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ABSTRACT: The isolated N-terminal SH3 domain of theDrosophilasignal 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 folded (Fexch) and compact unfolded (Uexch) 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 the Uexch state, with a number of long-
range nuclear Overhauser contacts (NOEs) observed primarily to the indole proton. Substitution of Trp36
for 5-fluoro-Trp36 resulted in a substantial shift in the equilibrium to favor the Fexch state. A variety of
19F NMR measurements were performed to investigate the degree of solvent exposure and hydrophobicity
associated with the 5-fluoro position in both the Fexch and Uexch states. AmbientT1 measurements and
H2O/D2O solvent isotope effects indicated extensive protein contacts to the 5-fluoro position in the Fexch

state and greater solvent exposure in the Uexch state. This was corroborated by the measurements of
paramagnetic effects (chemical shift perturbations andT1 relaxation 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 the Uexch state than that observed for the Fexch state,
consistent with the model in which Trp36 indole belongs to a non-native cluster. Thus, although the Uexch

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
disorder (1). Interestingly, a high proportion of these proteins
are involved in signaling (2) and cell cycle processes. It is
currently believed that disordered regions facilitate complex
regulation by mediating protein interactions in a highly
adaptable manner. The extended state also affords the
advantage of a greater interaction surface. To better under-
stand the role of protein disorder, structural or topological
information about disordered states of proteins, ideally under
nondenaturing conditions, is critical. In NMR experiments,
such information may come from the observation of nuclear
Overhauser effects (NOEs) (3), paramagnetic relaxation
enhancement (PRE) (4, 5), residual dipolar couplings (RDCs)
(6, 7), chemical shift deviations from random coil values
(8-11), or scalar couplings (12). Another useful structural
tool for the study of disordered proteins is the measurement
of solvent exposure. Normally, contact with the solvent in

disordered systems can be investigated by CLEANEX-type
hydrogen exchange between solvent and protein protons (13,
14) or by the addition of contrast agents to the solvent and
the subsequent study of changes in the chemical shifts or
relaxation rates of resonances associated with solvent-
exposed residues on the protein surface (15, 16). Here we
define contrast agent to mean any additive which affects a
change in line width, chemical shift, orT1 as a function of
local environment, and as such, a contrast agent may be
paramagnetic or a simple isotope as in the case of D2O which
gives rise to measurable shifts for solvent-exposed19F labels.
We utilize 19F and 1H NMR and compare the effects of
dissolved oxygen and more traditional additives to investigate
solvent exposure and hydrophobicity at various sites belong-
ing to the tryptophan residue involved in a non-native cluster
in the unfolded state of a marginally stable protein.

The isolated N-terminal SH3 domain of theDrosophila
signal transduction protein Drk (i.e., the drkN SH3 domain)
is a highly useful model protein for the study of structure
within the disordered state. Under nondenaturing conditions,
the protein exists in slow exchange between a folded (Fexch)
and a highly populated compact unfolded (Uexch) state (17,
18). Like other SH3 domains, the folded state forms a
â-sandwich as shown in Figure 1 (PDB entry 2A36) (19).
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The Uexch state can be described as an ensemble of rapidly
interconverting conformers, some of which possess long-
range contacts and residual structure (3). Small-angle X-ray
scattering and NMR diffusion measurements suggest that the
Uexchstate is relatively compact, possessing an average radius
of gyration∼10% larger than that of the Fexchstate, compared
to a 60% larger radius expected for a random coil structure
(20).

In the drkN SH3 domain Uexchstate, 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
18 to 28 (3, 21-23). Thr22 also appears to play a role in
stabilizing the interaction between the non-native helix and
the two aromatic residues, as evidenced by mutational
analysis (24). NOESY experiments revealed at least three
long-range amide NOEs (gi, i + 5) to the indole group of
Trp36 in the Uexch state in a perdeuterated version of drkN
SH3 (3) and a number of medium- and long-range methyl
NOE contacts to the indole proton of Trp36 in a sample of
selectively protonated aromatic andδ-methyl-protonated Ile
and Leu residues in otherwise perdeuterated drkN SH3 (19).
This notion of significant clustering in the vicinity of Trp36
in the Uexch state is corroborated by near-UV CD studies,
obtained by deconvoluting signal from Uexch and folded
states, which revealed that Trp36 is involved to the same
extent in inter-residue contact as in the Fexch state (22). In
addition, stopped-flow fluorescence data also suggested the
Trp ring is more buried in the unfolded state than in the
folded state, where it lies on the binding surface (22). These

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 clusters (25). 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 residue (26).

