
Ring Flips Revisited: 13C Relaxation Dispersion Measurements of
Aromatic Side Chain Dynamics and Activation Barriers in Basic
Pancreatic Trypsin Inhibitor
Ulrich Weininger, Kristofer Modig, and Mikael Akke*

Department of Biophysical Chemistry, Center for Molecular Protein Science, Lund University, P.O. Box 124, SE-221 00 Lund,
Sweden

*S Supporting Information

ABSTRACT: Intramolecular motions of proteins are critical
for biological function. Transient structural fluctuations
underlie a wide range of processes, including enzyme catalysis,
ligand binding to buried sites, and generic protein motions,
such as 180° rotation of aromatic side chains in the protein
interior, but remain poorly understood. Understanding the
dynamics and molecular nature of concerted motions requires
characterization of their rates and energy barriers. Here we use
recently developed 13C transverse relaxation dispersion
methods to improve our current understanding of aromatic
ring flips in basic pancreatic trypsin inhibitor (BPTI). We
validate these methods by benchmarking ring-flip rates against
the three previously characterized cases in BPTI, namely, Y23, Y35, and F45. Further, we measure conformational exchange for
one additional aromatic ring, F22, which can be interpreted in terms of a flip rate of 666 s−1 at 5 °C. Upon inclusion of our
previously reported result that Y21 also flips slowly [Weininger, U., et al. (2013) J. Phys. Chem. B 117, 9241−9247], the 13C
relaxation dispersion experiments thus reveal relatively slow ring-flip rates for five of eight aromatic residues in BPTI. These
results are in contrast with previous reports, which have estimated that all rings, except Y23, Y35, and F45, flip with a high rate at
ambient temperature. The 13C relaxation dispersion data result in an updated rank order of ring-flip rates in BPTI, which agrees
considerably better with that estimated from a recent 1 ms molecular dynamics trajectory than do previously published NMR
data. However, significant quantitative differences remain between experiment and simulation, in that the latter yields flip rates
that are in many cases too fast by 1−2 orders of magnitude. By measuring flip rates across a temperature range of 5−65 °C, we
determined the activation barriers of ring flips for Y23, Y35, and F45. Y23 and F45 have identical activation parameters,
suggesting that the fluctuations of the protein core around these residues are similar in character. Y35 differs from the other two
in its apparent activation entropy. These results might be rationalized by the fact that Y23 and F45 are located in the same region
of the structure while Y35 is remote from the other two rings. As indicated by our new results for the exceptionally well-
characterized protein BPTI, 13C relaxation dispersion experiments open the possibility of studying ring flips in a range of cases
wider than that previously possible.

Proteins continuously undergo dynamic processes distrib-
uted over a wide range of time scales. Buried functional

sites can be accessed as a consequence of transient structural
fluctuations. Aromatic ring flips are a hallmark example of such
“breathing motions” and have a very long history in biophysics,
dating back some 35 years to milestone studies that shifted the
view of proteins as static structures to dynamic systems.1,2

Despite the long history of using aromatic ring flips as a
probe of protein dynamics, only a handful of cases in which the
rates of ring flips have actually been measured have been
reported. Instead, the appearance of the nuclear magnetic
resonance (NMR) spectrum has often been taken as a proxy for
the rate of ring flips,1 as outlined further below. The list of
actual ring-flip measurements includes basic pancreatic trypsin
inhibitor (BPTI),1,3−6 cytochrome c,7−9 yeast iso-2-cytochrome
c,10 hen lysozyme,11 histidine-containing phosphocarrier

protein (HPr),12 and xylanase.13 In some of these studies, the
ring-flip kinetics have been measured as a function of
temperature or pressure, yielding activation energies1,6,8,10,12

or activation volumes,3,5,12 respectively. Previous studies have
typically employed 1H NMR line shape analyses or
longitudinal-exchange spectroscopy, and a great majority of
these report on slow ring flips (kflip < 103 s−1). Very slow ring
flips at low temperatures have been measured for BPTI using
1H−1H NOESY experiments.6

