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Abstract: 1N NMR relaxation and *?°Xe NMR chemical shift measurements offer complementary information
to study weak protein—protein interactions. They have been applied to study the oligomerization equilibrium
of a low-molecular-weight protein tyrosine phosphatase in the presence of 50 mM arginine and 50 mM
glutamic acid. These experimental conditions are shown to enhance specific protein—protein interactions
while decreasing nonspecific aggregation. In addition, 12°Xe NMR chemical shifts become selective reporters
of one particular oligomer in the presence of arginine and glutamic acid, indicating that a specific Xe binding
site is created in the oligomerization process. It is suggested that the multiple effects of arginine and glutamic
acid are related to their effective excluded volume that favors specific protein association and the
destabilization of partially unfolded forms that preferentially interact with xenon and are responsible for
nonspecific protein aggregation.

Introduction togenesidand insulin-mediated mitotic and metabolic signafing.
. o ) . Phosphatase regulation is much less well known than that of
Wea!( protewpro'.[eln !nteracnons play a kgy role in the_ kinases. Relocalization and catalytic inhibition through inter-
regulation of many blo!oglcal processes, but their study remains 4,4 intracellular events play a crucial rél. could be shown
a challengé. These interactions are strongly affected by ¢, 5 EGF Receptor-CD45 chimera that the dimerization of its
environmental effects, including the global macromolecular ¢ qslic domain bearing the catalytic site, stimulated through
concentration in the cell. They are very sensitive t0 the yho aqgition of EFG, impaired its functional ability to support
expenmenta} conditions, including buffer composmon. NMR T cell receptor signalin§.Dimerization of InwPTP has also
§pectro§cop|c methods. allow the St“,o,'y Of, tran5|e_nt prot.em been detected and demonstrated by a variety of physicochemical
interactions under physiological conditions in atomic detail. techniques, including ultracentrifugatidnconcentration-de-
In this article, we report the complementary use of two different pendent NMR chemical shift changeand NMR relaxatiorf.
NMR techniques;*N NMR relaxation and?*Xe chemical shift 6 519A mutant of bovine ImwPTP was crystallized as a dimer
measurements, to study _the comple_x ollgom_enzatlon equilibria \,ip, pseudo-2-fold symmetryThe dimer interface includes the
of a low-molecular-weight protein tyrosine phosphatase q,a| interaction of the enzyme active site of one molecule
(ImwPTP). with tyrosine residues 131 and 132 of a second molecule.
The interplay of kinases and phosphatases is responsible forrherefore, the active site is blocked in the dimer, and this species
the regulation of various signal transduction pathways. Phos- js intrinsically inactive. Reversible formation of (inactive) dimers
phatases can be separated into two families, referred to asirom (active) monomers has been suggested as a possible

transmembrang recept_or-like PTPs, often consisting o_f a dualregulation mechanism for ImwPTP and other enzyAiés.
tandem catalytic domain such as CD45, and cytoplasmic PTPs, — — ) — —
. (3) Chiarugi, P.; Cirri, P.; Marra, F.; Raugei, G.; Fiaschi, T.; Camici,JG.
of which ImwPTPs are members. InwPTP takes part, among Biol. Chem.1998 73, 67766785, .
others, in platelet-derived growth factor (PDGF)-induced mi- (4) Chiarugi, P.; Cirri, P.; Marra, F.; Raugeand, Blochem. Biophys. Res.
Commun1997, 238 676-682.
(5) Weiss, A.; Schlessinger, Cell 1998 94, 277-280.
t i i i i (6) Desai, D. M.; Sap, J.; Schlessinger, J.; WeissCAll 1993 73, 541-554.
+ Sr?it:}grtgifg)rlrilzezslirbcur:’ in Biomedicine. (7) Tabernero, L.; Evans, B. N.; Tishmack, P. A.; Van Etten, R. L.; Stauffacher,
9 9- C. V. Biochemistry1999 38, 11651-11658.

$ Universitat de Barcelona. _ _ _ __ (8) Akerud, T.; Thulin, E.; Van Etten, R. L.; Akke, M. Mol. Biol. 2002
#Present address: Structural Biology Unit, CIC bioGUNE, Bizkaia 322 137-152.
Technology Park, Building 801A, 48160 Derio, Spain. (9) Bernado, P.; Akerud, T.; De la Torre, J. G.; Akke, M.; Pons,JMAm.
(1) Nooren, I. M. A.; Thornton, J. MJ. Mol. Biol. 2003 325 991-1018. Chem. Soc2003 125 916-923.
(2) Takeuchi, K.; Wagner, GCurr. Opin. Struct. Biol.2006 16, 109-117. (10) Minton, A. P.; Wilf, J.Biochemistryl1981, 20, 4821-4826.
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Phosphorylation of residues 131 and/or 132 has been reportedstability of many proteind? The authors suggested that specific
to increase the enzyme activily »iv0.1* The phosphorylated  protein—protein interactions would not be affected by the
species becomes a substrate of a second ImwPTP molecule, andresence of arginine and glutamic acid (RE). We have carried
the auto-dephosphorylation mechanism enables ImwPTP to self-out NMR relaxation and?°Xe chemical shift studies of the
regulate'? The structure of the dimer resembles the end product ImnwPTP system at different concentrations in the presence and
of the dephosphorylation reaction, connecting the two possible in the absence of RE. In this article, we show that the presence
regulation mechanisms. of RE enhances the formation of specific InwPTP oligomers
We had previously use#N NMR relaxation at different  and reduces nonspecific X@rotein interactions, makint®Xe
protein concentrations to study the oligomerization equilibria chemical shifts selective for a single InwPTP oligomer.
of ImwPTP. X-ray structures of the ImwPTP monomer and
dimer were used to predict the relaxation rates of the individual
species using hydrodynamic calculatidd8. These studies Protein Expression. pET-11d vector, harboring the wild-type
proved the existence of at least one higher molecular weight MwPTP gene, was transformed ink coli BL21(DES3) cells and
species that was compatible with a tetramer (i.e., a dimer of expressed in LB or minimum media as described befoligne lysate '
dimers). The formation of larger oligomers involving ImwPTP was pumped onto a cation-exchange column (SP Sepharose High

