessible surface area of aspartic acid\34s

comparable to that of leucine (3@%), the« value is signifi- Interactions of Xenon in Native Proteins:
cantly greater, indicating that the aspartate anion present at pH Effects of Weak Binding Sites
considerably influences thHé%Xe shift. The zwitterions present Gi the i ¢ f functional ibility t
in the free amino acid backbone at pH 7 also likely contribute \ven the importance of functional group accessibiliy to

. . o Xenon in rmining the overall hieldin nsideratior
to the o values listed for the amino acids in Table 1. Conse-e 0 dete g the overall deshielding, consideratio

. of diffusion-mediated xenon—protein interactions alone woulc
guently, one should not expect that thevalue of a peptide to . . :
. predict thate values for denatured proteins should be consis
correspond exactly to the sum of thevalues for the individ-

; ; . o ) hently greater than values of native proteins where amino acid
ual amino acids of which the peptide is composed; although the, . . - .
Sidechains are buried within a core. However, as observed in tr

backbone and sidechain functional groups remain accessible‘%‘%e of BSA (Fig. 2)., proteinase K, and previously in myoglobin
xenon interactions, the formation of peptide bonds removes g.2).p ' b y yog

significant contribution of backbone ions¥’Xe deshielding. i %)’ o values of proteins can be greater under native cond

) . ons than under denaturing conditions. Furthermore, as seen
As expected, the experimental valuecofor the peptide YPY- _. . . .
Fig. 3, thex values of native proteins do not show a simple de-

DVPDYA (aexp = 0.038+ 0.003) was found to be less than the . . .

P . . I endence on the number of amino acids in the protein sequenc
sum of the individual amino acid contributions based on t Ris behavior suggests contributionsiérom effects other than
values in Table 1dcac = 0.061 0.005). NS b oUgge . !

diffusion-mediated interactions. A more detailed model for how
native proteins affe¢?°Xe chemical shifts must account for the
possibility of cavities within the macromolecular structure or
The effects of van der Waals interactions and molecular strussrface sites which preferentially interact with xenon. Indeed
ture on thé-**Xe chemical shift observed in aqueous solutions @xamples of multiple xenon binding sites in proteins have bee
amino acids provide a framework for characterizing the effeatbserved in crystal structures of myoglobin, lysozyme, and se\
of nonspecific interactions between xenon and proteins. Figurer2l serine proteaseg§, 29. In all cases except the primary
shows!?°Xe chemical shift data for titrations of hen egg whitéinding site in myoglobin, these binding interactions are weak
lysozyme and bovine serum albumin (BSA) under both natiemough so that the fraction of total xenon in solution occupy-
and denaturing conditions at a xenon concentratioaldf mM. ing cavity or surface sites is small. Accordingly, the presence
As previously observed in myoglobin solutiahj, nonspecific of such binding sites results in a change in the ovéfdXe
interactions between xenon and these proteins induce a dowhemical shift that is directly proportional to protein concen-
field shift relative to the shift of xenon in aqueous buffer alontation, andx for a protein can be considered as the sum of &
(Sbuier = O ppm). This trend is consistent with the linear chandarge number of weak binding interactions consisting of botf
in the concentration of functional groups interacting with xenoravity sites within the native structure and diffusion-mediatec

Interactions of Xenon in Denatured Protein Solutions
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FIG. 2. Effects of lysozyme and bovine serum albumin (BSA)8#Xe chemical shifts in aqueous solution. &8fXe NMR spectra of xenor~{11 mM)
dissolved in solutions 0f0.3 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 biffge( = Oppm). The extent of xenon deshielding in native
protein solution relative to denatured protein solution differs for the two proteins; this difference reflects the presence of effects from ingaiteémthat
are particular to native protein structure.f8fXe chemical shifts ofv11 mM xenon dissolved in solutions of native lysozyn#e) (denatured lysozymed(),
native BSA @), and denatured BSA®). Chemical shift values are reported relative to the value for xenon alone in buffer solution. Linear fits of the data yi
slopes ofajysozyme = 0.43 + 0.01 ppm/mM andvgsa = 3.48 £ 0.04 ppm/mM under native conditions at pH 7.0 angkozyme = 0.62 £ 0.02 ppm/mM and
agsa = 2.87+ 0.10 ppm/mM under denaturing conditions at pH 2.9.