Usually, the symmetric pairs of nuclei in the aromatic rings of
Tyr and Phe give rise to single signals in the NMR spectrum,
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indicating that the ring-flip rate is fast compared to the chemical
shift difference between the two nuclei on either side of the
ring. On the basis of the statistical distribution of chemical
shifts listed in the BioMagResBank14 for the δ and ε nuclei in
Tyr and Phe, it might be expected that an exchange-averaged
peak is indicative of a ring-flip rate on the order of 103−105 s−1
at ambient temperature.6 However, it should be kept in mind
that a single resonance also can arise as a consequence of
chemical shift degeneracy between the two sides of the ring,
and that the observation of a single resonance does not carry
any information on the absolute rate of ring rotation. As a case
in point, we recently demonstrated that Y21 of BPTI undergoes
slow ring flips (kflip < 100 s−1) even though the 1H−13C
correlation spectrum shows only a single peak for each
symmetric pair of nuclei in this aromatic ring.15

In the past decade, powerful NMR methods have been
developed to study exchange phenomena in proteins and other
biomolecules. Relaxation dispersion experiments performed as
a function of the refocusing frequency allow investigations of
dynamics on the microsecond to millisecond time scales, in
terms of the exchange rate constants, the relative populations of
the exchanging states, and the chemical shift difference between
these.16−18 This type of experiment further has the advantage
that, contrary to line shape analysis, it is not influenced by static
magnetic field inhomogeneity. In addition, heteronuclear NMR
spectroscopy usually is less affected by spectral overlap than are
experiments based solely on 1H. Relaxation dispersion
experiments targeting aromatic rings have been hampered
previously by the large coupling between adjacent 13C sites, but
isotope labeling strategies that yield specific 13C enrichment
now make it possible to use aromatic 13C spins as probes of
ring-flip dynamics.19−21 Recently, we developed a suite of
relaxation dispersion experiments tailored specifically for
aromatic 13C spins.22,23

Rotations of aromatic rings located in the hydrophobic core
of proteins require sizable activation volumes, the creation of
which involves coordinated movement of surrounding
residues.24,25 Little is known about the mechanisms of aromatic
ring flips, but sufficiently long molecular dynamics (MD)
simulations are now starting to shed light on these relatively
infrequent events. As the time scales that can be accessed by
MD simulations approach those covered by NMR methods for
studying conformational exchange, the opportunity to critically
appraise force field performance and simulation methods by
validating simulations against experiment arises.26−28

Here we reinvestigate aromatic ring flips in BPTI using L-
optimized TROSY-selected 13C relaxation dispersion experi-
ments as a function of temperature. The dynamic behaviors of
slowly flipping rings Y23, Y35, and F45 are generally well
reproduced, although slight differences are observed for the flip
rates of Y23 and the activation barriers of Y35. We also
measured, for the first time, a relatively slow exchange rate for
F22. Together with our previous result that Y21 also has a slow
flip rate,15 we thus report an expanded list of slowly flipping
aromatics in BPTI that agrees well on a qualitative level with a
recent 1 ms MD trajectory.26

■ MATERIALS AND METHODS
NMR Spectroscopy. Aromatic 13C L-TROSY-CPMG22

and 13C L-TROSY-R1ρ
23 relaxation dispersion experiments

were performed on an 8 mM sample of nonlabeled BPTI in
90% H2O and 10% D2O (pH 7.1); the protein concentration
was thus similar to those employed in previous studies, which

ranged between 6 and 10 mM.1,6 CPMG relaxation dispersion
experiments were conducted at static magnetic field strengths
(B0) of 11.7 and 14.1 T and temperatures of 5, 15, 25, 35, 45,
and 55 °C. CPMG refocusing frequencies (νcp) were 33, 67,
100, 167, 233, 333, 433, 533, 667, 833, and 1000 Hz at all
temperatures, except at 55 °C where they were set to 50, 100,
200, 300, 400, 600, 700, 800, 900, and 1000 Hz. The B1 field
strengths of the CPMG refocusing pulses were 12800 Hz (11.7
T) and 11000 Hz (14.1 T). R1ρ relaxation dispersion
experiments were conducted at 11.7 T and at 55 and 65 °C,
using B1 field strengths of 807, 973, 1225, 1583, 1944, 2397,
3109, 4014, and 5018 Hz. The B1 field strengths of the spin-
lock were calibrated by measuring the residual 1JHC couplings in
an aromatic 1H−13C HSQC spectrum acquired with con-
tinuous-wave decoupling during acquisition.17 The temperature
was calibrated using a copper-constantan thermocouple in an
NMR tube containing a water/ethanol mixture.