dimers should increase the cooperativeness of the transitionperformance) equilibrated in buffer A (10 mM potassium acetate, 10
P mM sodium phosphate, 60 mM NaCl, 1 mM EDTA, pH 4.7) containing

between active and inactive forms in a puta_ti_ve regulatiqn 1 mM dithiothreitol (DTT). Elution was achieved by increasing the
process and would make the system more sensitive to crowd|ngphosphate concentration to 150 mM, the pH to 5.1, and the DTT

effectsin vivo. This could reduce the optimal protein concentra-  concentration to 5 mM. Final purification by size exclusion chroma-
tion for regulation by an oligomerization mechanism to values tography (Superdex 75) using buffer A containing 2 mM DTT resulted

Materials and Methods

closer to the physiological concentrations. in pure protein solution, as confirmed by SBBAGE and mass
129¢a NMR chemical shifts have been used to detect the spectrometry. All NMR experiments were carried out at 310 K in
presence of cavities that can act as xenon binding4itéwr standard buffer (200 mM potassium phosphate, 10 mM tris(2-

carboxyethyl)phosphine hydrochloride (TCEEI), 3 mM sodium
azide, pH 6.00), with or without 50 mM RE. Buffer exchange was
achieved by three cycles of a 15 fold up-concentration and dilution

conformational changes, as in the case of maltose binding
protein” Xenon atoms encapsulated in cages have been

proposed as biosensors to monitor protein interactibis a process using the final buffer, resulting in an exchange 89.5%.

silent observer of molecular interaction events, ion and small- pyqtein concentrations were determined by UV absorption at 280 nm
molecule binding to target proteins has been studied for the py giluting the desired solution 1/40 in a buffer containing 6 M

Escherichia colichemotaxis Y protein, where the interaction guanidinium chloride and 20 mM sodium phosphate at pH 6.5. The
of the ligands blocks the interaction site for xeri8riwe average of three measurements of pure buffer was subtracted from the
reasoned that proteirprotein interactions could be also studied average of three measurements of protein solution, and the concentration
using'?%Xe NMR, since macromolecular interactions may either was determined according to the equation 1 Addf) = 0.84+ 0.05

bury hydrophobic surfaces that are sensed by xenon or generat&/L-*

new xenon binding sites at the interface of the interacting ~NMR Relaxation Measurements.From a single expression batch,
proteins. In order to test this hypothesis, we have meadédée bc_)vme ImwPTP was prepared in standard buffer W|_th (RE buffer) or
NMR chemical shifts in the presence of increasing concentra- without (non-RE buffer) 50 mM RE. NMR relaxation and HSQC

. . . experiments were performed on a Bruker 800 MHz spectrometer at
tions of ImwPTP under the same conditions at which NMR 310 K. Longitudinal and transver$ relaxation rates were measured

relaxation measurements were carried out. By studying the same, Re_containing and RE-free buffer at the seven concentrations of
oligomerization process using two independent NMR tech- 111 0.73, 0.55, 0.48, 0.41, 0.34, and 0.17 mM and the four
niques, we provide a mutual validation of both methods. concentrations of 1.09, 0.60, 0.34, and 0.17 mM, respectively. Spectral

Nonspecific protein aggregation may obscure information widths (complex data points) were 4808 Hz (1024pin(*H) and 3243
about specific interactions, especially at high protein concentra- Hz (250) inws (**N). R rates were determined using the following
tions. In a recent publication, Golovanov et al. reported that Sequence of relaxation delays (in ms): 10, 1500, 50, 1000, 100, 500,
the addition of 50 mM arginine and 50 mM glutamic acid to and 220. The recovery delay was 1.5 s. The relaxation delays (in ms)
the usual buffers used in NMR studies of proteins resulted in YS9 ©© dEtelrm'nRZ rates were 150, 22, 82, 42, 102, r?z’ anﬁilzzi‘The
an increase in solubility, a decrease in line broadening associated S 0 oY delay was 2 s. Spectra were processed with NMRPRea

ith ifi . d . in the chemi Ipicking was performed using th& experiment with the shortest delay
with nonspecilic aggregation, and an increase in the chemical (10 ms) recorded for the highest InwPTP concentration in non-RE

buffer. The relaxation rates were calculated from the peak intensities

(11) Tailor, P.; Gilman, J.; Williams, S.; Couture, C.; Mustelin JTBiol. Chem.