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 the Uexch 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
probe on the six-membered ring of Trp36 provides the
possibility of examining solvent protection at another site
on the side chain, thereby allowing closer study of this
asymmetry.

Though the Trp36 indole group is clearly involved in non-
native inter-residue contacts, it is difficult to estimate the
actual fraction of rapidly interconverting conformers in the
Uexch ensemble which possess features representative of the
non-native hydrophobic cluster, based primarily on NOE
data. Distance constraints based on NOEs depend on the
spectral density term, which explicitly “weights” a given
NOE according to the time scale and amplitude of local
motion. For example, in the simplest model where the motion
is parametrized by a single reorientational correlation time,
τc, the cross relaxation rate,σ, associated with the NOE
between two homonuclearS ) 1/2 species of gyromagnetic
ratio γ and separated by distancer is given by

where p and µ0 are well-known constants (27). Thus, an
ensemble of rapidly interconverting conformers may give
rise to an average distance term,〈1/r6〉, where the relative
weighting depends explicitly on dynamics or differences in
dynamics within the ensemble. In contrast, soluble relaxation
agents whose electronic relaxation times are sufficiently
short, as in the case of O2 and Ni(II), are not affected by
dynamic processes or interconversion between conformers
and reflect a simple population-weighted average property
of the ensemble. Therefore, these approaches can serve as
an ideal complement to NOE measurements for purposes of
assessing solvent exposure and local hydrophobicity of the
key tryptophan residue believed to be involved in this non-
native hydrophobic cluster. Furthermore, since CLEANEX-
type experiments focus on fast proton exchange with NH

FIGURE 1: Ribbon diagram of the drkN SH3 domain illustrating
the regions of major secondary structure in the Fexch state, along
with the location of the fluorine atom (green sphere) and indole
proton (white sphere) in Trp36.
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groups, it is advantageous to consider methods in which it
is possible to observe a greater range of solvent exposure
and/or protection, while it is also desirable to determine the
hydrophobicity of the local environment to ascertain if a
specific region is protected due to hydrophobic clustering
or local hydrogen bonding.

Fluorine NMR has several distinct advantages in studies
of solvent exposure. In the absence of contrast agents,T1 is
generally shorter for buried than solvent-exposed19F nuclei
(28). 19F NMR spectra of specifically fluorinated proteins
often reveal dramatic changes in chemical shifts and line
shapes between folded and unfolded or chemically denatur-
ated states (29-31). However, since interpretation of such
chemical shift changes in terms of structure may be difficult
(29), paramagnetic additives offer a potential advantage in
terms of quantitative interpretation of the degree of solvent
exposure and, consequently, of protein folding and unfolding
events. Soluble paramagnetic contrast agents such as Dy3+:
EDTA, Gd3+:EDTA, or nitroxide spin-labels generally give
rise to large19F NMR chemical shift perturbations and/or
enhancement of both spin-spin and spin-lattice relaxation
rates (32, 33). Relaxation enhancement arises partly from
the fact that the19F nucleus has a high gyromagnetic ratio
and is thus strongly relaxed by paramagnetic species through
dipolar mechanisms. Chemical shift effects arise from the
lone-pair valence electrons which participate in nonbonded
interactions, making the fluorine nuclear spin sensitive to
changes in van der Waals contacts, electrostatic fields, and
hydrogen bonding (34). Even the substitution of D2O for
H2O is known to yield a 0.25 ppm chemical shift perturbation
in 19F NMR applications of solvent-exposed residues (28,
35, 36), while the addition of paramagnetic species such as
dissolved oxygen may give shifts as large as 5 ppm, in
addition to causing large relaxation rate enhancements at
partial pressures ofg20 atm (37-39).