Data Analysis. Spectra were processed using NMRPipe29

and analyzed using NMRView.30 Relaxation dispersions were fit
to the Carver−Richards equation31,32 in the case of
intermediate to fast exchange. In the slow-exchange regime,
relaxation dispersions were fit to the following equation:33,34

γ ν= + − ΔδR R k B[1 sinc( / )]2,obs 2,0 flip 0 cp (1)

where R2,0 is the exchange free transverse relaxation rate,
assumed to be identical for the two sites, γ is the gyromagnetic
ratio, and Δδ is the chemical shift difference between the two
sites. Data modeling utilized the Levenberg−Marquardt
nonlinear least-squares optimization algorithm35 implemented
in MATLAB. All data were analyzed by using fixed populations
(p1 = p2 = 0.5) and treating Δδ as either a free parameter
(Δδdisp) or fixed at the value (Δδspectra) measured from HSQC
spectra under slow-exchange conditions. In all cases where
separate resonances were observed for the two sides of a ring,
Δδ was independent of temperature to within ±0.01 ppm. R1ρ
relaxation data acquired at 55 and 65 °C were fit simultaneously
to the general equation for symmetric exchange derived by
Miloushev and Palmer,36 while imposing the constraint kex(65
°C) > kex(55 °C). Activation barriers of the ring flips were
determined by nonlinear regression of the flip rates (kflip = kex/
2) on temperature T, using either the Arrhenius or Eyring
equation. The Arrhenius equation was parametrized as

= × −k A E RTexp( / )flip a (2)

where A is the pre-exponential factor, Ea is the activation
energy, and R is the gas constant. The Eyring equation was
parametrized as

= × − Δ − Δ⧧ ⧧k k T h H T S RT( / ) exp[ ( )/ ]flip B (3)

where kB and h are Boltzmann’s constant and Planck’s constant,
respectively, and ΔH⧧ and ΔS⧧ are the activation enthalpy and
activation entropy, respectively. The Eyring equation was thus
applied under the assumption that the transmission coefficient
equals 1. Errors in the fitted parameters were estimated using
Monte Carlo simulations;35 the reported errors correspond to
one standard deviation.

■ RESULTS AND DISCUSSION
13C Relaxation Dispersion Experiments Allow Meas-

urement of Previously Uncharacterized Ring Flips. We
recorded L-TROSY CPMG22 relaxation dispersion profiles for
aromatic 13Cδ and 13Cε spins at natural abundance and five

Biochemistry Article

dx.doi.org/10.1021/bi500462k | Biochemistry 2014, 53, 4519−45254520



different temperatures, ranging from 5 to 55 °C. BPTI contains
four phenylalanine and four tyrosine residues. Five of these
eight residues (Y21, F22, Y23, Y35, and F45) showed evidence
of exchange in the 13C relaxation dispersion experiments
(Figure 1, Figures S1 and S2 of the Supporting Information,
and ref 15). Three of these (Y23, Y35, and F45) have
previously been observed to undergo slow ring flips.1 The slow
exchange of these three residues is manifested in the 1H−13C
correlation spectrum at lower temperatures, which displays
separate resonances for the two nuclei on the opposite sides of
the aromatic ring (Figure S3 of the Supporting Information).
Here, we establish that also F22 experiences a relatively slow
exchange process (Figure 1A), which we tentatively interpret as
a ring flip, even though only a single, exchange-averaged
resonance is observed for each pair of δ or ε nuclei across the
range of temperatures studied here. We have previously
demonstrated that Y21 undergoes slow ring flips (kflip < 100
s−1 at 35 °C) by analyzing its anomalous, “upside-down”
CPMG relaxation dispersion profiles that arise from strong
1H−1H couplings between the proton attached to the
monitored 13C nucleus and its vicinal neighbor (attached to
12C).15 Of note, Y21 also exhibits degenerate 1H and 13C
chemical shifts for both the δ and ε nuclei. Thus, the 13C
CPMG relaxation dispersion experiment has revealed two
additional residues exhibiting relatively slow ring flips in BPTI,
besides the three previously well-documented cases.
The exchange dynamics of all five residues showing 13C

