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Abstract: A triple-resonance NMR pulse scheme is presented for measuring aspartic and glutamic acid
side-chain pKa values in unfolded protein states where chemical shift overlap is limiting. The experiment
correlates side-chain carboxyl carbon chemical shifts of these residues with the backbone amide proton
chemical shift of the following residue. The methodology is applied to an 15N, 13C labeled sample of the
N-terminal SH3 domain of the Drosophila protein drk, which exists in equilibrium between folded (Fexch)
and unfolded (Uexch) states under nondenaturing conditions. Residue-specific pKa values of side-chain
carboxyl groups are presented for the first time for an unfolded protein (drk Uexch state), determined from
a pH titration. Results indicate that deviations from pKa values measured for model compounds are likely
due to local effects, while long-range electrostatic interactions appear to be of minor importance for this
protein.

Introduction

Side-chain carboxyl pKa values of aspartic and glutamic acid
moieties in proteins provide important information on the
electrostatic environment of these residues.1-3 In folded proteins,
residue-specific pKa values for Asp and Glu carboxylates can
be measured by monitoring the pH dependence of side-chain
carboxyl carbon (13Cγ in Asp, or 13Cδ in Glu) chemical shifts
or of proton chemical shifts (1Hâ in Asp, 1Hγ in Glu or other
nearby protons), using a variety of one2- and two4-dimensional
NMR approaches. In contrast, in the case of unfolded proteins,
1H and13C chemical shifts for Asp and Glu residues are often
significantly overlapped, rendering a quantitative analysis using
existing methodology extremely difficult or impossible.

Measurement of pKa values for titratable groups in an
unfolded protein is of particular interest since such values can
provide insight into whether there are charge-charge interac-
tions in the molecule and whether these might be native or non-

native. Moreover, since the pH dependence of the stability of a
protein depends on the difference in charge between folded and
unfolded forms, knowledge of pKa values for the unfolded state
is critical for understanding the pH dependence of protein
stability.5 We present here for the first time site-specific pKa

values for Asp and Glu residues in an unfolded protein state
obtained with a new triple-resonance NMR pulse scheme which
correlates Asp/Glu side-chain carboxyl13C chemical shifts with
the backbone amide proton1HN shift of the following residue.
The experiment is applied to a uniformly15N/13C labeled sample
of the N-terminal SH3 domain (59 residues) of theDrosophila
protein drk (drkN SH3 domain), which exists in equilibrium
between folded and unfolded states, Fexchand Uexch, respectively,
at ambient temperature under nondenaturing conditions in
aqueous buffer.6 The interconversion between folded and
unfolded states of the drkN SH3 domain is slow on the NMR
chemical shift time scale7 (<0.5 s-1 at 5 °C), thereby giving
rise to two distinct sets of resonances corresponding to the Fexch

and Uexchstates, facilitating measurement of pKa values for the
unfolded ensemble.

Results and Discussion

Figure 1 illustrates the pulse scheme that was developed for
measuring13C carboxyl chemical shift values of Asp and Glu
residues in unfolded proteins. The magnetization transfer
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pathway can be summarized succinctly according to:

where the one-bond scalar couplings responsible for the transfer
are indicated above the arrows, andt1, t2 denote periods during
which chemical shift is recorded. To optimize the sensitivity
of the experiment, we have exploited the narrow chemical shift
ranges for aliphatic carbon spins in unfolded protein states8 (see
below). Magnetization originating on Hâ(Asp)/Hγ(Glu) is
transferred to the Câ(Asp)/Cγ(Glu) aliphatic carbon spins and
then further on to the side-chain carboxyl Cγ(Asp)/Cδ(Glu) spins
via the homonuclear one-bond Caliph-CO scalar coupling. The
selective carbon 180° pulseA refocuses both Câ(Asp) (40.8-
41.6 ppm in drkN SH3, Uexch state) and Cγ(Glu) (35.8-36.1
ppm) chemical shifts without affecting CR(Asp) (53.7-55.1
ppm) or Câ(Glu) (29.5-30.3 ppm) spins, so that magnetization
can be transferred to the side-chain carboxyl carbon optimally
(point a). Subsequently, transverse CO magnetization evolves
duringt1. Between pointsb andc, magnetization evolves under
the influence of one-bond Caliph-CO (∼55 Hz) and Caliph-Caliph

