14120 Biochemistry2006,45, 14120-14128

Tryptophan Solvent Exposure in Folded and Unfolded States of an SH3 Domain by
F and'H NMR?

Ferenc Evanic$,lrina Bezsonova;® Joseph Marsh! Julianne L. Kitevsk#, Julie D. Forman-Kay;' and
R. Scott Prosser*

Department of Chemistry, Usrsity of Toronto, Toronto, Canada, Molecular Structure and Function Program, Hospital for
Sick Children, Toronto, Canada, and Department of Biochemistryydsgity of Toronto, Toronto, Canada

Receied July 10, 2006; Résed Manuscript Receéd September 11, 2006

ABSTRACT: The isolated N-terminal SH3 domain of tBeosophilasignal transduction protein Drk (drkN

SH3) is a useful model for the study of residual structure and fluctuating structure in disordered proteins
since it exists in slow exchange between a foldegfFand compact unfolded @ty state in roughly

equal proportions under nondenaturing conditions. The single tryptophan residue, Trp36, is believed to
play a key role in forming a non-native hydrophobic cluster in thedstate, with a number of long-

range nuclear Overhauser contacts (NOESs) observed primarily to the indole proton. Substitution of Trp36
for 5-fluoro-Trp36 resulted in a substantial shift in the equilibrium to favor the,Btate. A variety of

19 NMR measurements were performed to investigate the degree of solvent exposure and hydrophobicity
associated with the 5-fluoro position in both thgdrand Uycn States. Ambient; measurements and
H,0/D,0 solvent isotope effects indicated extensive protein contacts to the 5-fluoro position igdhe F
state and greater solvent exposure in thg-ktate. This was corroborated by the measurements of
paramagnetic effects (chemical shift perturbations Binetlaxation enhancement) from dissolved oxygen

at a partial pressure of 20 atm. In contrast, paramagnetic effects from dissolved oxygen revealed less
solvent exposure to the indole proton of Trp36 in thgckstate than that observed for thedr state,
consistent with the model in which Trp36 indole belongs to a non-native cluster. Thus, althoughdthe U
state may be described as a dynamically interconverting ensemble of conformers, there appears to be
significant asymmetry in the environment of the indole group and the six-membered ring or backbone of
Trp36. This implied lack of averaging of a side chain position is in contrast to the general view of fluctuating
side chains within disordered states.

Many proteins possess significant regions of intrinsic disordered systems can be investigated by CLEANEX-type
disorder (). Interestingly, a high proportion of these proteins hydrogen exchange between solvent and protein prof@)s (
are involved in signaling?) and cell cycle processes. Itis  14) or by the addition of contrast agents to the solvent and
currently believed that disordered regions facilitate complex the subsequent study of changes in the chemical shifts or
regulation by mediating protein interactions in a highly relaxation rates of resonances associated with solvent-
adaptable manner. The extended state also affords th%xposed residues on the protein Surfa]jé 0_6) Here we
advantage of a greater interaction surface. To better under-gefine contrast agent to mean any additive which affects a
stand the role of protein disorder, structural or topological change in line width, chemical shift, @ as a function of
information about disordered states of proteins, ideally under o4 environment, and as such, a contrast agent may be
nondenaturing conditions, is critical. In NMR experiments, paramagnetic or a simple isotope as in the case:6fBhich
such information may come from the observgtion of nu.clear gives rise to measurable shifts for solvent-expdSedabels.
gr\]’ﬁ;z?g;eermeg)e;; (ESI;I?eEsSi‘gl)ng%?;igfggjgﬁnézl?égtgsr; We utilize 1% and'H NMR and compare the effects of

e dissolved oxygen and more traditional additives to investigate

(6, 7), chemical shift deviations from random coll values solvent exposure and hydrophobicity at various sites belong-

(8—11), or scalar couplingsl@). Another useful structural : . . :
tool for the study of disordered proteins is the measurement'"9 to the tryptophan residue involved in a non-native cluster

of solvent exposure. Normally, contact with the solvent in in the unfolded state of a marginally stable protein.
The isolated N-terminal SH3 domain of tix¥osophila
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measurements (i.e., intramolecular NOEs, fluorescence, and
near-UV CD) are consistent with dynamic hydrophobic
clustering or structure associated with hydrophobic residues
seen in other unfolded and disordered states. Tryptophan
residues are routinely involved in such clustez§)(In the
case of the stabilizing Trp cage motif, there is a long-range
hydrogen bond between the tryptophan indole proton and a
backbone carbonyl group of another residé)(