relaxation dispersion can be adequately described as a two-state
process with equal populations (p1 = p2 = 0.5). In the case of
the four residues showing canonical relaxation dispersion
profiles (F22, Y23, Y35, and F45), both the exchange rate
constant and the chemical shift difference could be determined
by fitting these parameters to the data using eq 1 or the
Carver−Richards equation31,32 (Figure 1). Table 1 lists the
fitted rate constants. The rate constants were identical within
error regardless of whether the chemical shift differences were
included as free parameters (Δδdisp) of the fit (Figure S1 of the
Supporting Information) or fixed at the values (Δδspectra)
measured in the 1H−13C correlation spectra (Figure S2 of the

Supporting Information), as summarized in Table S1 of the
Supporting Information. Moreover, Δδdisp agrees well with
Δδspectra (Figure S4 of the Supporting Information), indicating
that the method yields robust results. The fitted rate constants
obtained for Y23, Y35, and F45 serve to validate the 13C L-
TROSY-CPMG22 relaxation dispersion method by benchmark-
ing against previous results.1,6 We generally obtain good
agreement with earlier data, which were obtained by 1H line
shape analysis. The largest deviations are observed for Y23,
where the previously reported rates are lower by a factor of
approximately 4−5 (see also Figure 2).
The exchange rate measured for F22 13Cε corresponds to a

kflip of (6.7 ± 1.8) × 102 s−1 at 5 °C. While it cannot be
ascertained at present that the measured exchange is due to ring
flips, several observations support this interpretation. First, the
F22δ cross-peak is also broadened, but the F22ζ cross-peak is
not, in agreement with the expected outcome of a ring flip,
which modulates the chemical shifts of the δ and ε nuclei but
leaves that of the ζ nucleus unaffected. Unfortunately, F22δ is

Figure 1. Representative 13C CPMG relaxation dispersion profiles acquired at static magnetic field strengths of 11.7 T (blue and cyan) and 14.1 T
(red and magenta): (A) F22ε at 5 °C, (B) Y23ε at 15 °C, (C) Y35ε at 35 °C, and (D) F45δ at 5 °C. Two colors (blue and cyan or red and magenta)
are used in those cases where separate signals are observed in the spectra for each pair of δ or ε nuclei. All data acquired for a given residue and
temperature were fit together, using fixed populations (p1 = p2 = 0.5) and free chemical shift difference(s) (Δδdisp). The resulting exchange rates (kex)
are (A) (13 ± 4) × 102, (B) 64 ± 7, (C) 17.3 ± 0.7, and (D) 24 ± 4 s−1.

Table 1. Exchange Rate Constants Determined by 13C
Relaxation Dispersion Experimentsa

residue T (°C) kex (s
−1)

F22ε 5 (1.3 ± 0.4) × 103

Y23ε 5 18 ± 3
15 64 ± 7
55 (4.7 ± 0.9) × 103

65 (19 ± 2) × 103

Y35ε 35 17.3 ± 0.7
45 63 ± 4
55 118 ± 10

F45δ 5 24 ± 4
55 (14 ± 4) × 103

65 (20 ± 3) × 103

aParameters were obtained by nonlinear least-squares fits against the
relaxation dispersion data acquired using CPMG (5−45 °C) or spin-
lock (55−65 °C) refocusing elements. Δδ was included as a fixed
parameter in the fit, except for F22, which is in the fast-exchange
regime.
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heavily overlapped with Y23δ, which precludes quantitative
analysis; however, the spectra clearly show that F22δ becomes
broadened beyond detection at 5 °C (Figure S3 of the
Supporting Information). Second, we find that the ring-flip
model, with equal populations of exchanging sites, fits the data
adequately. Parameter estimation using grid search shows that
models with skewed populations (p1 ≤ 0.1) yield χ2 values
significantly higher than those of models for which 0.1 < p1 ≤
0.5. Exchange involving a highly populated alternative
orientation of the F22 aromatic ring would be expected to
affect other residues located nearby, but there is no evidence of
conformational exchange in this region of the protein.37,38