1997 272 5371-5374. using an in-house-designed program running in Matlab. To exclude
(12) Schwarzer, D.; Zhang, Z.; Zheng, W.; Cole, PJAAM. Chem. So@006 unnoticed precipitation during the accumulation of the relaxation
13) }azeﬁni%j%?_é;%gércia de Ia Torre, .. Pons. MBiomal. NMR2002 23 experiments, HSQC spectra were recorded before and after each series

139-150. U ' ' of measurements. Peak positions and intensities were unchanged.
(14) Grager, C.; Maglich, A.; Pons, M.; Koch, B.; Hengstenberg, W.; Kalbitzer, Analysis of the Oligomerization Equilibria. Relaxation data were

15) HD.UIS(.);iSBrtJ.r_ere;,SI?R]/.aAQ: f;féghsg‘?(ﬁfbif%?g%gﬁét M. Vovelle. Modeled assuming fast equilibration between three species: monomer,

F.; Berthault, P.; Desvaux, H. Am. Chem. So2004 126, 15738-15746. dimer, and an isotropic tetramer (a dimer of dimers).Within this model,

(16) BRigFig'ocs)é '\?/)"2;2'-23’5_84%; Ruiz, E. J.; Pines, A.; Wemmer, DJEMol. observedR; and R, relaxation rates for each residug, are the

(17) Rubin, S. M.; Spence, M. M.; Dimitrov, I. E.; Ruiz, E. J.; Pines, A.;

Wemmer, D. EJ. Am. Chem. So001, 123 8616-8617. (20) Golovanov, A. P.; Hautbergue, G. M.; Wilson, S. A.; Lian, L.JY.Am.
(18) Lowery, T. J.; Gara, S.; Chavez, L.; Ruiz, E. J.; Wu, T.; Brotin, T.; Chem. Soc2004 126, 8933-8939.
Dutasta, J.-P.; King, D. S.; Schultz, P. G.; Pines, A.; Wemmer, D. E. (21) Wo, Y.-Y. P.; Zhou, M.-M.; Stevis, P.; Davis, J. P.; Zhang, Z.-Y.; Van
ChemBioChen2006 7, 65—73. Etten, R. L.Biochemistry1992 31, 1712-1721.
(19) Lowery, T. J.; Doucleff, M.; Ruiz, E. J.; Rubin, M. S.; Pines, A.; Wemmer, (22) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
D. E. Protein Sci.2005 14, 848-855. Biomol. NMR1995 6, 277—293.
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population-weighted averages & and R, of this residue in the
different speciesi;

R = z f; Rq 1

with x = 1,2 andfi representing the molar fraction of the protein in the
different species. For the monomer and the dimer, the vaIuesREﬂjr

and Iﬁ- were calculated from the corresponding 3D structures using
HydroNMR 2 whereasR; andR; for all residues in the tetramer were

arginine and glutamic acid (data not shown). The experimentally
determined viscosities of non-RE and 50 mM RE buffer are 0.7189
and 0.7488 cP, respectively, at 310 K. For hydrodynamic calculations,
the calibration of the value of the atomic element radius had previously
been carried out employing data obtained in a variety of standard buffers
using the viscosity of wateny(= 0.6915 cP at 310 K} Consistently,

we have taken the viscosity of pure water for calculating rotational
diffusion in non-RE buffer. For the buffer containing RE, we uged

= 0.7203 cP, which results from multiplying the viscosity of pure water
by the ratio of the experimentally determined viscosities of 50 mM

assumed to be the same and were treated as two adjustable parameteBE and non-RE buffers.

Additional adjustable parameters in this model are the dissociation
constants of the dimer and the tetramer that determiné tledues at
different protein concentrations. Minimization gfprovides an estimate

of the dissociation constants from the concentration-dependent relax-

ation data:

[(R/RYIP — (RYR)S'Y?
[o(R/R)

CJ

1= (2

where the summation runs over all protein concentraticngnd a
filtered list of residues$ (see below)o(R./Ry) is the experimental error
of the measure®./R;.
To minimize the effect of local motion, experimental and calculated
R./R; ratios were compared instead of the individual relaxation rates.
Minimization was carried out using an in-house-developed genetic

129Xe Chemical Shift Measurements?°Xe chemical shifts were
measured in the same protein concentration range as the NMR relaxation
experiments. At the highest concentration of 1.11 mM ImwPTP in RE
buffer, sample precipitation was observed after some days, preventing
the measurement &t%e chemical shifts. For the other concentrations,
no precipitation occurred. The highest protein concentration was
measured by UV/vis spectroscopy as described above. The lower
concentrations were prepared by dilution of the concentrated sample
with buffer. Xenon loading was performed by directly pressurizing the
samples in an apparatus similar to the one described e#rhérays
using the same xenon pressure of 0.5 MPa. According to the reported
molar fraction solubility of 7.92x 1075 for xenon at 101.3 kPa in
pure water, the concentration of dissolved xenon is approximately 22
mM. Note that the real concentration in the samples under study may
be slightly different due to the presence of ImwPTP and the buffer
constituents. It is important to mention that our apparatus allows for

algorithm. Convergence was confirmed by repeating the procedure 50direct pressurization of the samples with xenon at room temperature

times from random starting populations of 10 000 individuals. The error

without the need for any freez¢haw procedure. This prevents

in the parameters was calculated by a Monte Carlo analysis using 100nonspecific aggregation, which may otherwise occur for this protein.

artificial data sets obtained from the back-calculatedrR;) gj"c values
to which a Gaussian random noise with amplitus@®/Ri) ;" was
added.