Greater detail of clustering and solvent protection in the
Uexch State may be obtained from NH proton-exchange
studies. In this case, CLEANEX experiments, tailored to
detect only amide or indole protons in rapid exchange with
the solvent 14), revealed that while the majority of backbone
amide protons in the unfolded state ensemble appear to be
unprotected from exchange with solvent, the indole of Trp36
is at least 90% buried in the unfolded state with backbone
amides of nearby Asn35 and Arg38 residues also partially
protected 22). The absence of significant protection for most
backbone amides points toward an ensemble of rapidly
interconverting conformers in thegkd, state with no stable
hydrogen-bonded elements of secondary structure. Remark-
ably, within this dynamic ensemble, a prominent asymmetry
for Trp36 persists, where the backbone amide exhibits
relatively little solvent protection and the indole proton
appears to be significantly protected. The use of a fluorine
) ) o ) probe on the six-membered ring of Trp36 provides the
Ficure 1: Ribbon diagram of the drkN SH3 domain illustrating possibility of examining solvent protection at another site

the regions of major secondary structure in the/state, along . . . .
with the location of the fluorine atom (green sphere) and indole on the side chain, thereby allowing closer study of this

proton (white sphere) in Trp36. asymmetry.

Though the Trp36 indole group is clearly involved in non-
The U State can be described as an ensemble of rapidly native inter-residue contacts, it is difficult to estimate the
interconverting conformers, some of which possess long- actual fraction of rapidly interconverting conformers in the
range contacts and residual struct8e Small-angle X-ray Uexch €nsemble which possess features representative of the
scattering and NMR diffusion measurements suggest that thenon-native hydrophobic cluster, based primarily on NOE
Uexch State is relatively compact, possessing an average radiuglata. Distance constraints based on NOEs depend on the
of gyration~10% larger than that of the.f,State, compared ~ spectral density term, which explicitly “weights” a given
to a 60% larger radius expected for a random coil structure NOE according to the time scale and amplitude of local
(20). motion. For example, in the simplest model where the motion
is parametrized by a single reorientational correlation time,
7., the cross relaxation rate;, associated with the NOE
between two homonucle&= 1/, species of gyromagnetic
ratio y and separated by distanceés given by

In the drkN SH3 domain K. State, Trp36 appears to play
a key structural role. Tryptophan is involved in a non-native
cluster with non-native NOE contacts observed between
aromatic residues Trp36 and Tyr37 and various residues

within a non-native helix which extends from amino acids 42 6/
18 to 28 @, 21—-23). Thr22 also appears to play a role in o= yh E c -7 (1)
stabilizing the interaction between the non-native helix and 10[ug/(4m))* ¥4 + 40%c ) ¢