Third, the relatively slow flip rate of F22 is in agreement with a
recent MD simulation,26 as discussed further below, which
further bolsters our interpretation of the relaxation dispersion
in terms of ring flips.
BPTI is known to form decamers and higher-order oligomers

at high protein and salt concentrations.39 On the basis of data
reported in the literature,39 we estimate that the fraction of
oligomers should be <5% under the sample conditions
presented here. Thus, the small amount of oligomers possibly
present is not expected to influence the ring-flip rates to any
significant extent.
The Updated Rank Order of Ring-Flip Rates in BPTI

Shows Qualitative Agreement with MD Results. Prior to
our work, the most recent rank order of ring-flip rates in BPTI
suggested that the rates could be listed from slow to fast as
follows: Y35 ≪ Y23 < F45 ≪ F4 and F33 < Y10, Y21, and F22
[the latter five were estimated to flip quite fast (kflip > 106

s−1)].40 Our current results lead to a revised rank order of ring-
flip rates: Y35 < Y21, Y23, and F45 < F22 < F4, Y10, and F33
(cf. Table 1). We stress that the rates for the last three residues
in this list have not actually been measured but are inferred to
be fast on the basis of the observation that the two nuclei on
either side of the ring give rise to a single resonance line. The
updated rank order is in much better agreement with the recent
1 ms MD trajectory26 of BPTI than that based on previously
reported data. Specifically, the MD-derived ranking in order of
increasing rates is as follows: F45 (no observed ring flips) <
Y21 and Y23 (1 × 103 s−1) < Y35 (1 × 104 s−1) < F22 (7 × 104

s−1) < Y10 (1 × 106 s−1), F33 (6 × 106 s−1), and F4 (7 × 106

s−1).26 Similarly, in a 1.27 μs MD simulation at 375 K, the only

rings that flipped were F4 (287 flips), Y10 (276 flips), F22 (6
flips), and F33 (34 flips).40 All residues found by 13C relaxation
dispersion experiments to flip relatively slowly (kflip ≤ 103 s−1)
belong to the group of more slowly flipping rings (kflip ∼ 103−
104 s−1) in the 1 ms MD trajectory, while the three residues for
which experimental rate measurements have not been achieved
correspond to those that flip with rates of ≥106 s−1 in the MD
simulation. Thus, the new experimental data validate the MD
trajectory in qualitative terms.
We note that the absolute rates derived from the MD

trajectory show significant deviations from the experimental
data. Except for the obvious anomaly of F45, which does not
flip at all in the MD simulation, the rates for all slowly flipping
residues are overestimated by 1−2 orders of magnitude.
Specifically, Y35 shows a flip rate in the simulations
considerably higher than that measured by experiment, 1 ×
104 s−1 (at 27 °C) compared to 9 s−1 (at 35 °C). This
discrepancy can be explained by the combination of two factors.
First, the 1 ms MD trajectory of BPTI has revealed that the
likelihood that a given aromatic ring undergoes a rotation
around χ2 depends strongly on the global state of the protein.
Indeed, the flip rate of Y35 varies between 0 and 1.6 × 104 s−1

among the three most populated basins of the energy
landscape, as a consequence of the variation between these
basins in the local structure around Y35. By contrast, those
rings that flip slowly in the MD simulation [Y21, Y23, and F45
(kflip ≤ 103 s−1)] are all located in a region of the protein that
differs less in structure between alternative basins.26 Second, the
conformational sampling of basins along the MD trajectory
does not reproduce the true equilibrium, as assessed by
NMR;27,28 this deviation is expected because the free energy
differences between basins are within the limits of uncertainty
of current force fields.26 Givent that the MD-derived
populations do not accurately represent the true equilibrium,
it is not surprising that the effective flip rate of Y35 is
overestimated by the MD simulation. Taken together, these
results indicate encouraging agreement between experiment
and simulation but also suggest that continued refinement of
force fields and simulation methods is required to quantitatively
reproduce the complex dynamics underlying aromatic ring
rotations.

