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ABSTRACT: The accessibility of O2, acrylamide, and four acrylamide derivatives of increasing molecular size
{N-(hydroxymethyl)acrylamide, N,N0-methylene-bisacrylamide, N-[tris(hydroxymethyl)methyl]acrylamide,
and 2-acrylamido-2-methyl-1-propanesulfonic acid} to buried Trp residues in four proteins, as determined by
dynamic quenching of their phosphorescence emission, was utilized for probing the amplitude range of
structural fluctuations in these macromolecules. The quenching rate constant of each solute, kq, was
determined (at 25 and -5 �C) for liver alcohol dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase,
azurin, and alkaline phosphatase. The results show that high-frequency small amplitude motions pervade the
protein globular fold, permitting relatively unhindered diffusion of small diatomic molecules all the way to
compact cores of the macromolecule. For larger solutes, the access to deep regions drops sharply with
molecular size, with acrylamide probably representing a threshold for diffusion of a solute through
homogeneous compact domains, on the long second time scale. The results emphasize the variability in the
amplitude of protein motions between deep cores and more superficial regions of the globular fold and unveil
the existence of unexpectedly large amplitude low-activation barrier fluctuations permitting the penetration
of solutes with comparatively large Mw values.

There is a growing awareness that protein dynamics is
intimately correlated to biological function. More recently,
particular attention has been drawn to slow collective motions
in the submicrosecond to second time domain as there is
mounting evidence that structural fluctuations on this time scale
are directly linked to enzymatic catalysis, signal transduction,
and protein-protein interactions (1-7). Despite the relevance to
biological function, the amplitude spectrum of slow motions in
globular proteins is still poorly characterized. As a result, little is
known about the intrinsic variability of protein motions among
globular folds, their correlation to secondary and tertiary struc-
ture, and the extent to which they are modulated by bound
ligands or medium conditions. This paucity of data is caused to
the experimental difficulties associated with the detection of slow
motions (6, 8-10), especially when dealing with transitions to
rarely populated conformational substates that, nevertheless,
may be functionally important.

The diffusion of inert solutes through globular proteins
requires structural fluctuations that lead to transient formation
of channels or the opening of gates of proportionate size.
Therefore, by studying the rate of migration of solutes with
progressively larger molecular weights to internal protein sites,
we may be able to gain insight into the time scale and amplitude
range of protein motions. One approach is to monitor the
quenching of Trp luminescence of internal residues by the
penetration of quenching solutes, Qs, varying in molecular size.
The technique, initially applied to quenching of Trp fluorescence
on the nanosecond time scale (11), was subsequently extended to

the long-lived phosphorescence emission, in that way expanding
the range of measurable diffusion rates to the microsecond to
second time domain (12-20). Quenching studies measure the
phosphorescence lifetime, τ, as a function of the quencher
concentration, [Q], and evaluate the bimolecular quenching rate
constant, kq, from the gradient of the Stern-Volmer plot

1=τ ¼ 1=τ0 þ kq½Q� ð1Þ
where τ0 is the unperturbed lifetime. For efficient quenching of
Trp free in solution, kq is close to the diffusion-limited rate
constant kd, where kd = 4πr0D (r0 is the sum of molecular radii
and D the sum of the individual diffusion coefficients). With
buried Trp residues in proteins, kq may fall even by several orders
of magnitude (14), reflecting the slower diffusion of Q through
the protein matrix, relative to diffusion in water.

To date, a systematic study of the dependence of penetration
rates on Q size has not been performed on any protein.
Phosphorescence quenching experiments have been mainly con-
cerned with small diatomic and triatomic molecules (e.g., O2,
NO, and CS2) and only more recently with lager acrylonitrile
(Mw = 53) (21)and acrylamide (14)(Mw = 71). Whereas di-
atomic molecules readily penetrate the protein matrix, internal
diffusion of acrylamide, which is approximately twice the size of
O2, can be strongly inhibited and may vary by several orders of
magnitude among protein sites (14). Apparently, in some pro-
teins, its access is regulated by protein gates (19), while in some
compact protein cores, quenching is barely detectable on the
second time scale.Knowledge of the penetration of even largerQs
and whether there is a size cutoff beyond which internal regions
ought to be considered inaccessible to solutes, least of polypep-
tide unfolding, is totally lacking. This investigation aims to make
a systematic comparison of Q penetration rates as a function of
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Q size, extending the measurable amplitude range of structural
fluctuations by introducing novel quenchers with increasing Mw

values, up to 3 times that of acrylamide.
In the selection of quenching solutes, a basic requisite is that

the quencher-chromophore interaction be short-range as it
prevents the possibility that quenching by long-range through-
space interactions withQ in the solvent competes with andmasks
the migration of Q through the proteinmatrix. The magnitude of
the external quenching rate may be estimated from knowledge of
the distance dependence of the quenching interaction, k(r).
Among current quenchers, k(r) has been determined for only
acrylamide and acrylonitrile (14, 21). It indicates that with these
moieties through-space quenching is relatively short-range and
that the interaction with Q in the solvent is practically negligible
when Trp residues are buried more than a couple of angstroms
below the molecular surface (14). Consequently, acrylamide
derivatives in which the quenching moiety is linked to neutral
or charged groups with variable molecular weights should
provide suitable quenchers for spanning a wide range of Q sizes.