the two aromatic residues, as evidenced by mutational

analysis 24). NOESY experiments revealed at least three \yhereA and 1o are well-known constant27). Thus, an
long-range amide NOEs=(, i + 5) to the indole group of  ensemble of rapidly interconverting conformers may give
Trp36 in the WUsen state in a perdeuterated version of drkN  rise to an average distance terf/r®] where the relative
SH3 @) and a number of medium- and long-range methyl weighting depends explicitly on dynamics or differences in
NOE contacts to the indole proton of Trp36 in a sample of dynamics within the ensemble. In contrast, soluble relaxation
selectively protonated aromatic ademethyl-protonated lle  agents whose electronic relaxation times are sufficiently
and Leu residues in otherwise perdeuterated drkN 398 ( short, as in the case of,Gnd Ni(ll), are not affected by
This notion of significant clustering in the vicinity of Trp36  dynamic processes or interconversion between conformers
in the U State is corroborated by near-UV CD studies, and reflect a simple population-weighted average property
obtained by deconvoluting signal fromelh and folded  of the ensemble. Therefore, these approaches can serve as
states, which revealed that Trp36 is involved to the same an ideal complement to NOE measurements for purposes of
extent in inter-residue contact as in thgdrstate 22). In assessing solvent exposure and local hydrophobicity of the
addition, stopped-flow fluorescence data also suggested thekey tryptophan residue believed to be involved in this non-
Trp ring is more buried in the unfolded state than in the native hydrophobic cluster. Furthermore, since CLEANEX-
folded state, where it lies on the binding surfa2g)( These type experiments focus on fast proton exchange with NH
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groups, it is advantageous to consider methods in which it ring is completely exposed to the solvent. Thus, the contrast
is possible to observe a greater range of solvent exposureexperiments described provide localized information which
and/or protection, while it is also desirable to determine the highlights the dramatic asymmetry in environment associated
hydrophobicity of the local environment to ascertain if a with Trp36 in the Wy State.
specific region is protected due to hydrophobic clustering
or local hydrogen bonding. MATERIALS AND METHODS
Fluorine NMR has several distinct advantages in studies Sample PreparatiorA plasmid encoding the isolated WT
of solvent exposure. In the absence of contrast agénts, drkN SH3 domain, residues—59 of Drk (17), under the
generally shorter for buried than solvent-expo¥&dnuclei control of the T7 promoter, was transfected iischerichia
(28). *%F NMR spectra of specifically fluorinated proteins coli HMS 174 cells. The expression of tHiN-labeled protein
often reveal dramatic changes in chemical shifts and line was induced fo1 h at an Olgy of 0.6 by addition of 250
shapes between folded and unfolded or chemically denatur-mg/L IPTG to bacterial growths at 37C in M9 minimal
ated states29—31). However, since interpretation of such medium, supplemented with 0.3®sglucose, 0.1%85NH;-
chemical shift changes in terms of structure may be difficult Cl, 100 mg/L ampicillin, 10 mg/L thiamine, 10 mg/L biotin,
(29), paramagnetic additives offer a potential advantage in 1 mM MgSQ, and 1 mM CaGl To introduce fluorotryp-
terms of quantitative interpretation of the degree of solvent tophan into drkN,°F-labeled 5-fluora-,p-Trp was added
exposure and, consequently, of protein folding and unfolding to the bacterial culture at a concentration of 600 mg/L, 1 h
events. Soluble paramagnetic contrast agents such#s Dy prior to induction. Note that the literature recommends
EDTA, GP:EDTA, or nitroxide spin-labels generally give addition of only 60 mg/L, and the 10-fold excess that was
rise to large'®F NMR chemical shift perturbations and/or utilized was very likely to be unnecessary. Growth was halted
enhancement of both spirspin and spir-lattice relaxation 1 h after induction, rather than 3 h. Cells were lysed by
rates 82, 33). Relaxation enhancement arises partly from sonication in 50 mM Tris, 2 mM EDTA, 5 mM benzamidine
the fact that thé®F nucleus has a high gyromagnetic ratio HCI, and 7 mMpB-mercaptoethanol. The drkN SH3 domain
and is thus strongly relaxed by paramagnetic species throughwas purified on a DE 52 ion-exchange column with a linear
dipolar mechanisms. Chemical shift effects arise from the gradient of NaCl (from 0 to 1 M) followed by purification
lone-pair valence electrons which participate in nonbonded on a Superdex 75 gel filtration column in 0.15 M NacCl, 50
interactions, making the fluorine nuclear spin sensitive to mM Tris, 2 mM EDTA, 5 mM benzamidine HCI, and 7 mM
changes in van der Waals contacts, electrostatic fields, and3-mercaptoethanol, and then a Mono Q ion-exchange column
hydrogen bonding34). Even the substitution of fb for with a linear gradient of NaCl (from 0 to 0.3 M). All
H,0 is known to yield a 0.25 ppm chemical shift perturbation purification steps were performed at’@.
in ®F NMR applications of solvent-exposed residu@s, ( NMR ExperimentsThe protein concentration was ap-
35, 36), while the addition of paramagnetic species such as proximately 0.2 mM in 50 mM phosphate buffer (pH 6.0).
dissolved oxygen may give shifts as large as 5 ppm, in A 350 uL sample volume was deemed sufficient for
addition to causing large relaxation rate enhancements atshimming purposes, ugina 5 mmoutside diameter, 3 mm
partial pressures a£ 20 atm 37—39). inside diameter sapphire NMR sample tube (Saint Gobain-
In general, chemical shift perturbations or relaxation Saphikon Crystals, Milford, NH) designed to tolerate pres-
enhancements from contrast agents may result from both thesures as high as 270 bar. To measure effects of dissolved
degree of solvent exposure and possible local partitioning oxygen, the sample was first equilibrated at® outside
of the contrast agent. For example, paramagnetic additivesthe magnet at an oxygen partial pressure of 40 atm for 2
such as TEMPO are known to preferentially interact with days and then equilibrated overnight in the magnet at the
aromatic residues4Q), while dissolved oxygen is expected desired partial pressure of 20 atm. Using open Swagelok
to partition into accessible hydrophobic or disordered connections (Swagelok, Solon, OH) to a pressurized oxygen
pockets. As discussed below, it is possible to distinguish supply, it was possible to maintain the pressure during the
between steric effects (i.e., solvent-exposed surface area) an@ntire course of the NMR experiment. Control experiments
hydrophobic partitioning effects by a judicious choice of on free, dissolved 5F-Trp were also performed both with
contrast agents whose sizes are comparable but where onand without oxygen. To reproduce oxygen concentrations,
species is hydrophobic and the other hydrophilic. In the we relied on the measurement of the T, of water (i.e.,
context of%F NMR, water and oxygen are an ideal choice 0.16 s for the fluorotrptophan drkN SH3 sample under an
since HO/D,O solvent isotope effects can be easily measured oxygen partial pressure of 20 atm and 0.154 s for the free
as are paramagnetic effects of dissolved oxygen. Similarly, 5SF-Trp amino acid sample under an oxygen partial pressure
paramagnetic rates from dissolved oxygen and NOE effectsof 20 atm). Upon completion of oxygen experiments, the
from water are easily observed {fl NMR applications. sample was degassed by first being transferred to a 1.5 mL
Solvent exposure and hydrophobicity are important aspectsmicrofuge tube resting on an ice bath, after which it was
of loosely packed hydrophobic clusters and disordered slowly stirred using a sterile needle tip which precipitated
systems in general. Thus, it is important to develop an the bubbling of oxygen. The sample was then left for 24 h
experimental protocol to distinguish the two effects. In this in a nitrogen environment to allow for residual degassing.
paper, we examine contact with both water and dissolved To exchange kD for D,O buffer, a 0.5 mL centrifugal
oxygen, using®™F NMR and 'H NMR to distinguish concentrator with a molecular mass cutoff of 3 kDa was used.
hydrophobic effects and solvent exposure. The results revealA modest amount of protein (30%) was lost upon solvent
detailed site specific information demonstrating that Trp36 exchange and transfer back to the original sapphire NMR
is clustered in the b state such that the indole group is tube, resulting in a need for greater signal averaging in the
protected from solvent while the 5 position of the aromatic D,O sample.