Measuring Faster Ring-Flip Rates Using 13C R1ρ
Relaxation Dispersion Experiments. To characterize the
ring-flip dynamics at higher temperatures, where the exchange
is too fast to be measured accurately by CPMG-type dispersion
experiments, we used the 13C L-TROSY R1ρ relaxation
dispersion experiment.23 At 55 °C, both Y23ε and F45δ have
merged into single peaks. In both cases, CPMG methods are
able to detect fast exchange but cannot be used to reliably
quantify the rate. We acquired on-resonance 13C R1ρ relaxation
dispersion profiles at 55 and 65 °C, which reveal exchange for
both Y23ε and F45δ (Figure 3). The free energy of unfolding
(ΔGU) of BPTI at 65 °C is 30 kJ/mol, as calculated from the
Gibbs−Helmholtz equation and the reported thermal unfolding
parameters (ΔHU = 312 kJ/mol, ΔCp = 1.3 kJ mol−1 K−1, and
Tm = 104 °C).43 Hence, the population of unfolded species is
insignificant over the entire temperature range covered here.
To verify this expectation, we acquired 1H−13C HSQC spectra
at temperatures of ≤75 °C, which did not reveal any peaks
other than those from the folded protein (data not shown).
Similar to the CPMG relaxation dispersions, identical

exchange rates were extracted regardless of whether the
chemical shift differences were included as free parameters in

Figure 2. Temperature dependence of flip rates. kflip plotted as a
function of 1/T for Y23 (●), Y35 (■), and F45 (▼). For reference,
data from previous studies1 are shown as empty symbols. The data are
represented using a logarithmic y-axis to show the expected linearity,
but the fit was performed using nonlinear regression of kflip on T.
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the fit or fixed at the Δδspectra values (Figure S5 of the
Supporting Information). The chemical shift differences
determined from the fit show excellent agreement with those
observed in spectra (Figure S4 of the Supporting Information),
which further validates the 13C L-TROSY R1ρ experiment.
Determining Activation Barriers from the Temper-

ature Dependence of Flip Rates. To determine kinetic
activation parameters of the ring flips, we analyzed flip rates as a
function of temperature, covering the range from 5 to 65
°C.43The low effective concentration of 13C sites at natural
abundance, corresponding to 80 μM under the conditions
presented here, imposes severe limitations on the achievable
signal-to-noise ratio, which in turn restricts the range of
temperatures at which high-quality relaxation dispersion
profiles can be measured. For this reason, we were not able
to perform measurements close to coalescence, where exchange
broadening significantly reduces the signal intensities. Using a
combination of CPMG and R1ρ experiments, data of sufficient
quality were acquired across a range of temperatures for Y23,
Y35, and F45, as follows: 5, 15, 55, and 65 °C for Y23; 35, 45,
and 55 °C for Y35; and 5, 55, and 65 °C for F45 (see Table 1
and Figures S1, S2, and S5 of the Supporting Information).
These data could be analyzed successfully to extract dynamic
ring-flip parameters and subsequently used to determine
activation parameters, as described below.
Figure 2 shows kflip plotted logarithmically as a function of 1/

T for Y23, Y35, and F45. As expected from theory, the plots are
linear within experimental error. The results of the fits to the
Eyring and Arrhenius equations are listed in Table 2. All three
aromatic rings yield similar slopes in the plots of log(kflip)
versus 1/T; i.e., they have nearly identical energy barriers, ΔH⧧

or Ea. By contrast, the intercept is different for Y35 versus Y23
and F45, corresponding to a significantly lower value of ΔS⧧
(Table 2). Note that the chosen parametrization of the pre-
exponential factor affects the fitted ΔS⧧. Here, we have used the
gas-phase value, kBT/h, thus assuming that the transmission
coefficient is equal to 1 and hence identical among the different
residues, which might not be the case in reality;44 alternative

interpretations of the variations in the intercept are thus
possible.
The activation parameters obtained for Y23 and F45 are

identical within error, suggesting that the structural fluctuations
governing the ring flips of these two residues are similar in
character. This result is rationalized by the fact that Y23 and
F45 are located in the same structural region (Figure 4). Y35