couplings (∼35 Hz) for durations of 2τb ≈ 1/(21JC,CO) and 2τc

≈ 1/(21JC,C), respectively, and at pointc the signal is transferred
to CR(Asp) and Câ(Glu). By the end of the following transfer
step (2τc), after pointd, transverse CR in-phase (Asp) and anti-

phase (Glu, anti-phase with respect to Câ) magnetization has
been established. Subsequently, transverse anti-phase magne-
tization with respect to the backbone CO is generated (the one-
bond Caliph-CO coupling is active for a time 2τb during the
interval extending from pointsd to e), while the anti-phase
magnetization of CR(Glu) with respect to Câ is refocused during
2τc. During this interval, in-phase magnetization of CR(Asp) is
maintained by the application of two selective carbon 180°
pulses,C, which invert Câ(Asp), but do not excite either CR(Asp)
or CR(Glu)/Câ(Glu). Finally, magnetization is transferred to the
HN amide spin of the subsequent residue via successive steps
involving the large one-bond13CO-15N and 1HN-15N coup-
lings.

Fourier transformation of the resulting 2-D data set gives
peaks centered at [ωCO(i), ωHN(i + 1)], as shown in Figure 2
(inserts). Cross-peaks can be assigned on the basis of backbone
amide proton chemical shifts obtained in1HN-15N HSQC
correlation experiments. Ambiguities arising from overlapping
1HN shifts at a particular pH are often resolved by following
1HN chemical shift changes in the course of the pH titration.
With regard to overlap in unfolded proteins, it should be noted
that the present experiment is far superior to existing schemes
which correlate side-chain CO and aliphatic proton chemical
shifts. For example, in the Uexch state of the drkN SH3 domain
(pH 6, 5 °C), 1HN chemical shifts of residues following Asp
and Glu cover a range of 0.50 ppm (8.19-8.69 ppm), while
the dispersion for Hâ (Asp, 2.56-2.75 ppm) and Hγ (Glu, 2.25-
2.32 ppm) chemical shift values is much less. The pulse scheme
can be readily extended to a sensitivity-enhanced three-
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Figure 1. Pulse scheme used to correlate13CO chemical shifts of Glu/Asp side-chain carboxyl groups with the backbone amide proton chemical shift of
the following residue. All narrow (wide) bars correspond torf pulses with a flip angle of 90° (180°), applied with phasex unless indicated otherwise.1H and
15N carriers are centered at the water frequency and 119 ppm, respectively, and pulses applied with field strengths of 37 (1H) and 6.4 (15N) kHz, with the
exception of the water selective 90° flip-back24 pulses used in the WATERGATE25 solvent suppression scheme (rectangular pulses with a field strength of
0.16 kHz). A 1.0 kHz WALTZ-16 decoupling field26 is applied on nitrogen during acquisition. The13C carrier is initially set to 39.1 ppm (the center of
Câ(Asp)/Cγ(Glu) chemical shift regions in the drkN SH3 domain Uexchstate), jumped to 179.6 ppm prior to the13CO pulse of phaseφ1, jumped back to 39.1
ppm after gradientg6, and then jumped to 179.6 ppm after gradientg10. All 13Caliph pulses prior to pointe, with the exceptions of the shaped pulses,A, B
andC, are applied as rectangular 90° (180°) pulses with a field strength of∆/x15 (∆/x3), where∆ is the separation in Hertz between the centers of the
13Caliph (39.1 ppm) and13CO (179.6 ppm) chemical shift regions.27 The shaped pulsesA andB have RE-BURP profiles28 (2.5 ms, centered at 41.1 ppm and
442µs, centered at 39.1 ppm, respectively; 500 MHz), while pulseC is an I-BURP-2 inversion pulse28 (2.75 ms, 43.0 ppm). Note that pulseA refocuses the
chemical shift of Câ(Asp)/Cγ(Glu) carbons without excitation of CR(Asp) or Câ(Glu) spins, while pulseC inverts Câ(Asp) magnetization without affecting
Câ(Glu) or CR(Asp)/CR(Glu) spins. The final13Caliph 180° pulse (rectangular, centered at 55 ppm) is applied with a field strength of∆′/x3, where∆′ is the
separation between13CO and13CR spins. All 13CO 90° pulses are rectangular with a field strength of∆/x15 (prior toe) or ∆′/x15 (aftere); 13CO 180°
pulses have ag3 profile (335µs)29 until point e, while the final two13CO 180° pulses are rectangular with a field strength of∆′/x3. All off-resonance
rectangular carbon pulses are generated by phase modulation of the carrier.30,31 Arrows indicate the positions of Bloch-Siegert compensation pulses.32