Tryptophan Solvent Exposure

H and®®F one-dimensional NMR experiments altt{*>N
gradient-selected HSQC two-dimensional experiments were
performed at 5C on a 600 MHz Varian Inova spectrometer,
using a standard HCN triple-resonance single-gradient solu-
tion NMR probe, in which the high-frequency channel could
be tuned to eithefF or *H. Sixteen scans and 80 increments
spanning 1800 Hz in the indirect dimension were used to
obtain the HSQC spectrum, while at least 256 scans were
used to obtain thé®F NMR spectrum. Note that backbone
amide assignments of tR&-labeled drk SH3 domain were
obtained on the basis of their proximity to previously
assigned resonances in the unfluorinated protélrindole
T, measurements were carried out via a standard inversion
recovery sequence where the solvent signal was suppresse
by a WATERGATE filter sequencet(); since the 5F-Trp
was not'>N-enriched, théH indole signals from the ki
and Ry States were detected directly. The measurement of
19F spin-lattice relaxation times was accomplished by an
inversion recovery sequence (i.e., $86—90°) using a total
of eightr values, logarithmically spaced between 10 ms and
5 s (ambient sample) or 1 msci s (oxygenated sample).
The repetition time was adjusted to either 6.5 or 1.5 s for
the ambient or oxygenated samples, respectively. Two Hahn
echo refocusing pulses, spaced by 350 were appended
to all **F NMR sequences to help filter out the background
19 signal from the probe. In a separate (unfluorinated)
sample of the drkN SH3 domain, prepared as described
previously @), contact of water with the tryptophan indole
and backbone amide protons was assessed using an ePHOGS
NOE experiment42, 43) with mixing times ranging from
50 ms to 2 s. The slope associated with the initial buildup
of NOE signal could be determined and was used to estimate
the NOE.

RESULTS

Effect of Fluorination of Trp36Figure 2A compares the
1H,5N HSQC NMR spectrum of th&N-enriched drkN SH3
domain (black contours) with that of the 5F-Trp substituted
form (red contours). Note that there is no detectdfiH
tryptophan signal from the fluorotryptophan substituted
species, suggesting that the level of incorporation'#]{

Trp was at least 98%, based on the signal-to-noise ratio in
the HSQC spectrum. The two spectra of fluoro-drkN SH3
and drkN SH3 domains overlap with modest differences in
chemical shifts, suggesting that even a single fluorine atom
substitution may have subtle effects on conformation in the
case of marginally stable and disordered proteins. The
similarity in the HSQC spectra suggests that the conforma-
tions of the fluorinated and unfluorinated proteins are similar
in both states. However, without additional experiments
including a detailed comparison dH—H and *H—1%F
NOEs, one cannot rule out minor differences in conformation
or dynamics introduced by the fluorine atom. Figure 2B
presents thé®N,'H chemical shift deviations resulting from
the substitution of 5F-Trp for both thef (black bars) and
Uexch States (white bars). Note that the chemical shift
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Ficure 2: (A) H,>N HSQC NMR spectrum of thé®N-enriched
drkN SH3 domain (black) overlaid with the equivalent spectrum
of the drkN SH3 domain in which Trp36 is replaced with 5F-Trp
(red). Both spectra were acquired at°&. (B) A histogram
indicating the weighted average of chemical shift perturbations
resulting from replacing Trp36 with 5F-Trp36 for both thedr
state (white bars) and the.Jy state (black bars) of the drkN SH3
domain. Shift perturbations are calculated as a weighted average
of shifts in both the 'H and !N dimensions Ao =

VIAGCH)40.2A0(3N) 3.

the Rxch and Usxch States. There is a substantial shift in the
equilibrium toward the ke State upon substitution of 5F-
Trp36. The equilibrium between the& and U, states of
drkN is a very delicate onelg); the free energy barrier has
been previously estimated to be 0.4 kcal/nZel)( The T22G
mutation shifts the equilibrium dramatically toward thg:f
state, due partially to the disruption of residual non-native
helical structure in the LJ.,ensemble and an increase in its
free energy Z4). Moreover, it has proven very difficult to
mutate Trp36 to other residues without significantly altering
the stability of the protein (M. Tollinger and J. D. Forman-
Kay, unpublished results). The dramatic stabilization of the