Data Filtration. The first three residues, which are not present in

The loading was checked volumetrically after each measurement.
Within an error well below 5%, identical amounts of xenon were leaving
the samples. This test procedure proved the correctness of xenon loading
as well as the tightness of the apparatus. The chemical shift of dissolved

the structure of the dimer (LCOE), were not used. Furthermore, residues - X¢ Was referenced relative to the chemical shift of xenon gas at zero

5, 84, 105, 107, 108, 109, 110, and 157, reported to have hetNOEs
0.6, were excluded.Points with experimental errors iR,/R; larger
than 25% were also excluded from the calculations.

Extraction of global correlation times from relaxation data is based
on the assumption of a rigid structure perfectly described by the model
derived from X-ray and the absence of contributions from relaxation
mechanisms other than dipeldipole and chemical shift anisotropy

pressure. The induced chemical shify), was measured relative to
the protein-free original buffer used for the protein solutions under
study. This allows for the determination of the induced chemical shift
AJ with the required precision. The line width of tFéXe NMR signals
increases in the presence of protein, as previously desclibed.
However, for our system it remains well below 15 Hz, even for the
higher protein concentrations, allowing very accurafemeasurements

with a known and constant CSA tensor. Those assumptions may breakWith an experimental error of-0.02 ppm. ?Xe chemical shift

down for some particular NH groups, but they are expected to be
fulfilled by the majority. In order to identify the relevant set of residues,
a preliminary minimization was carried out after the initial filtration.
Residues showing deviations R/R; larger than 25% of the experi-
mental values were removed from the final minimization. The final
dataset contained 60R./R; values measured in RE buffer covering

measurements were performed at 139.05 MHz (11.7 T corresponding
to 500 MHz*H NMR frequency) and 310 K. The temperature was
calibrated and controlled to withitt0.1 K. The!H/**N xenon-induced
chemical shift mapping experiments are based on stanidard>N
HSQC spectroscopy and were also carried out at 11.7 T field strength.
A xenon pressure of 1.2 MPa was applied to the samples for these

seven ImwPTP concentrations and 331 values measured in the absencgXPeriments.

of RE covering four protein concentrations.

Hydrodynamic Calculations. Predicted values dR./R; for mono-
mer and dimer ImwPTP were calculated by HydroN¥IRsing the
PDB structures 1PNF and 1COF, respectively, with an atomic
element radius of 3.3 A3

Rotational diffusion is sensitive to the viscosity of the solvent. The
viscosity of six buffers with different equimolar concentrations of
arginine and glutamic acid between 0 and 50 mM was determined
experimentally using a capillary viscosimeter calibrated with pure water
at 310 K. The viscosity increases linearly with the concentration of

(23) Fushman, D.; Cahill, S.; Cowburn, D. Mol. Biol. 1997, 266, 173—194.

(24) Garca de la Torre, J.; Huertas, M. L.; Carrasco,JBMagn. Resor200Q
147, 138-146.

(25) Tjandra, N.; Feller, S. E.; Pator, R. W.; Bax, A.Am. Chem. Sod.995
117, 12562-12566.

(26) Zhang, M.; Van Etten, R. L.; Stauffacher, C. Biochemistry1994 33,
1109711105.
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Results

15N NMR Relaxation of InwPTP in RE Buffer. Longitu-
dinal and transverse relaxation rates were measured at pH 6.00
and 310 K for seven ImwPTP concentrations in the presence
of 50 mM arginine and 50 mM glutamic acid. Experimental
values for the relaxation rates of individual amidd nuclei at
different concentrations are given as Supporting Information.
Figure 1 shows the average valuesRyR; for residues that
passed the selection criteridR§/Ri[) as a function of ImwPTP
concentration.

As previously observed for this protein in RE-free buffer,
[R./R;[increases with the protein concentratfofhis indicates

(27) Baumer, D.; Fink, A.; Brunner, EZ. Phys. Chem2003 217, 289-293.
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~- .. [048mM

Figure 1. Average'>N Ry/R; ratios of InwPTP determined as a function 1%
of protein concentration measured in the presence of 50 mM arginine and

50 mM glutamic acid at pH 6.00 and 310 K ircl ted by = 21 g‘, bpt oi8 : &b&&
mM glutamic acid at p an (open circles connected by igé i‘?ﬁﬁ?ﬁw&fg%’% P ﬁ%

dashed line). Data at four concentrations of the same batch of protein N 16
measured in RE-free buffer are included for comparison (filled circles). ﬂ: 1
The data measured in 50 mM RE-containing buffer have been corrected

for changes in viscosity as described in the Materials and Methods section. 32

o o f . %i boos
the presence of species with longer correlation times at 2 @ @ : %; %
p p g 2 §5 # ég@:; giﬁéi“ # &

increasing ImwPTP concentrations. The curve shows a mono-
tonic increase that can be roughly described as two consecutive
sigmoidal curves. For comparison, relaxation was measured at 3g |0-73 mM
four concentrations of the same protein batch in the absence of 33 ; : ; 3 H;
RE. Since the viscosity of RE-containing buffers is higher, the 28 } ﬁig iﬁii t g%%{*g *}g kgw%
RE data shown in Figure 1 were scaled to the viscosity of RE- 2z “ﬁé" A SRS LAS S &

free buffer. Even after correction for changes in viscosity, the

values measured in the presence of RE are higher than those in 40

RE-free buffer. This observation suggests an increased contribu- 35 g i Q&
tion from larger species in RE buffer. The effect is more 8 5% ﬁ ﬁ? 5; iéﬁ &q;% % .
* % {