interactions between xenon and accessible protein functiobédod plasma that also contains the drug flucloxacillin, whick
groups. binds specifically to BSA30). Conversely, proteins such as
Whereas denaturation always increases the number of fesozyme withagenatured> native N@ve an overall upfield con-

shielding dispersive interactions, proteins such as BSA thabution from cavity sites or a downfield contribution from a
have agenatured < onative MUst have a strong downfield contri-small number of such sites that is modest compared to th
bution toa from cavity sites present only in the native strucfrom the increase of dispersive interactions upon denaturatio
ture. The presence of such cavities in BSA is supported Bpecific xenon binding sites in hen egg-white lysozyme hav
the fact that thé?°Xe spin-lattice relaxation time is longer inbeen observed by x-ray crystallograpt®g) The direction of
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upfield relative to water at urea concentrations greater tha
~1M.

A similar trend int?°Xe chemical shift data has been observed
in mixtures of water with cosolvents such as alcohols, dioxane
and acetonitrile 31). At low mole fractions of cosolvent, the
129% e chemical shift remains constant or moves linearly down-
field; beyond a certain mole fraction, the shift moves upfield
until it reaches the limiting shift in pure cosolvent. The behav-
ior of these solutions in the dilute limit is consistent with the
addition of solute that either does (in the case of alcohols an
dioxane) or does not (in the case of urea and acetonitrile) chang
significantly the van der Waals deshielding of xenon. The up.
field influence on th&°Xe chemical shift cannot be explained by
changes in functional group concentrations that affect deshielc
ing; alternatively, the upfield behavior suggests that the additio

Oprotein (PPM/mM)

00 o o o of large amounts of urea or cosolvent changes the unique effe
of water structure on the overall shift. Thus, the relative upfielc
Number of Amino Acids in Protein Sequence chemical shift of xenon in concentrated urea solution likely re-

FIG. 3. Values of the . Tflects a change in the structure of the xenon solvation shell fror
. 3. parameter (solute concentration dependence o . . .

the 129%e chemical shift) for the peptide YPYDVPDYA and the proteins hedNat in pure water. This sensitivity to solvent shell structure anc
egg white lysozyme (129 amino acids), RNaseA (124), proteinase K (278ne simplicity of modeling xenon as a hydrophobic solvent en:-
and BSA (607) under native®) and denaturingl) conditions as a function courages the application °Xe NMR in studying the effects

of the number of amino acids in the protein sequence. The linear dependeg¢®jenaturant and the mechanism of protein denaturation.
of « values for denatured proteins on protein size demonstrates the additivity of

xenon deshielding due to diffusion-mediated interactions in solution; a linear fit look for the U fX Bi | lar Prob
yields a slopex 0.005 ppm/mM per amino acid, reflecting the average value utlook for the Use of Xenon as a Biomolecular Probe

o for an amino acid in a protein. Observations ot?°Xe NMR signals in aqueous solutions of

amino acids, peptides, and proteins under both native and den

turing conditions have elucidated the contributions of chemica
the shift contribution from cavity sites is determined by th&unctionality, charge, solute accessibility, and macromolecula
structure of the cavity and is likely consistent with observairucture to thé*Xe chemical shift. The ability to predict how
tions of xenon shifts in clathrates, zeolites, and nanochannefinges of these properties affé®e chemical shifts may al-
(22-29. low for the use of xenon as a biomolecular probe. For example

the dependence of on accessible protein surface area may be
Xenon Solvation Shell Structure in Aqueous Solution