deviations are greater for the.k, state, which is perhaps folded state by a single fluorine atom is not unprecedented,
not surprising since the folded state is more compact, leadingthe substitution of Trp187 with the 5-fluorinated version
to closer distances between protons and the fluorine atom.resulted in a stabilization of human recombinant annexin V
It is also clear that the shift perturbation profiles show little (45). The'®F NMR spectrum of the 5F-Trp substituted drkN
resemblance for each of the two states, which emphasizesSH3 domain, obtained under conditions identical to those
the distinctly different environment that Trp36 occupies in of the unfluorinated drkN SH3 domain, is shown in Figure
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160 A ' ' ' ' ' ' ' exposed) residue are 1.284 and 0.00 for thgddnd Rxcn

states, respectively. Since the oxygen-induced shift associated
with the U State is even greater than that observed for
free 5F-Trp, it is tempting to conclude that the 5-fluoro
position of Trp36 is thus fully exposed in the.kh state.
However, the contrast effect of dissolved oxygen may result
from two effects: (1) the degree of solvent exposure and
(2) preferential partitioning of oxygen in the vicinity of the
probe nucleus, resulting in shifts greater than that experienced
in bulk solvent. The latter effect could arise from a local
cavitation effect46) and/or from the hydrophobic character

in the vicinity of the probe nucleus. This is not unexpected
since Trp36 is proposed to participate in a non-native
hydrophobic cluster, which is presumably dynamic or
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024 1242 1244 1246 1248 125 1252 1254 sufficiently loosely packed to facilitate oxygen accessibility.

ppm It should be possible to distinguish hydrophobic partitioning

160 , i . . , i i effects from solvent exposure by performing additional
B measurements which utilize hydrophilic contrast agents as

140 - ] discussed below. Accessibility to dissolved oxygen is also

detected by°F NMR spin-lattice relaxation measurements,
and results of these experiments are given in Table 1. After
_ the paramagnetic rates observed for both the, Bnd Uych
states have been divided by the paramagnetic rate observed
for free 5F-Trp, under identical conditions, the enhancement
ratios [i.e.,R" = RP(BFTrp—drkN)/R;P(5FTrp—free)] are
1.70 and 0.65 for the §lnh and Rych States, respectively. In
1 this case, the paramagnetic enhancement ratio observed for
F the Uy State is even higher than that observed from
chemical shift perturbations. Thus, the 5 position of Trp36
M/\/\ S experiences a significant degree of solvent exposure and/or
124 1242 -124.4 1246 -124.8 -1|25 -125.2 /\/512?4‘,\ local partitioning of Qin the Uen State.
' ' ' ‘ ‘ ' Assessing Soént Exposure by the Sant Isotope Effect.

ppm . . . . .
FiGURe 3: (A) 19F NMR spectra of the 5F-Trp-substituted drkN An established way of considering solvent exposure is simply

SH3 domain obtained at®. Solid and dashed lines represent the 10 replace HO with D;O, since'®F NMR resonances of
spectra under unoxygenated and oxygenated conditions, respecexposed probes are known to shift by as much as 0.25 ppm

gVGW-_ (B)bltgF N(';/lRt %e%:a of ltgei_ 5F-Tfp-sub8ttittuhte¢1 dfktN SH3f under such circumstance&§j. Figure 3B compares the
omain optained al . € Solld line represents the spectrum o1 19 i
the drkN SH3 domain in a 30/10 /D0 mixture, while the _ SE;:IMR .Spetcg‘é”? of the 5'ﬂ“°r°|'s‘i%7g(t)”te% ‘gkN
dashed line represents the spectrum after exchanging the buffer with=". omain a ) In-an appro_x[matey dGD 2
a 10/90 HO/D,O mixture. mixture (dashed line) to the original spectrum in a 90/10
H,0O/D,O mixture (solid line). In this case, there is a
3A (solid line). Definitive assignments could be made to the downfield shift observed for thé’F resonance associated
Fexch and Usyen States in thé®F NMR spectrum, based on  with the Ry State (i.e., 0.146 ppm), while an upfield shift
the ratio of areas of the two peaks [i.e., areagfarea(Uxcn (i.e.,—0.132 ppm) is observed for the resonance associated
= 3.16 at 5°C] since the ratio of volume integrals from with the Ui State, which is similar to the shift 6f0.109
previously assigned resonances in the HSQC spectrumppm observed for free, dissolved 5F-Trp, under identical
associated with the two states clearly indicated that the ratioconditions. If solvent exposure were the only consideration,
of conformers was 3.0. Note that the line widths associated we would expect an upfield shift when,8 was replaced
with the Rxchand Uyenresonances are approximately 63 and with D,O. Although there are numerous explanations for
25 Hz, respectively, while the spirattice relaxation times  the anomalous solvent isotope shift associated with the
of each of the two conformers are 0.300.03 and 0.72+ Fexch resonance, it may originate from a specific interaction
0.09 s, respectively. of fluorine with a bound water molecule and/or with
Assessing Soént Exposure by Disseéd OxygenThe the protein itself. This is also suggested by the earlier
addition of dissolved oxygen has a significant effect on the observation that the equilibrium changed dramatically in
Uexch State where a shift 6f0.2174 0.001 ppm is observed, favor of the Ry State upon substitution of a hydrogen for a
while the Ryehstate effectively does not shift within the above fluorine atom at the 5 position, while the paramagnetic
uncertainty of 0.001 ppm as shown by fiE NMR spectra shift from dissolved oxygen was noted to be zero. Fluorine
in Figure 3A. To interpret the paramagnetic shifts with is well-known to act as a weak hydrogen bond acceptsy; (
respect to solvent exposure, we consider first the shift and in our case, it significantly stabilizes the folded
perturbation of+0.169 ppm experienced by 5F-Trp, free, conformation.
dissolved in water under conditions identical to those of the  The equilibrium between the.fn and Uy States also
protein. The resulting ratios of the paramagnetic shifts of changes dramatically upon substitution ofQ) as seen in
5F-Trp in the drkN SH3 domain to those of the free (fully Figure 3B, where the ratio of conformers in thgdrto Uexcn
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Table 1: Results of; Measurements in 90% #/10% DO and 10% HO/90% DO Mixtures in Addition to Solvent Isotope Shifts and
Paramagnetic Shifts and Rates Resulting from Dissolved Oxygen for the 5-Fluoro Position and the Indole Proton