In general, chemical shift perturbations or relaxation
enhancements from contrast agents may result from both the
degree of solvent exposure and possible local partitioning
of the contrast agent. For example, paramagnetic additives
such as TEMPO are known to preferentially interact with
aromatic residues (40), while dissolved oxygen is expected
to partition into accessible hydrophobic or disordered
pockets. As discussed below, it is possible to distinguish
between steric effects (i.e., solvent-exposed surface area) and
hydrophobic partitioning effects by a judicious choice of
contrast agents whose sizes are comparable but where one
species is hydrophobic and the other hydrophilic. In the
context of19F NMR, water and oxygen are an ideal choice
since H2O/D2O solvent isotope effects can be easily measured
as are paramagnetic effects of dissolved oxygen. Similarly,
paramagnetic rates from dissolved oxygen and NOE effects
from water are easily observed in1H NMR applications.
Solvent exposure and hydrophobicity are important aspects
of loosely packed hydrophobic clusters and disordered
systems in general. Thus, it is important to develop an
experimental protocol to distinguish the two effects. In this
paper, we examine contact with both water and dissolved
oxygen, using 19F NMR and 1H NMR to distinguish
hydrophobic effects and solvent exposure. The results reveal
detailed site specific information demonstrating that Trp36
is clustered in the Uexch state such that the indole group is
protected from solvent while the 5 position of the aromatic

ring is completely exposed to the solvent. Thus, the contrast
experiments described provide localized information which
highlights the dramatic asymmetry in environment associated
with Trp36 in the Uexch state.

MATERIALS AND METHODS

Sample Preparation.A plasmid encoding the isolated WT
drkN SH3 domain, residues 1-59 of Drk (17), under the
control of the T7 promoter, was transfected intoEscherichia
coli HMS 174 cells. The expression of the15N-labeled protein
was induced for 1 h at an OD600 of 0.6 by addition of 250
mg/L IPTG to bacterial growths at 37°C in M9 minimal
medium, supplemented with 0.3%D-glucose, 0.1%15NH4-
Cl, 100 mg/L ampicillin, 10 mg/L thiamine, 10 mg/L biotin,
1 mM MgSO4, and 1 mM CaCl2. To introduce fluorotryp-
tophan into drkN,19F-labeled 5-fluoro-L,D-Trp was added
to the bacterial culture at a concentration of 600 mg/L, 1 h
prior to induction. Note that the literature recommends
addition of only 60 mg/L, and the 10-fold excess that was
utilized was very likely to be unnecessary. Growth was halted
1 h after induction, rather than 3 h. Cells were lysed by
sonication in 50 mM Tris, 2 mM EDTA, 5 mM benzamidine
HCl, and 7 mMâ-mercaptoethanol. The drkN SH3 domain
was purified on a DE 52 ion-exchange column with a linear
gradient of NaCl (from 0 to 1 M) followed by purification
on a Superdex 75 gel filtration column in 0.15 M NaCl, 50
mM Tris, 2 mM EDTA, 5 mM benzamidine HCl, and 7 mM
â-mercaptoethanol, and then a Mono Q ion-exchange column
with a linear gradient of NaCl (from 0 to 0.3 M). All
purification steps were performed at 4°C.

NMR Experiments.The protein concentration was ap-
proximately 0.2 mM in 50 mM phosphate buffer (pH 6.0).
A 350 µL sample volume was deemed sufficient for
shimming purposes, using a 5 mmoutside diameter, 3 mm
inside diameter sapphire NMR sample tube (Saint Gobain-
Saphikon Crystals, Milford, NH) designed to tolerate pres-
sures as high as 270 bar. To measure effects of dissolved
oxygen, the sample was first equilibrated at 5°C outside
the magnet at an oxygen partial pressure of 40 atm for 2
days and then equilibrated overnight in the magnet at the
desired partial pressure of 20 atm. Using open Swagelok
connections (Swagelok, Solon, OH) to a pressurized oxygen
supply, it was possible to maintain the pressure during the
entire course of the NMR experiment. Control experiments
on free, dissolved 5F-Trp were also performed both with
and without oxygen. To reproduce oxygen concentrations,
we relied on the measurement of the1H T1 of water (i.e.,
0.16 s for the fluorotrptophan drkN SH3 sample under an
oxygen partial pressure of 20 atm and 0.154 s for the free
5F-Trp amino acid sample under an oxygen partial pressure
of 20 atm). Upon completion of oxygen experiments, the
sample was degassed by first being transferred to a 1.5 mL
microfuge tube resting on an ice bath, after which it was
slowly stirred using a sterile needle tip which precipitated
the bubbling of oxygen. The sample was then left for 24 h
in a nitrogen environment to allow for residual degassing.
To exchange H2O for D2O buffer, a 0.5 mL centrifugal
concentrator with a molecular mass cutoff of 3 kDa was used.
A modest amount of protein (30%) was lost upon solvent
exchange and transfer back to the original sapphire NMR
tube, resulting in a need for greater signal averaging in the
D2O sample.
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1H and19F one-dimensional NMR experiments and1H,15N
gradient-selected HSQC two-dimensional experiments were
performed at 5°C 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 either19F or 1H. 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 the19F NMR spectrum. Note that backbone
amide assignments of the19F-labeled drk SH3 domain were
obtained on the basis of their proximity to previously
assigned resonances in the unfluorinated protein.1H indole
T1 measurements were carried out via a standard inversion
recovery sequence where the solvent signal was suppressed
by a WATERGATE filter sequence (41); since the 5F-Trp
was not15N-enriched, the1H indole signals from the Uexch