The above account df°Xe chemical shifts in amino acid,
peptide, and protein solutions ignores any effects the cosolu
may have on the structure of the solvation shell around xeno o
The local water structure around xenon resultsifPde chem- sl . T
ical shift in pure water which is further downfield than antic-
ipated by a pairwise van der Waals interaction modelld. ¢
However, the introduction of additional van der Waals inter-
actions between xenon and amino acids leads to further rel
tive deshielding that is reasonably consistent with a function: © ™ =
group analysis alone. This observation suggests that the strt
ture of the xenon solvation shell in water effectively remains 16 |-
intact in the dilute conditions used in these experiments. | ; . . . .
order to examine the effects of high solute concentrations ¢ 0 10 20 30 40 50 60 70 80
the 12°Xe chemical shift,'?°Xe NMR spectra were acquired Urea Concentration (M)
of ~11 mM xenon dissolved in urea solutions up to 8 M. As
seen in Fig. 4, the behavior of the measured shifts with in-F!C: 4 '*Xe chemical shifts of xenonx11 mM) dissolved in 80%

. . . . . . H,0/20% D0 as a function of added urea. Chemical shift values are reportec
creasing urea concentration Is quite different from that in elative to the value for xenon alone in 80%®20% D»O. The upfield trend at
lute amino acid and protein solutions—tH€Xe chemical shift high urea concentration is consistent with a change in the contribution of solver
remains nearly constant at low urea concentration and mowesl structure to th&?°Xe chemical shift.

0wy T T T T T T T
=}

atar (PPM)

08 L =

- O,

Xa
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useful in identifying the formation of protein—protein interfacegper mM xenon in solution. Samples were gently agitated an
Amino acid side chains that were previously exposed to solvaitowed to equilibrate before acquisition of data with either a
become inaccessible to xenon upon formation of an interfa&nuker AMX 600 MHz or a Varian Inova 300 MHz spectrome-
accordingly, protein deshielding due to diffusion-mediated inter. A sealed glass capillary tube filled wittb atm of xenon gas
teractions should decrease. The magnitude of this decreaswas included in each sample as a standard referencé?%te

a quantifies how much surface area is buried at the interfachiemical shifts in water, phosphate buffer (pH 7.0), and citrat
The dependence af on particular structural features of na-buffer with 6 M urea (pH 2.9) were typically 188.6, 189.1, and
tive proteins such as the existence of xenon cavity sites ab8i7.0 ppm downfield from this gas reference and were sensitiv
the amino acid composition of the protein surface suggests thasalt concentration and mole fraction@.

native state conformational changes may be detected by an odn each solution, the'?®Xe chemical shift was deter-
servable change im. The observation of the effect of a changenined from the highest point of the solution resonance pea
in « upon protein denaturation already demonstrates the (e estimated accuracy of chemical shift determination i
of 12°Xe chemical shifts to sense a change in protein structured.01 ppm) and referenced to the chemical shift of xenon ir
upon modifying solution conditions. In addition, we have atuffer alone (i.e.purer = O ppm). The values of for each
tained evidence that the shift is sensitive to the different natitieration were determined from linear fits of chemical shift mea-
state conformations of a sugar binding prot&g)( Considering surements in solutions at five different amino acid or protein con
the sharg?®Xe resonance lines of xenon in these solutions, omentrations that were generated by the dilution of initial stocl
can contemplate assaying conformational changes that resulidtutions. The concentrations of solute were high enough s
Aa ~ 1 ppm/mM at protein concentrations down+d 0 «M. that the difference if?°Xe chemical shifts between points in
The fact that the*®Xe chemical shift is highly sensitive to titrations 0.2 ppm) were large compared to the uncertainty
changes in macromolecular properties even in the absencenothe measurement due to the xenon concentration and res
strong specific binding interactions suggests that xenon canrtace linewidth £0.01 ppm). Linear fits of the titration data

used as a general probe of biomolecular systems. yield standard errors such that all differences between the r
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