T1 (s) in 90% HO T1 (s) in 100% RO R"(O,) (Hz) Ado, (ppm) Ad(D20—H;0) (ppm)
19F-labeled fych 0.50+ 0.03 1.98+ 0.01 2.18 0t 0.015 +0.146
F-labeled Wyen 0.72+0.09 5.61+ 0.01 5.61 0.21A 0.015 —0.132
19F (free Trp) 1.168 1.139- 0.005 3.34 0.16% 0.015 —0.109
IH indole Fexch 1.56+ 0.01 NA® 4.74 NA® NA2
IH indole Usxen 0.979+ 0.005 NA 4.0 NA2 NA2

aNot available.

state has roughly doubled. Water undoubtedly participatescontrast effects from water and oxygen. Focusing on
in a multitude of electrostatic and hydrogen bonding interac- variables relevant to this study, in the weak collision limit
tions with the protein. In either case, the magnitude of the we may express the chemical shift perturbatiado,, due
free energy associated with such interactions is lowered uponto contact with oxygen a$p)

introduction of DO, and the equilibrium shifts toward the

state involving fewer bound waters (i.e.ex&). However, Adg, = KIRLAO,] [y 2
the isotope effect is at least as dramatic in the unfluorinated
drkN SH3 domain where the change in the ratio g&fo where k represents a proportionality constafif2is a

Uexcn conformers is more than a factor of 2, suggesting that collisionally accessible surface arearepresents a polariza-
the Gibbs free energy of unfolding is not substantially tion or spin delocalization term, arifio;]Cica Signifies the
changed by the introduction of the fluorine atom. local oxygen concentration. If we further consider the
The above solvent-induced shift results may also be normalized equivalent of the above chemical shift perturba-
normalized by first measuring the chemical shift perturbation jop, A%, in which we divide the measured chemical shift
when HO is replaced with BO for free SF-Trp. The  perturbation by that observed for free, dissolved 5F-Trp, then
resulting ratio of chemical shift change for the intact protein ;¢ expect the dominant terms to simply involve the ratio of
to that of the free amino acid is 1.21 for thekdstate. Thus,  accessible surface areas and the ratio of local oxygen
the 5 position of Trp36 appears to be completely exposed to gncentrations such that
solvent in the U, state to the extent that the solvent
exposure even surpasses that observed for free 5F-Trp. One
plausible explanation is that the density of water in the ASE = =
vicinity of the 5-fluoro position of the protein is higher than 2 AéOZ(SFTrp—free) m%z(SFTrp—free)[OZJ bulk
that for the bulk solvent which is not unprecedented in studies
of protein surfacesA(7—50). Prior studies have reported that Note that the ratio of surface areas should certainly be less
in comparison to the free amino acids, water is often more than unity, suggesting that the overall normalized shift can
structured out to as many as two hydration shells, particularly be greater than unity only if the region in the vicinity of the
in the case of polar side chaing9j. probe is hydrophobic. In our case, measurements of the
1%F NMR spin-lattice relaxation rates and line widths are oxygen-induced shift perturbations of the 5F-Trp probe in
also of some use in confirming the degree of packing and the U, state and of free, dissolved 5F-Trp, under identical
thus, solvent exposure, in the absence of oxygen. In conditions, reveal thaldy, = 1.284, suggesting [Pocal
deuterated solvent and assuming that dipolar relaxation[oz]bulk > 1.284. We mayzsimilarly define the normalized
dominates, the relaxation rate is known to be a useful reporteryersion of the chemical shift perturbation due to the solvent