0.55 mM

N

111 m

»n
o o

pronounced at higher protein concentrations, suggesting a

displacement of the ImwPTP oligomerization equilibrium.
Accounting for macroscopic viscosity is a first-order correc-

tion that does not take into account possible effects such as Residue

weak interactions of RE with the protein or small changes in Figure 2. Experimental and calculatédN R./R; values in 50 mM RE-

the compaciness of he protein induced by RE. These termsiolanng i o e poer eenrelons, Upe e s e

would r_:on_trlbute to what is known as microviscosity. However, _shown as open symbols, correspond to thg best Ei’t to the monafimaer— '

a convincing agreement could be observed between the experitetramer model. Only the 607 experimental data points that passed the

mental correlation times obtained from relaxation rates measuredfiltering criteria are shown.

in 45 mM RE and the values predicted from the three-

dimensional structure of a protein which is not involved in ]

oligomerization equilibri&® This observation confirms that ~ With a tetramef.

microviscosity is not responsible for the changes observed for 1€ monomerdimer—tetramer model has four adjustable
IMwWPTP. parameters: the global relaxation ragsandR; of the tetramer,

referred to afR;t and Ro1, and the dissociations constants of
the dimer Kp) and of the tetramerKs). The dissociation
constant for the tetramer is defined as

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

of at least one additional oligomer of ImwPTP, being consistent

The concentration of the different oligomers can be derived
from the experimental relaxation rates of individual NH sites
and the site-specific relaxation rates of the individual species.
Those can be accurately predicted from the X-ray structures of
monomeric and dimeric ImwPTP using HydroN®fRinder the
assumpthn of rigid bOdY motion. Assum.lng fast equilibrium, The values of the parameters that give the best fit to the
the experimental relaxation rates are weighted averages of the - - -

S . . . “experimental data anép = 4.18+ 0.07 mM,Ky = 0.074+
contributions of the different species. The ensemble of relaxation

. . . .006 mM, Ryt = 0.44 £ 0.03 s1, andR,t = 38.33+ 0.74
rates measured at different protein concentrations can be used_; " . 5 .
i o ) o I - 51 with a reduceq? value of 5.036. Experimental and back-
to fit a model describing the oligomerization equilibria. This . L
X . __calculatedR./R; values in RE-containing buffer are compared
procedure was previously used to demonstrate the formation. . .
in Figure 2. Clearly, a good agreement is observed for
(28) Fedoroff, O. Y.; Townson, S. A Golovanov, A. P.: Baron, M.: Avis, J. concentrations up to 0.55 mM. Systematic deviations above 0.73

M. J. Biol. Chem2004 279, 3499%-35000. mM suggest that additional aggregation, not accounted for by

K. = [D][T] 3)
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Figure 3. 12%Xe chemical shifts in the presence of InwPTP with respect (b ™ st 70
to protein-free buffer. Filled circles show data recorded in RE-free buffer, 08 5" i
and open circles show data recorded in RE-containing buffer. S0z osmmg”
| k:
0.6 4 01 /6{1“
the monomerdimer—tetramer model, occurs at high concentra- ¢ 00 d Lz |
tions in the presence of 50 mM RE. & el ™ . 3
If the measurements at the two highest protein concentrations < 5
are not considered, the same value Kg (4.19 mM) and a 02 ] 5
slightly larger value foKy (0.186 mM) are obtained, confirming | 7
the presence of the three species even at low ImwPTP 008 3
concentrations. The reduced value decreases to 4.705. .. . . ‘ . . . .
Protein-Induced 129e NMR Chemical Shifts. The Im- 00 01 02 03 04 05 06 07
WPTP-induced?’Xe NMR chemical shiftAd, measured as the [ImwPTP]/ mM

difference in Xe NMR signal between protein-containing sample Figure 4. (a) Concentration of the individual ImwPTP species calculated
and protein-free buffer, is plotted as a function of ImwPTP from 15N NMR relaxation in RE-containing buffer as a function of total

. . . protein concentration. Note the different scales used for monomer (red
concentration .|n.F|gure 3. The two gurves correspond to the circles, left scale), dimer (green squares, right scale), and tetramer (blue
effect of protein in the presence and in the absence of 50 MM triangles, right scale). (b) Comparison of experimental protein-indifégd

RE. chemical shifts with the best fit to the relaxation-derived monoendémer—
125 NMR chemical shifts typically show a stricty linear (/ame" 1o0e, The inset shous te Iy dependenchiotn e

dependence on the concentration of the added prétéirt® 3t and the relaxation-derived dissociation constants.