Values of the delays areτa ) 1.8 ms,τb ) 4.5 ms,τc ) 7.0 ms,η ) 4.5 ms,TN ) 12.5 ms,δ1 ) 0.9 ms,δ2 ) 5.5 ms,T ) 2.6 ms. The delaysτx andτy

are given byτx ) τc - τb andτy ) τb - 1/2τc, respectively. The phase cycling employed isφ1 ) {x, -x}, φ2 ) 4{x}, 4{-x}, φ3 ) 8{x}, 8{-x}, φ4 ) 2{x},
2{-x}, andφrec ) {x, -x, -x, x}. Quadrature detection in F1 is achieved via States-TPPI33 of φ1. Gradient strengths in G/cm (durations in ms) areg1 )
8 (0.5),g2 ) 8 (0.3),g3 ) 20 (1.0),g4 ) 5 (0.5),g5 ) 7 (0.8),g6 ) 12 (0.5),g7 ) 8 (0.4),g8 ) 10 (0.5),g9 ) 8 (0.5),g10 ) 6 (1.0),g11 ) 10 (0.5),
g12 ) 14 (0.8),g13 ) 5 (0.6).
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dimensional experiment by recording15N chemical shifts,
producing a data set with correlations at [ωCO(i), ωN(i + 1),
ωHN(i + 1)], thereby taking advantage of the favorable dispersion
of 15N chemical shifts in unfolded states.9,10

As described above, the present experiment has been designed
for unfolded proteins by exploiting the narrow chemical shift
range for side-chain Câ(Asp)/Cγ(Glu) carbon resonances. The
increased dispersion of chemical shifts in folded protein states
can make selective refocusing of Cγ(Glu) (i.e., without excitation
of Câ(Glu), pulseA) difficult. For example, a 2.5 ms pulse
centered at 41.1 ppm refocuses magnetization between 34.9 and
47.3 ppm, leaving spins upfield (downfield) of 30.5 ppm (51.7
ppm) unaffected (500 MHz). In the Fexchstate of the drkN SH3
domain, the Cγ(Glu) shifts range from 35.0 to 36.4 ppm, while
Câ shifts are surprisingly downfield, even for a folded protein,
and vary between 30.7 and 33.7 ppm. It is, therefore, not
possible to refocus Cγ(Glu) without affecting Câ(Glu), leading
to sensitivity decreases. However, by application of a nonselec-
tive 180° pulse (A) and concomitant shortening of the delayτb

(to ∼3.2 ms) prior to pointa, the experiment can be used to
obtain correlations in both folded and unfolded proteins. In this
case, however, cross-peaks from the unfolded state are attenu-
ated by approximately 30%. Using this modification, we were
able to measure pKa values for residues in the folded state; a
correlation between pKa values in the Uexchand Fexchstates and
protein stablity for the wild-type protein and a number of
mutants will be forthcoming.

pKa values of carboxyl groups in denatured states of a number
of proteins have been estimated to be on average 0.3-0.4 pH
units lower than those of model compounds (e.g., the peptides
AlaAspAla and AlaGluAla with N- and C-terminal blocking
groups),11 likely due to local and/or nonlocal electrostatic
interactions within a compact unfolded state ensemble.12-15