and Fexch states were detected directly. The measurement of
19F spin-lattice relaxation times was accomplished by an
inversion recovery sequence (i.e., 180°-τ-90°) using a total
of eightτ values, logarithmically spaced between 10 ms and
5 s (ambient sample) or 1 ms and 1 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 350µs, were appended
to all 19F NMR sequences to help filter out the background
19F signal from the probe. In a separate (unfluorinated)
sample of the drkN SH3 domain, prepared as described
previously (3), contact of water with the tryptophan indole
and backbone amide protons was assessed using an ePHOGSY
NOE experiment (42, 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 Trp36.Figure 2A compares the
1H,15N HSQC NMR spectrum of the15N-enriched drkN SH3
domain (black contours) with that of the 5F-Trp substituted
form (red contours). Note that there is no detectable15NH
tryptophan signal from the fluorotryptophan substituted
species, suggesting that the level of incorporation of [19F]-
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 of1H-1H and 1H-19F
NOEs, one cannot rule out minor differences in conformation
or dynamics introduced by the fluorine atom. Figure 2B
presents the15N,1H chemical shift deviations resulting from
the substitution of 5F-Trp for both the Fexch (black bars) and
Uexch states (white bars). Note that the chemical shift
deviations are greater for the Fexch state, which is perhaps
not surprising since the folded state is more compact, leading
to closer distances between protons and the fluorine atom.
It is also clear that the shift perturbation profiles show little
resemblance for each of the two states, which emphasizes
the distinctly different environment that Trp36 occupies in

the Fexch and Uexch states. There is a substantial shift in the
equilibrium toward the Fexch state upon substitution of 5F-
Trp36. The equilibrium between the Fexchand Uexchstates of
drkN is a very delicate one (19); the free energy barrier has
been previously estimated to be 0.4 kcal/mol (44). The T22G
mutation shifts the equilibrium dramatically toward the Fexch

state, due partially to the disruption of residual non-native
helical structure in the Uexch ensemble and an increase in its
free energy (24). 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
folded state by a single fluorine atom is not unprecedented;
the substitution of Trp187 with the 5-fluorinated version
resulted in a stabilization of human recombinant annexin V
(45). The19F NMR spectrum of the 5F-Trp substituted drkN
SH3 domain, obtained under conditions identical to those
of the unfluorinated drkN SH3 domain, is shown in Figure

FIGURE 2: (A) 1H,15N HSQC NMR spectrum of the15N-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 5°C. (B) A histogram
indicating the weighted average of chemical shift perturbations
resulting from replacing Trp36 with 5F-Trp36 for both the Fexch
state (white bars) and the Uexch state (black bars) of the drkN SH3
domain. Shift perturbations are calculated as a weighted average
of shifts in both the 1H and 15N dimensions [∆σ )

x|∆σ(1H)|2+0.2|∆σ(15N)|2].
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3A (solid line). Definitive assignments could be made to the
Fexch and Uexch states in the19F NMR spectrum, based on
the ratio of areas of the two peaks [i.e., area(Fexch)/area(Uexch)
) 3.16 at 5°C] since the ratio of volume integrals from
previously assigned resonances in the HSQC spectrum
associated with the two states clearly indicated that the ratio
of conformers was 3.0. Note that the line widths associated
with the Fexchand Uexchresonances are approximately 63 and
25 Hz, respectively, while the spin-lattice relaxation times
of each of the two conformers are 0.50( 0.03 and 0.72(
0.09 s, respectively.