However, in the case of ImwPTPXe chemical shifts clearly

show a nonlinear dependence on the total protein concentrationthe ImwPTP-induced?Xe chemical shift,Ad, at a certain

In addition, the curves measured in the presence and in theprotein concentration, is given by

absence of RE are very different. The tdffKe chemical shift

change caused by any given protein concentration is higher in (4)

RE-free than in RE-containing buffer. The overall smaller effect

observed in the presence of RE emphasizes the sigmoidal shapgpereg, is the concentration of the individual specig&Values

of the curve, with a pronounced chemical shift increase from ¢ . can pe obtained from the equilibrium constants providing
0.3 to 0.6 mM ImwPTP. Interestingly, a clear increaséRy the best fit to the relaxation data. The valuesxpfire derived

Ri[is observed at the same protein concentratlons_ (see I:'gwefrom fitting the experimental chemical shift values as a function
1). In the case of RE-free buffer, a comparable increase in i ihe total protein concentration

chemical shift is detected at higher protein concentrations. In Figure 4a, the concentration of the individual species,

'2%Xe NMR Chemical Shift Response to Different INWPTP  yerived from the relaxation rate analysis using all the concentra-

Oligomers in RE Buffer. The very unusual nonlinear response  jons measured, is shown as a function of the total ImwPTP
of 12%e chemical shifts toward the addition of IlwPTP in the . ncentration.

presence of RE can be related to the oligomerization equilibria
calculated fron#N NMR relaxation. Hereby, it is assumed that

each species interacts differently witffXe. up to 0.6 MM when usingu = 0.026+ 0.012 ppmmM-L,
Assuming a linear response of théXe chemical shift with o 0.90 £ 1.20 ppmmM-% and ar = 17.2 + 3.1
respect to the concentration of the individual species present,,nmymm-1. The ImwPTP concentration of 0.6 mM corresponds
to the upper limit of the range of validity of the monomer
dimer—tetramer model for the interpretation of relaxation data.
According to this analysig29Xe is almost exclusively detecting
the presence of InwPTP tetramers in RE-containing buffer. The
large uncertainty inop reflects the combination of a weak

A6=Zcxiq

Figure 4b shows a very good agreement between observed
and computed?°Xe chemical shifts for ImwPTP concentrations

(29) Rubin, S. M.; Spence, M. M.; Pines, A.; Wemmer, DJEMagn. Reson.
2001, 152 79-86.

(30) Rubin, S. M.; Spence, M. M.; Goodson, B. M.; Wemmer, D. E.; Pines, A.
Proc. Natl. Acad. Sci. U.S.£00Q 97, 9472-9475.

(31) Locci, E.; Dehouck, Y.; Casu, M.; Saba, G.; Lai, A.; Luhmer, M.; Reisse,
J.; Bartik, K.J. Magn. Reson2001, 150, 167—174.
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interaction with Xe and a low concentration of the dimer at
equilibrium.
The slopeo. of the protein-induced?°Xe NMR chemical

expected value for nonspecific interactions (0.005 ppm per
millimole of residue). These interactions are largely suppressed
by the addition of RE, as shown by the much lower initial slope

shifts depends on the specific protein and its folding state. The of the curve in RE buffer. This suggests that one of the effects
a value for proteins with only nonspecific xeneprotein of RE is to shield or bury exposed regions on the protein surface,
interactions was found to increase linearly with the size of the to which Xe may weakly bind. On the other hand, specific
protein, i.e., the number of amino acids, In order to classify binding to cavities created in the oligomerization interface is
the type of xenor protein interactions, it is therefore reasonable not affected by the addition of RE; therefoféXe chemical

to introduce the ratia/N. Typically, nonspecific interactions  shifts become a selective reporter of one of the high-molecular-
give rise too/N values well below 0.005 ppm per millimole of ~ Weight species.

residue?®30arger protein-induced shifts reflect specific interac-  Oligomer-specific interactions may also explain the deviations
tions. from linearity in theAd versus [ImwPTP] for RE-free buffer.

The values ofu/N for the monomer, dimer, and tetramer are Indeed, experimental deviations of individual points from the
am/N = (1.6 + 0.7) x 104, ap/N = (2.8 + 3.7) x 1073, and regression line show a sigmoidal shape, resembling the one
ar/N = (2.7 + 0.4) x 102 ppm per millimole of residue. By ~ observed in the presence of RE, although displaced to higher
using the concentrations derived from the analysis of relaxation concentrations. Thus, tetramers are formed in both cases,
data obtained from the five lowest concentrations, the calculatedalthough they start to appear at lower protein concentrations in
ap/N andor/N values increase to 8 103 and 4x 1072 ppm RE-containing buffer.
per millimole of residue, while the effect of the monomer Effect of RE on the ImwPTP Oligomerization Equilibria.
becomes negligible. A comparison of ImwPTP relaxation data in the presence and