differs from Y23 and F45 in ΔS⧧ and is located in a different
region of the structure, which was shown to vary significantly
between alternative basins sampled in the 1 ms MD
simulation,26 as described above. It is conceivable that the
sampling of multiple ground-state conformations in this region
of BPTI affects the ΔS⧧ of the Y35 ring flip.
The extracted values of ΔH⧧ range between 83 and 86 kJ

mol−1. These values fall within the limits of previously
published results for other proteins, which range between 64
and 151 kJ mol−1. The lower end of this range is represented by
Y97 in cytochrome c, which exhibits significant curvature in the
Arrhenius plot.9 The highest value was obtained for Y67 in iso-
2-cytochrome c, while Y46 and Y48 in the same protein both

Figure 3. Aromatic 13C L-TROSY-selected R1ρ relaxation dispersions
of Y23ε (A and B) and F45δ (C and D) recorded on-resonance (tilt
angle θ > 85°) at a static magnetic field strength of 11.7 T at 55 °C (A
and C) and 65 °C (B and D). Data were fit with fixed populations (p1
= p2 = 0.5) and free chemical shift differences (Δδdisp) and with the
constraint kex (65 °C) > kex (55 °C). The resulting exchange rates (kex)
are (A) (4.7 ± 0.9) × 103, (B) (19 ± 2) × 103, (C) (14 ± 4) × 103,
and (D) (20 ± 3) × 103 s−1.

Table 2. Activation Parameters of Aromatic Ring Flips in
BPTI

residue Ea (kJ mol−1)a ΔH⧧ (kJ mol−1)b ΔS⧧ (J K−1 mol−1)b

Y23 88 ± 1 86 ± 3 81 ± 9
Y35 82.8 ± 0.5 83 ± 3 41 ± 10
F45 90 ± 2 86 ± 3 86 ± 10

aObtained by nonlinear least-squares fits of kflip vs T using the
Arrhenius equation. bObtained by nonlinear least-squares fits of kflip vs
T using the Eyring equation.

Figure 4. Three-dimensional structure of BPTI (Protein Data Bank
entry 5pti41) showing the backbone and aromatic side chains as tubes
and sticks, respectively. Secondary structure elements are colored cyan.
Aromatic side chains are labeled by residue number. Slowly flipping
rings (kflip < 103 s−1) identified by NMR are colored red [newly
identified ones, F22 (this work) and Y2115] and orange (previously
identified ones1). Rings not identified by experiment to flip slowly are
colored gray. This figure was prepared using MOLMOL.42
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have ΔH⧧ values of 117 kJ mol−1.10 The high activation barriers
observed for iso-2-cytochrome c might be explained by the
structure: the rings of Y46 and Y48 pack tightly together in a
typical aromatic-pair interaction, while Y67 packs against the
heme group. Presumably, significant rearrangements of an
extended region of the protein core are required for ring flips to
take place in these cases. Our results for BPTI are highly
comparable to recent data for Y6 in HPr, which yielded a ΔH⧧

of 89 ± 10 kJ mol−1.12

We note that the relatively uniform activation barriers
determined herein are in contrast with previous experimental
results for BPTI, for which a greater range of activation
enthalpies were obtained, varying from 59 to 155 kJ mol−1.1,6

The highest value was obtained for Y35, while Y23 yielded a
ΔH⧧ of 109 kJ mol−1, which is more in line with our current
results. The lowest value, observed for F45, was recently
determined by 1H−1H EXSY experiments conducted between
−16.5 and −3.5 °C.6 The observed differences between these
results and previous results for F45 could conceivably be due to
the difference in temperature, although the low-temperature
results actually agree well with earlier data from 1H line shape
analysis covering the temperature range of 4−72 °C.1 These
discrepancies merit future investigation, which preferably
should be conducted using isotope-enriched samples to ensure
improved sensitivity and enhanced sampling of the temperature
dependence.
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Aromatic Amino-Acid Residues in Globular Conformation of Basic
Pancreatic Trypsin-Inhibitor (BPTI). 1. H-1 NMR Studies. Biophys.
Struct. Mech. 2, 139−158.
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