Assessing SolVent Exposure by DissolVed Oxygen.The
addition of dissolved oxygen has a significant effect on the
Uexchstate where a shift of+0.217( 0.001 ppm is observed,
while the Fexchstate effectively does not shift within the above
uncertainty of 0.001 ppm as shown by the19F NMR spectra
in Figure 3A. To interpret the paramagnetic shifts with
respect to solvent exposure, we consider first the shift
perturbation of+0.169 ppm experienced by 5F-Trp, free,
dissolved in water under conditions identical to those of the
protein. The resulting ratios of the paramagnetic shifts of
5F-Trp in the drkN SH3 domain to those of the free (fully

exposed) residue are 1.284 and 0.00 for the Uexch and Fexch

states, respectively. Since the oxygen-induced shift associated
with the Uexch 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 Uexch 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 effect (46) 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
sufficiently loosely packed to facilitate oxygen accessibility.
It should be possible to distinguish hydrophobic partitioning
effects from solvent exposure by performing additional
measurements which utilize hydrophilic contrast agents as
discussed below. Accessibility to dissolved oxygen is also
detected by19F NMR spin-lattice relaxation measurements,
and results of these experiments are given in Table 1. After
the paramagnetic rates observed for both the Fexch and Uexch

states have been divided by the paramagnetic rate observed
for free 5F-Trp, under identical conditions, the enhancement
ratios [i.e.,R1

P ≡ R1
P(5FTrp-drkN)/R1

P(5FTrp-free)] are
1.70 and 0.65 for the Uexch and Fexch states, respectively. In
this case, the paramagnetic enhancement ratio observed for
the Uexch state is even higher than that observed from
chemical shift perturbations. Thus, the 5 position of Trp36
experiences a significant degree of solvent exposure and/or
local partitioning of O2 in the Uexch state.

Assessing SolVent Exposure by the SolVent Isotope Effect.
An established way of considering solvent exposure is simply
to replace H2O with D2O, since19F NMR resonances of
exposed probes are known to shift by as much as 0.25 ppm
under such circumstances (28). Figure 3B compares the
19F NMR spectrum of the 5-fluoro-substituted drkN
SH3 domain at 5°C in an approximately 10/90 H2O/D2O
mixture (dashed line) to the original spectrum in a 90/10
H2O/D2O mixture (solid line). In this case, there is a
downfield shift observed for the19F resonance associated
with the Fexch state (i.e., 0.146 ppm), while an upfield shift
(i.e., -0.132 ppm) is observed for the resonance associated
with the Uexch state, which is similar to the shift of-0.109
ppm observed for free, dissolved 5F-Trp, under identical
conditions. If solvent exposure were the only consideration,
we would expect an upfield shift when H2O was replaced
with D2O. Although there are numerous explanations for
the anomalous solvent isotope shift associated with the
Fexch resonance, it may originate from a specific interaction
of fluorine with a bound water molecule and/or with
the protein itself. This is also suggested by the earlier
observation that the equilibrium changed dramatically in
favor of the Fexch state upon substitution of a hydrogen for a
fluorine atom at the 5 position, while the paramagnetic
shift from dissolved oxygen was noted to be zero. Fluorine
is well-known to act as a weak hydrogen bond acceptor (45),
and in our case, it significantly stabilizes the folded
conformation.

The equilibrium between the Fexch and Uexch states also
changes dramatically upon substitution of D2O, as seen in
Figure 3B, where the ratio of conformers in the Fexch to Uexch

FIGURE 3: (A) 19F NMR spectra of the 5F-Trp-substituted drkN
SH3 domain obtained at 5°C. Solid and dashed lines represent the
spectra under unoxygenated and oxygenated conditions, respec-
tively. (B) 19F NMR spectra of the 5F-Trp-substituted drkN SH3
domain obtained at 5°C. The solid line represents the spectrum of
the drkN SH3 domain in a 90/10 H2O/D2O mixture, while the
dashed line represents the spectrum after exchanging the buffer with
a 10/90 H2O/D2O mixture.