The value of 0.03:0.04 ppm per millimole of residue for  in the absence of RE also suggests that RE shifts the oligo-
the tetramer is well above the limit considered to be indicative Merization equilibria of ImwPTP, favoring the formation of
of specific interactions, suggesting the presence of a specific higher order oligomers. A quantitative assessment of this effect
xenon binding site in this oligomer that is not present in the can be obtained by comparing the dissociation constants of
monomeric protein. Indeed, no cavities that could accommodate/MWPTP dimer and tetramer extracted from concentration-
Xe, or even a smaller probe atom like argon, could be observeddependent relaxation data in the presence and in the absence of
in the crystal structure of ImwPTP. For the ImwPTP dinogy/N RE. RE-free data consisted of 331 data points obtained at four
has a large uncertainty, but even its upper limit would just be different protein concentrations. Although the number of Im-
close to the borderline value of ca. 0.005 ppm per millimole of WPTP concentrations measured in RE-free buffer is less than
residue, much lower than the one obtained for the tetramer. Thein the case of RE-containing buffer, the calculated values of
appearance of a new Xe binding site, not present in the monomerthe Re/Ry ratio for the isotropic (tetramer) species are fully
or in the dimer, strongly suggests that the new site is formed at consistent with each other as well as the previously calculated

the interface between the two dimers forming the tetrameric correlation time of 25.5 n&The fitted (expected) ratios are 86.7
species. + 6.8 (90.7) in the presence of RE and 74:622.6 (83.6) in

Xenon binding into hydrophobic pockets pre-existing on the RE-free buffer. The ratio between thie/R; values with and
surface of the protein usually results in the observation of Without RE (1.16) is in good agreement with the square of the
induced chemical shifts f3H, 1N, or 13C nuclei of the protein "0 of the viscosities of the two buffers (1.08).
close to the hydrophobic cavit§=16 However, no significant Ko andKr values of 6.10+ 0.58 mM™ and 0.071+ 0.028
chemical shift changes were observedhir-1"N HSQC spectra MM, with Rir = 0.46+ 0.10 s™* andRyr = 34.33+ 3.11
obtained at high Xe pressure for protein concentrations up to 1S *» Were obtained by fitting to the monomedimer—tetramer
mM (data not shown). The absence of a specific binding site in Model. TheKp and Ky values can be compared with those
the major species present at low concentrations (monomer angoPtained in the presence of RE{= 4.184 0.07 mM,Kr =
dimer) is consistent with this observation. At higher concentra- 0-074+ 0.006 mM). According to these values, the dimer is
tions, the tetramer is still a minor species, and any effect would More stable in the presence of RE, although the difference in
be scaled by its molar fraction. This is a major difference Kt values is not significant. However, as the concentrations of
between chemical shift perturbation measurements based orf€tramer and dimer are related, the overall effect of the addition
protein observation, arid®Xe chemical shift measurements. The of RE results in an increase in the concentrations of both the
former are simply weighted by the concentration of the different dimer and the tetramer.

species, while the latter are amplified by the sensitive response The molar fractions of InwPTP in the different oligomers in
of 12%Xe to specific binding. the presence and in the absence of RE are presented in Figure

Specific versus Nonspecific Protein-Induced??Xe NMR S.

Shifts: Effect of RE. The protein-induceé?®Xe chemical shift
versus protein concentration profile is very different in the
presence and in the absence of 50 mM RE. At low protein
concentrations, where oligomer formation is negligiBf€Xe

Discussion

We have shown that the oligomerization of ImnwPTP can be
described as a concentration-dependent dynamic equilibrium

chemical shifts are dominated by the nonspecific interaction of between monomers and specific oligomers, especially dimers

xenon with the ImwPTP monomer. The initial slope of the
vs [ImwPTP] curve in RE-free buffer is ca. 1.15 ppnM~1,
corresponding to a relatively high value of 0.007 ppm per
millimole of residue, still close to, although larger than, the

and tetramers. The analysis of the variationRefR; with the
protein concentration allows the concentrations of the different
oligomers to be determined. Interestingly, a completely different
NMR spectroscopic parameter, namely the protein-inddée
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paper by Golovanov et al., this buffer does not prevent specific
protein—protein or proteir-DNA interactions In the case of

0.9
ImwPTP, oligomer formation is not hindered by arginine and
0.8 | . . : A .
glutamic acid mixtures. On the contrary, the equilibrium is
c 077 shifted toward the oligomeric species, as seen by the analysis
-%. 0.6 - of the concentration dependence-™ relaxation data antfXe
E 0.5 1 chemical shifts measured in the presence and in the absence of
= RE. The origin of this effect is presently under investigation.
g 041 Excluded volume effects (molecular crowding) are known