Recently, computational techniques based on finite-difference
Poisson-Boltzmann methods5,16or on continuum electrostatics
treatments17 have been employed to predict side-chain carboxyl
pKa values of Asp and Glu residues of unfolded proteins, also
suggesting general average downward shifts (by 0.2-0.4 pH
units) relative to model compounds. Our experimental data on
the Uexchstate of the drkN SH3 domain do not, however, indicate
such a general trend, as shown in Figure 2. Notable deviations
from model compound pKa values (4.0 for Asp and 4.4 for
Glu)11 are measured for only two residues in the Uexchensemble.
Asp8 displays a downward shifted pKa value of 3.75, which
can most likely be attributed to a local electrostatic interaction
with the side chain of His7. The pKa of Glu2 is also shifted to
a lower than average value (4.08), probably due to a local
interaction with the positively charged N-terminus of the protein.
The average pKa values of all other Asp and Glu residues in
the Uexch state (4.04( 0.06 and 4.39( 0.07, respectively)
compare well with model compound pKa values. (Of interest,
pKa values in the Fexch state range from 4.0 to 4.6 for Glu and
from 2.2 to 4.3 for Asp). The results for the Uexch state suggest
that although the local sequence does have an effect on pKa

values, a general trend toward lower than model compound pKa

values is not found for the unfolded state ensemble of the drkN
SH3 domain. The lack of long-range electrostatic interactions
is likely due to the fact that the Asp and Glu side chains are all
localized to the surface of the protein in the folded state and,
thus, in any nativelike compact state conformation within the
unfolded state ensemble.18

In summary, we have presented a pulse scheme optimized
for measuring pKa values of Asp and Glu side-chain carboxylates
in unfolded protein states and applied this methodology to
obtain, for the first time, residue-specific pKa values for an
unfolded protein. Data sets of relatively high sensitivity have
been obtained on samples with concentrations as low as
approximately 0.3 mM in unfolded protein in relatively modest
acquisition times (∼2 h), facilitating measurement of complete
titration profiles. It is anticipated that the pulse scheme will be
a valuable addition to the family of NMR experiments that has
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Figure 2. Experimental titration curves obtained for the unfolded state of the drkN SH3 domain. The pH profiles of chemical shifts were fitted to the
Henderson-Hasselbach equation,22 with best fit pKa values for each residue given in the upper left corner. Inserts show representative side-chain carboxyl
13CO/backbone amide1HN correlation maps of the drkN SH3 domain at 5°C and pH 6.0 recorded at 500 MHz using the pulse scheme of Figure 1. All
cross-peaks are labeled by residue number, and peaks arising from the Fexch state are indicated with an asterisk.

A R T I C L E S Tollinger et al.

5716 J. AM. CHEM. SOC. 9 VOL. 124, NO. 20, 2002



currently been developed to characterize the structure and
dynamics of unfolded protein states.

Materials and Methods

A uniformly 15N, 13C labeled sample of the N-terminal SH3 domain
from the protein drk was prepared as described previously.9 Spectra
were recorded on a 0.6 mM sample (total protein concentration, Fexch

+ Uexch), 50 mM sodium phosphate, 92% H2O/8% D2O. All spectra
were recorded with widths of 1200 (8000) Hz with 128 (512) complex
points in the indirect (direct) dimensions, corresponding to acquisition
times of 107 (64) ms. Sixteen scans were recorded per FID, giving
rise to a net acquisition time of 1.6 h/spectrum. Linear prediction was
applied to the13C dimension,19 and both dimensions were apodized
with shifted squared sine-bell window functions, zero-filled, and Fourier
transformed using the NMRPipe/NMRDraw suite of programs.20

Chemical shifts were referenced relative to an internal standard DSS.21

Although Fexch and Uexch states are present in an∼1:1 ratio (at pH 6),
cross-peaks from the Fexch state are typically of lower intensity than
cross-peaks from the Uexchstate since the experiment has been optimized
for studies of unfolded states. pH profiles of chemical shifts were fit
to the Henderson-Hasselbach equation,22

whereδA andδB are the plateau values of carboxyl carbon chemical
shifts in the acidic and basic pH limits, respectively.

The pH of each sample was measured in the NMR tube before and
after acquisition of each spectrum. To estimate the errors in pKa values
due to uncertainties in measured pH values, a Monte Carlo fitting
procedure was employed23 in which pH values are obtained from a
normal distribution around the average pH meter reading with a standard
deviation (estimated from repeat readings) of 0.05 pH units. The 250
profiles so obtained are subsequently fit with eq 1 to produce a
distribution of pKa values. Errors on the order of(0.02 are obtained.
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