14124 Biochemistry, Vol. 45, No. 47, 2006 Evanics et al.



state has roughly doubled. Water undoubtedly participates
in a multitude of electrostatic and hydrogen bonding interac-
tions with the protein. In either case, the magnitude of the
free energy associated with such interactions is lowered upon
introduction of D2O, and the equilibrium shifts toward the
state involving fewer bound waters (i.e., Fexch). However,
the isotope effect is at least as dramatic in the unfluorinated
drkN SH3 domain where the change in the ratio of Fexch to
Uexch conformers is more than a factor of 2, suggesting that
the Gibbs free energy of unfolding is not substantially
changed by the introduction of the fluorine atom.

The above solvent-induced shift results may also be
normalized by first measuring the chemical shift perturbation
when H2O is replaced with D2O for free 5F-Trp. The
resulting ratio of chemical shift change for the intact protein
to that of the free amino acid is 1.21 for the Uexchstate. Thus,
the 5 position of Trp36 appears to be completely exposed to
solvent in the Uexch 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
vicinity of the 5-fluoro position of the protein is higher than
that for the bulk solvent which is not unprecedented in studies
of protein surfaces (47-50). Prior studies have reported that
in comparison to the free amino acids, water is often more
structured out to as many as two hydration shells, particularly
in the case of polar side chains (49).

19F NMR spin-lattice relaxation rates and line widths are
also of some use in confirming the degree of packing and
thus, solvent exposure, in the absence of oxygen. In
deuterated solvent and assuming that dipolar relaxation
dominates, the relaxation rate is known to be a useful reporter
of the weighted density of surrounding protons (i.e.,∑r-6).
In D2O, the 19F NMR spin-lattice relaxation rate of the
5-fluoro probe in the Uexch state is 0.178 Hz which is
significantly smaller than that of the folded state (0.505 Hz).
This may be compared with the relaxation rate associated
with free 5F-Trp which is observed to be 0.88 Hz. Thus,
barring gross differences in local hydrophobicity and oxygen
partitioning, we find the solvent isotope shifts, effects of
dissolved O2, and ambient spin-lattice relaxation rates all
suggest that the 5F position is significantly more exposed
to solvent in the Uexch state than in the Fexch state.

Distinguishing between Steric Effects and Partitioning
Effects with Contrast Agents.Contrast agents are of tremen-
dous use in the evaluation of steric effects or solvent
exposure. However, we must consider the extent to which
the contrast agent associates with specific residues or groups
or even partitions into the protein, particularly in cases where
the protein is unfolded or partially unfolded. To distinguish
between steric and partitioning effects, we can make use of
contrast agents of similar size, whose hydrophobicities are
dramatically different (51). In this case, we compare the

contrast effects from water and oxygen. Focusing on
variables relevant to this study, in the weak collision limit
we may express the chemical shift perturbation,∆δO2, due
to contact with oxygen as (52)

where k represents a proportionality constant,〈Ω〉 is a
collisionally accessible surface area,R represents a polariza-
tion or spin delocalization term, and〈[O2]〉local signifies the
local oxygen concentration. If we further consider the
normalized equivalent of the above chemical shift perturba-
tion, ∆δO2

/ , in which we divide the measured chemical shift
perturbation by that observed for free, dissolved 5F-Trp, then
we expect the dominant terms to simply involve the ratio of
accessible surface areas and the ratio of local oxygen
concentrations such that

Note that the ratio of surface areas should certainly be less
than unity, suggesting that the overall normalized shift can
be greater than unity only if the region in the vicinity of the
probe is hydrophobic. In our case, measurements of the
oxygen-induced shift perturbations of the 5F-Trp probe in
the Uexchstate and of free, dissolved 5F-Trp, under identical
conditions, reveal that∆δO2

/ ) 1.284, suggesting [O2]local/
[O2]bulk g 1.284. We may similarly define the normalized
version of the chemical shift perturbation due to the solvent
isotope effect as

Although this is not of paramagnetic origin, we neverthe-
less expect the normalized version of the chemical shift
perturbation arising from substitution of H2O for D2O to
depend on a similar product of ratios as above. Again, solvent
isotope shift effects of both free 5F-Trp and the 5F-Trp probe
from the Uexch state of the drkN SH3 domain reveal that∆
δH2O
/ ) 1.21, whereupon we conclude that [H2O]local/