to enhance macromolecular associaior¥® Another well-
described excluded volume effect is enhanced folding, as the
unfolded state is more expand&dt is well known that partial
unfolding is often responsible for nonspecific aggregation and
. solubility problems. The reported increase in solubility may be
00 01 02 03 04 05 06 07 08 09 10 1.1 accounted for, at least in some cases, by a destabilization of
the partially unfolded forms that cause aggregation. This
) ) ) ) . . hypothesis would also explain the reported RE-induced resis-
Figure 5. Molar fraction of ImwPTP present in the different oligomeric tance toward contaminating proteases, leading to increased long-
species at equilibrium in RE-containing buffer (open symbols and dashed ] - ; ’ : ;
lines) and in RE-free buffer (filled symbols and continuous lines): monomer, term protein stability’® It is known that disordered protein
red circles; dimer, green squares; tetramer, blue triangles. extremes and loops are more susceptible to attack by proteases
than the well-folded protein cores. The observed effects of RE
NMR chemical shiftAd, also turns out to be a sensitive reporter  on ImwPTP would be consistent with an excluded volume effect,
of ImMwPTP oligomerization. although it is surprising that these effects are observed at
The exquisite sensitivity of?%Xe chemical shifts makes this  concentrations of two low-molecular-weight additives as low
nucleus an excellent reporter of its environment. However, as 50 mM.
nonspecific weak binding to a variety of substrates complicates  Excluded volume effects are typically associated with large
the interpretation of the results. We have found that the addition concentrations of macromolecules, conditions normally found
of arginine and glutamic acid (RE) to the buffer, reported to in the cell cytoplasni” Excluded volume can also explain the
decrease nonspecific aggregation, also modulates'#ixe effects of small molecules on protein folding and stability,
chemical shift response as a function of protein concentration. although large concentrations of cosolute are usually reqiiréd.
129¢e chemical shifts show a complex nonlinear response, Electrostatic interactions between oppositely charged ions
reflecting the changing composition of the protein solution as introduce correlations between their positions which have
a result of concentration-dependent oligomer formation. The characteristic length scalés#2For large inter-ionic distances,
interaction of Xe with the different oligomers changes in the the presence of the ions can be accounted for by a Change in
presence of RE. While in the absence of REXe chemical  the effective dielectric constant of an effectively homogeneous
shifts are affected by all the protein species present, the additionpackground. For short distances between ions, the molecular
of RE cause$?*Xe chemical shifts to become selective for one structure of the ionic background becomes appafent.
of the InwPTP oligomers. The volume occupied by the protein can be considered a
Xenon is considered to bind nonspecifically to hydrophobic perturbation of the minimum energy structure of the structured
patches or to disordered regions on protein surfaces. Xe bindingsolvent, and the tendency to reduce this perturbation will appear
to denatured proteins has already been stutfiétDisordered as an excluded volume effect and favor the formation of
regions have also been reported to enhance nonspecific proteirpligomers.
aggregatior¥? The increased protein solubility and reduced  predictions using the dressed interaction site theory for
nonspecific Xe interactions caused by RE may have a commonmolecular electrolytes, supported by Monte Carlo computer
ongin. simulations, show that the electrolyte concentration at which
One possibility, suggested by Golovanov et al., is a “shield- the behavior of the correlation function changes from being
ing” of exposed hydrophobic surfaces of proteins by the binding continuous to oscillating is lowered by several orders of
of arginine and glutamic aci#. However, no chemical shift  magnitude for nonspherical multisite electrolyt@sThis is
changes were observed iH—1°N HSQC spectra of InwPTP  expected for the mixture of arginine and glutamic acid and could
in the presence and in the absence of RE.
A second possibility is that both nonspecific Xe binding and (33) ZZiZmzn;‘if&any S. B.; Minton, A. P. ARev. Biophys. Biomol. Struct993
protein aggregation involve disordered portions on the protein (34) Eliis, R. J.Curr. Opin. Struct. Biol2001, 11, 114-119.

i i i (35) Zhou, H-X.J. Mol. Recognit2004 17, 368—375.
surface. RE-induced orderlng of the protein surface would (36) Dedmon, M. M.; Patel, C. N.; Young, G. B.; Pielak, GPdoc. Natl. Acad.

[ImwPTP]/ mM

provide a common explanation for the effect of RE '8PXe Sci. U.S.A2002 99, 12681-12684.
NMR and protein solubility (37) Zimmerman, S. B.; Trach, S. Q. Mol. Biol. 1991, 222, 599-620.

- o ) ) (38) Shellmann, J. ABiophys. J2003 85, 108-125. ) )
The addition of arginine and glutamic acid to the buffer (39) Saunders, A.J.; Davis-Searles, P. R.; Allen, D. L.; Pielak, G. J.; Erie, D.
Vi . lubilit dd ti A. Biopolymers200Q 53, 293—-307.
generally increases protein solubility and decreases aggregationgq) Tadeo, X.; Pons, M.; Millet, OBiochemistry2007, 46, 917-923.

which cause NMR line broadening. As indicated in the original (41) Kjellander, R.; Mitchell, D. JJ. Chem. Phys1994 101, 603-626.
(42) Bagatella-Flores, A. N.; Gohtez-Mozuelos, PJ. Chem. Phy2002 117,

6133-6141.
(32) Otzen, D. E.; Miron, S.; Akke, M.; Oliveberg, NBiochemistry2004 43, (43) GonZ#ez-Mozuelos, P.; Yeom, M. S.; Olvera de la Cruz, Bur. Phys. J.
12964-12978. 2005 16, 167-178.
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therefore explain the observation of typical excluded volume cavity at their interface capable of accommodating a xenon atom.
effects, even at low concentrations. Furthermore, it could be shown that the addition of arginine

Comparison of the concentration dependence of the ImwPTP-and glutamic acid shifts the InwPTP auto-association equilib-
induced ¥2°Xe chemical shift,Ad, and >N relaxation rates  rium toward the formation of oligomers. It is suggested that
strongly suggests that xenon preferentially binds to ImwPTP this is due to an excluded volume effect arising from the ion-
tetramers, formed beyond ca. 0.3 mM ImwPTP concentration. pair nature of the amino acid mixture. The use of this NMR-
The o/N ratio of 0.03 ppm per millimole of residue indicates  friendly amino acid mixture may greatly facilitate further studies
the presence of specific binding. of crowding effects by NMR5

Specific binding to a pre-existing cavity does not take place
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