A602(5FTrp—drk) _ |:'Ql%I)Z(SFTrp—drk)[OZ]Iocal

of the weighted density of surrounding protons (i, ). isotope effect as
In D20, the ®F NMR spin-lattice relaxation rate of the
5-fluoro probe in the W, state is 0.178 Hz which is Adp 6 H,05FTrp-drk)

significantly smaller than that of the folded state (0.505 Hz). Aé’ﬁizo =3
This may be compared with the relaxation rate associated D,0—-H,0(5FTrp-free)

with free 5F-Trp which is observed to be 0.88 Hz. Thus, EQmizo(SFT”erk)[HZo]locaI
barring gross differences in local hydrophobicity and oxygen
partitioning, we find the solvent isotope shifts, effects of mmizo(SFTrrHree)[HZO]bulk

dissolved @, and ambient spinlattice relaxation rates all
suggest that the 5F position is significantly more exposed Although this is not of paramagnetic origin, we neverthe-
to solvent in the Lk State than in the & state. less expect the normalized version of the chemical shift
Distinguishing between Steric Effects and Partitioning perturbation arising from substitution of,8 for D,O to
Effects with Contrast Agent€ontrast agents are of tremen- depend on a similar product of ratios as above. Again, solvent
dous use in the evaluation of steric effects or solvent isotope shift effects of both free 5F-Trp and the 5F-Trp probe
exposure. However, we must consider the extent to which from the Uscn state of the drkN SH3 domain reveal that
the contrast agent associates with specific residues or groupsSﬁzo = 1.21, whereupon we conclude that »Mocal
or even partitions into the protein, particularly in cases where [H2OJpuk = 1.21. Assuming that the collisional accessibilities
the protein is unfolded or partially unfolded. To distinguish of water and oxygen are similar, the ratio of accessible
between steric and partitioning effects, we can make use ofsurface areas in both eqs 3 and 4 will be identical. If we
contrast agents of similar size, whose hydrophobicities are make this approximation, we may then consider the ratio of
dramatically different §1). In this case, we compare the the above normalized shifts which provides an estimate of
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the partitioning potential of oxygen and water and, thus, a paramagnetic rate associated with dissolved oxygen and a

hydrophobicity, which we express as rate of transfer of water magnetizatiosd]. One might also
conceive of utilizing a ratio of paramagnetic rates arising
A% [0,]10c/[0] from dissolved oxygen and a chelated Ni(ll) species, since
2 _ loca bulk (5) both are ideal paramagnetic probes for NMR because of their
Aé*,;zo [H2Oocal [H2Olbui short electronic spin relaxation times.

On the basis ofH NMR studies of the indole protons
andF NMR studies of the fluorine label at the 5 position,
Trp36 appears to be situated in the protein in thglstate
such that the 5 position of the Trp ring is significantly
exposed to the solvent while the indole proton is less
exposed. The fluorine probe allowed for the sensitive study

The above measurementstdg, andAdy, o reveal that the
relative partitioning term is on the order Qﬁ@*oz]/[Aé*H ol

= 1.06. Thus, we conclude that the 5-fluoro position of Trp36
is nearly completely solvent exposed in thgJstate and

only marginally hydrophobic. . 19
_ of solvent exposure in both the,&, and Uy States.®F
*H NMR Studies of Soént Exposure to the Trp36 Indole.  \r chemical shift perturbations an@, relaxation en-

A considerable body of literature suggests that the indo!e hancement from dissolved oxygen reveal that the 5 position
group of Trp36 serves as a key contact point associated W|th0f Trp36 is largely exposed to the solvent in thgJstate
the non-native hydrophobic clusté, (9, 21, 22). To further while slightly more protected in the.f, state. Normalized

investigate the role of Trp36 in establishing non-native o5 magnetic relaxation rates from dissolved oxygen are 0.65
contacts in the Llcn state, the extent of solvent exposure .41 70 for the Eenand Usenstates, respectively. Moreover,
on the indole proton of Trp36 has therefore been measured; a5t experiments using both a hydrophobic probe (dis-
by NO.E effects from water and by, relaxation effeqt_s solved oxygen) and a hydrophilic probe (water) allowed us
from dissolved oxygen. In contrast to the 5-fluoro position, y, senarately evaluate the relative partitioning of oxygen
which appeared to be completely exposed to the sohient versus water in the vicinity of Trp36 and, in so doing, assess

[R"(02,UexenV [Ri(O2, Fexc)] = 2.6}, the indole group 4o hygrophobicity. The results suggest that the region in
appears slightly less exposed in the unfolded state than iny,, vicinity of the 5-fluoro position of Trp36 is not

the folded stat¢[R,"(Oz, Uexe)l/[ Ri"(Oz,Fexc)] = 0.84 . Prior hydrophobic and that slightly increased accessibility to water
CLEANEX experiments corroborate this notion of solvent and oxygen occurs. Although there is a precedent for the
protection at the indole group of Trp36 in the. state observation of higher water densities at the protein surface,

andhreveal .”;18 nearly chom_p(ljetle absenc? of fast chemical,ye can only speculate about the origin of slightly stronger
exchange with water at the indole group of Trp36. HOWEVer, oftects of oxygen at the identical site. Prior studies have

water NOESY experiments which were performed via an gpqerved that, in comparison to the free amino acids, the
ePHOGSY pulse sgquenc53][_ rgvealed spmewhat greater  mean residence times of water vary dramatically over protein
contact with water in the vicinity of the'mdole protons in - ¢ rfaces %5, 56). It is also conceivable that the average
the Ucn state than in the & state. In this case, the NOE .y qon hound lifetime is increased in the vicinity of the
intensities were determined from the initial slope associated ¢ ,5rine atom of Trp36, giving rise to a greater paramagnetic
with the change in peak intensity with mixing time. Whereas shift effect than that s,een in the free amino acid.