[H2O]bulk g 1.21. Assuming that the collisional accessibilities
of water and oxygen are similar, the ratio of accessible
surface areas in both eqs 3 and 4 will be identical. If we
make this approximation, we may then consider the ratio of
the above normalized shifts which provides an estimate of

Table 1: Results ofT1 Measurements in 90% H2O/10% D2O and 10% H2O/90% D2O 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% H2O T1 (s) in 100% D2O R1
P(O2) (Hz) ∆δO2 (ppm) ∆δ(D2O-H2O) (ppm)

19F-labeled Fexch 0.50( 0.03 1.98( 0.01 2.18 0( 0.015 +0.146
19F-labeled Uexch 0.72( 0.09 5.61( 0.01 5.61 0.217( 0.015 -0.132
19F (free Trp) 1.168 1.139( 0.005 3.34 0.169( 0.015 -0.109
1H indole Fexch 1.56( 0.01 NAa 4.74 NAa NAa

1H indole Uexch 0.979( 0.005 NAa 4.0 NAa NAa

a Not available.

∆δO2
) k〈Ω〉R〈[O2]〉local (2)

∆δO2

/ ≡
∆δO2(5FTrp-drk)

∆δO2(5FTrp-free)
)

〈Ω〉O2(5FTrp-drk)[O2]local

〈Ω〉O2(5FTrp-free)[O2]bulk

(3)

∆δH2O
/ ≡

∆δD2O-H2O(5FTrp-drk)

∆δD2O-H2O(5FTrp-free)
)

〈Ω〉H2O(5FTrp-drk)[H2O]local

〈Ω〉H2O(5FTrp-free)[H2O]bulk

(4)
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the partitioning potential of oxygen and water and, thus,
hydrophobicity, which we express as

The above measurements of∆δO2

/ and∆δH2O
/ reveal that the

relative partitioning term is on the order of [∆δO2

/ ]/[∆δH2O
/ ]

) 1.06. Thus, we conclude that the 5-fluoro position of Trp36
is nearly completely solvent exposed in the Uexch state and
only marginally hydrophobic.

1H NMR Studies of SolVent Exposure to the Trp36 Indole.
A considerable body of literature suggests that the indole
group of Trp36 serves as a key contact point associated with
the non-native hydrophobic cluster (3, 19, 21, 22). To further
investigate the role of Trp36 in establishing non-native
contacts in the Uexch state, the extent of solvent exposure
on the indole proton of Trp36 has therefore been measured
by NOE effects from water and byT1 relaxation effects
from dissolved oxygen. In contrast to the 5-fluoro position,
which appeared to be completely exposed to the solvent{i.e.,
[R1

P(O2,Uexch)]/[R1
P(O2,Fexch)] ) 2.6}, the indole group

appears slightly less exposed in the unfolded state than in
the folded state{[R1

P(O2,Uexch)]/[R1
P(O2,Fexch)] ) 0.84}. Prior

CLEANEX experiments corroborate this notion of solvent
protection at the indole group of Trp36 in the Uexch state
and reveal the nearly complete absence of fast chemical
exchange with water at the indole group of Trp36. However,
water NOESY experiments which were performed via an
ePHOGSY pulse sequence (53) revealed somewhat greater
contact with water in the vicinity of the indole protons in
the Uexch state than in the Fexch state. In this case, the NOE
intensities were determined from the initial slope associated
with the change in peak intensity with mixing time. Whereas
the backbone amide proton exhibited a 3-fold greater NOE
rate with respect to water in the Uexch state than in the Fexch

state, the water NOE rates,σNOE, to the indoles were
comparable{[σNOE(H2O,Uexch)]/[σNOE(H2O,Fexch)] ) 1.17}.
While CLEANEX experiments are designed to detect fast
exchanging water, the above water NOE measurements are
indicative of bound water or possibly a relayed effect from
an exchangeable proton on a nearby side chain.

DISCUSSION

The sole tryptophan in the drkN SH3 domain has been of
great interest due to considerable NOE evidence (3) which
shows long-range contacts from Trp36 in the Uexch state to
a non-native helix corresponding to residues in the diverging
turn region of the folded state and hydrogen-exchange
protection of the indole proton (22). To investigate the degree
of solvent exposure and hydrophobicity associated with
another position in the Trp36 ring, we have made use of an
isotopic fluorine probe at the 5 position of the tryptophan
residue. Specifically, hydrophobicity was assessed by com-
paring the ratio of the normalized shift arising from dissolved
oxygen to that associated with the solvent isotope effect. In
principle, one can conceive of a similar approach with respect
to ratios of normalized relaxation rates, and such an approach
was recently taken in a1H solution NMR study of a
membrane protein where a ratio was derived on the basis of

a paramagnetic rate associated with dissolved oxygen and a
rate of transfer of water magnetization (54). One might also
conceive of utilizing a ratio of paramagnetic rates arising
from dissolved oxygen and a chelated Ni(II) species, since
both are ideal paramagnetic probes for NMR because of their
short electronic spin relaxation times.

On the basis of1H NMR studies of the indole protons
and19F NMR studies of the fluorine label at the 5 position,
Trp36 appears to be situated in the protein in the Uexch state
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
of solvent exposure in both the Fexch and Uexch states.19F
NMR chemical shift perturbations andT1 relaxation en-
hancement from dissolved oxygen reveal that the 5 position
of Trp36 is largely exposed to the solvent in the Uexch state
while slightly more protected in the Fexch state. Normalized
paramagnetic relaxation rates from dissolved oxygen are 0.65
and 1.70 for the Fexchand Uexchstates, respectively. Moreover,
contrast experiments using both a hydrophobic probe (dis-
solved oxygen) and a hydrophilic probe (water) allowed us
to separately evaluate the relative partitioning of oxygen
versus water in the vicinity of Trp36 and, in so doing, assess
the hydrophobicity. The results suggest that the region in
the vicinity of the 5-fluoro position of Trp36 is not
hydrophobic and that slightly increased accessibility to water
and oxygen occurs. Although there is a precedent for the
observation of higher water densities at the protein surface,
we can only speculate about the origin of slightly stronger
effects of oxygen at the identical site. Prior studies have
observed that, in comparison to the free amino acids, the
mean residence times of water vary dramatically over protein
surfaces (55, 56). It is also conceivable that the average
oxygen-bound lifetime is increased in the vicinity of the
fluorine atom of Trp36, giving rise to a greater paramagnetic
shift effect than that seen in the free amino acid.

Prior NH-exchange experiments on the indole and back-
bone amide protons of Trp36 suggest a stark asymmetry in
terms of solvent protection for Trp36 in the Uexch state.
Subsequent contrast experiments at the 5 position and on
the indole proton of Trp36 confirm this asymmetry and
suggest that only the indole proton of the five-membered
ring is strongly protected from solvent. The indole group
may exhibit partial protection from dissolved oxygen because
it is involved in a hydrogen bond, presumably to a side chain
residue such as T22, for which prior NOE contacts have been
observed (3). However, this cluster around the Trp36 indole
may not be primarily hydrophobic as evidenced by the
relatively strong water NOE, based on an ePHOGSY
experiment (57). The lack of a significant peak in CLEANEX-
based experiments (22) suggests that there is no contact with
fast exchanging solvent molecules and that the above water
NOE may involve a strongly bound water or a relayed effect
from the T22 side chain.

We note that the approach we have taken in separately
assessing solvent exposure or steric effects and hydrophobic-
ity has been adopted successfully in the ESR field. Using
nitroxide spin-labels to probe protein topology, it was shown
that a water soluble contrast agent such as chelated nickel
complemented contrast effects from dissolved oxygen and
that a ratio of paramagnetic effects from oxygen and nickel
served to factor out steric effects and give a measure of

∆δO2

/

∆δH2O
/

)
[O2]local/[O2]bulk

[H2O]local/[H2O]bulk

(5)
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hydrophobic partitioning (51). In our 19F NMR studies, we
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
effects from hydrophobic effects. Contrast effects from
oxygen are measured through either paramagnetic shifts or
T1 relaxation enhancement, while the effects of water may
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.

CONCLUSION

Our results highlight a feature of the Uexchstate 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 Uexch state (22). Considering the extent
of motion and range of conformers expected in the Uexchstate,
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 Uexchstate (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 Uexch 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 Uexch state are currently underway.
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