the backbone amide proton exhibited a 3-fold greater NOE Prior NH-exchange experiments on the indole and back-

rate with respect to water in thecld state than in the den bone amide protons of Trp36 suggest a stark asymmetry in

state, the water NOE rategN°F, to the indoles were . .
’ v terms of solvent protection for Trp36 in thegkh state.
NOE, NO —
comparable [o"O5H20, Uexen)l/[ 0"°(H20, Fexc)] = 1.17. Subsequent contrast experiments at the 5 position and on

While CITEANEX experiments are designed to detect fast the indole proton of Trp36 confirm this asymmetry and
fethar)g|ng water, the above water NOE measurements ar%uggest that only the indole proton of the five-membered
indicative of bound water or possibly a relayed effect from ring is strongly protected from solvent. The indole group

an exchangeable proton on a nearby side chain. may exhibit partial protection from dissolved oxygen because
it is involved in a hydrogen bond, presumably to a side chain
DISCUSSION residue such as T22, for which prior NOE contacts have been
The sole tryptophan in the drkN SH3 domain has been of observed ). However, this cluster around the Trp36 indole
great interest due to considerable NOE evider&emhich may not be primarily hydrophobic as evidenced by the
shows long-range contacts from Trp36 in thgdJstate to relatively strong water NOE, based on an ePHOGSY
a non-native helix corresponding to residues in the diverging experiment%7). The lack of a significant peak in CLEANEX-
turn region of the folded state and hydrogen-exchange based experiment22) suggests that there is no contact with
protection of the indole protor2®). To investigate the degree  fast exchanging solvent molecules and that the above water
of solvent exposure and hydrophobicity associated with NOE may involve a strongly bound water or a relayed effect
another position in the Trp36 ring, we have made use of an from the T22 side chain.
isotopic fluorine probe at the 5 position of the tryptophan  We note that the approach we have taken in separately
residue. Specifically, hydrophobicity was assessed by com-assessing solvent exposure or steric effects and hydrophobic-
paring the ratio of the normalized shift arising from dissolved ity has been adopted successfully in the ESR field. Using
oxygen to that associated with the solvent isotope effect. In nitroxide spin-labels to probe protein topology, it was shown
principle, one can conceive of a similar approach with respectthat a water soluble contrast agent such as chelated nickel
to ratios of normalized relaxation rates, and such an approachcomplemented contrast effects from dissolved oxygen and
was recently taken in d@H solution NMR study of a  that a ratio of paramagnetic effects from oxygen and nickel
membrane protein where a ratio was derived on the basis ofserved to factor out steric effects and give a measure of
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hydrophobic partitioningK1). In our *°F NMR studies, we 10
have followed an analogous approach. Here, water and

oxygen serve as ideal and complementary contrast agents

for the study of solvent exposure and the separation of steric 11.

effects from hydrophobic effects. Contrast effects from
oxygen are measured through either paramagnetic shifts or
T, relaxation enhancement, while the effects of water may 4,
be directly observed via solvent isotope shifts. Similarly, in

the case of the indole proton, we have made use of water
NOEs and oxygen-induced relaxation enhancement.

13.

CONCLUSION

Our results highlight a feature of theld state of the drkN
SH3 domain that contrasts with conventional wisdom regard-
ing the dynamic conformational averaging of disordered
proteins. Although prior work pointed toward the role of
Trp36 in stabilizing a hydrophobic cluster, it is clear from
the oxygen contrast measurements that the indole portion of
Trp36 is indeed involved in clustering whereas the opposite
side of the tryptophan ring is relatively exposed to solvent.
Prior work has also shown that the backbone amide of Trp36
is relatively exposed to the solvent in comparison to the
indole proton in the ke, State £2). Considering the extent
of motion and range of conformers expected in thgddtate,
it is surprising that such asymmetry in the region of Trp36
exists for a single residue within the population-weighted
average unfolded state ensemble. While prior NH-exchange
experiments also suggested significant asymmetry for Trp36
within the U State 22), these contrast experiments provide
stronger comparative data. Furthermore, water NOE mea-
surements suggest that the region in the vicinity of the indole
group in the Wy state is not hydrophobic and may be
involved in hydrogen bonding. Further experiments to
explore the possibility of a hydrogen bond involving the
Trp36 indole within the ., State are currently underway.

[y
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