This report examines the quenching rate of four commercially
available acrylamide derivatives with increasing Mw values,
namely, N-(hydroxymethyl)acrylamide [HA1 (Mw = 101)], N,
N0-methylene-bisacrylamide [BA (Mw=154)], N-[tris(hydroxy-
methyl)methyl]acrylamide [TA (Mw=175)], and 2-acrylamido-2-
methyl-1-propanesulfonic acid sodium salt [SA (Mw=206)]. By
comparing kq values over awide range ofQ sizes (fromO2 to SA),
in four distinct protein sites, we enquire about the intrinsic
variability of the amplitude spectrum of protein motions, its
possible correlation to structural data such as depth of burial and
local secondary and tertiary structure, and the sensitivity of
specific motions to binding of ligands, such as coenzymes and
metal ions. While the dependence on temperature will provide
indications about the activation barrier associated with specific
amplitudes, differences between neutral and charged quenchers
may indicate whether these motions open internal sites to the
solvent. The following proteins were chosen: liver alcohol
dehydrogenase (LADH), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), azurin, and alkaline phosphatase (AP). All
exhibit long-lived phosphorescence from a single Trp residue (22)
shielded from the aqueous interface by a protein spacer ranging
in thickness from 0.45 to 1.1 nm. The results emphasize the great
site to site variability in the time scale and amplitude range of
protein motions and unveil unsuspected large amplitude low-
barrier fluctuations involving ordered regions of the globular
fold.

MATERIALS AND METHODS

All chemicals were of the highest purity grade available from
commercial sources and unless specified to the contrary were
used without further purification. Acrylamide (99.9% electro-
phoretic purity) was from Bio-Rad Laboratories (Richmond,
CA). Ultrapure, MB grade N,N0-methylene-bisacrylamide (BA)
was from USB Corp. (Cleveland, OH). N-(Hydroxymethyl)-
acrylamide (HA) (>98%) was from TCI Europe (Zwijndrecht,
Belgium). ADPR,N-[tris(hydroxymethyl)methyl]acrylamide

(TA) (93%), and 2-acrylamido-2-methyl-1-propanesulfonic acid
sodium salt (SA)were fromSigma-Aldrich. Tris(hydroxymethyl)-
aminomethane (Tris), spectral grade glycerol, and NaCl Supra-
pur were from Merck (Darmstadt, Germany). Water was pur-
ified by reverse osmosis (Milli-RX 20, Millipore, Billerica, MA)
and subsequently passed through a Milli-Q Plus system
(Millipore Corp., Bedford, MA). The protein horse liver alcohol
dehydrogenase (LADH), supplied by Fluka Chemie GmbH, and
alkaline phosphatase (AP) from Escherichia coli were purchased
from Sigma-Aldrich. Glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) from Bacillus stearothermophilus was kindly
supplied by G. Branlant (University Henri Poincar�e, Nancy,
France). Wild-type azurin from Pseudomonas aeruginosa was
prepared from the plasmid carrying the wild-type sequence,
supplied by A. Desideri (University of Rome “Tor Vergata”,
Rome, Italy), following a procedure analogous to that described
by Karlsson et al. (23). The azurin mutant C112S was prepared
following the same procedure as for the wild-type protein except
for the omission of any addition of CuSO4 in both growth and
purification medium. The C112S mutant was constructed using
the QuikChange kit (Stratagene, La Jolla, CA) and confirmed by
sequencing.

Lately, LADH has not been commercially available, and the
crystalline suspension used in these experiments was approxi-
mately 2-3 years old. As is standard practice with older supplies,
before each set of experiments, the solubilized protein was tested
for integrity. A fully native state was confirmed by electropho-
resis, the spectroscopic (absorption, fluorescence, and phos-
phorescence) characteristics, and the enzymatic activity. A
typical sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) chromatogram is supplied as Supporting
Information. To remove NADþ from GAPDH, we treated the
enzyme with activated charcoal as reported previously (24).
Copper-free azurin (apo-azurin) was prepared from holo-azurin
by adding 0.1 M potassium cyanide and 1 mM EDTA in 0.15 M
Tris-HCl (pH 8), followed by column chromatography (25). Zn-
azurin was formed from apo-azurin by the addition of ZnCl2 at a
molar ratio of 2:1 (26). mdAP is a Zn-depleted form of AP
prepared by dialysis of the native protein in the presence of 20
mM EDTA for 3 h, followed by dialysis with pure buffer. Full
recovery of nativeAP, asmonitored by the characteristically long
phosphorescence lifetime, was obtained within 1 h of incubating
mdAP in 2 mM ZnCl2.

For phosphorescence measurements in fluid aqueous solu-
tions, protein samples were placed in appositely constructed,
5mm� 5mm, quartz cuvettes with a leakproof capping designed
to allow thorough removal of O2 by the alternating application of
moderate vacuum and inlet of ultrapure N2 (27). With viscous,
glycerol-containing samples, removal of O2 required prolonged
equilibration times, up to 3 h. Phosphorescence measurements
were conducted at a protein concentration that ranged between 2
and 10 μM, unless otherwise specified.
Phosphorescence Measurements. Phosphorescence spectra

and decays weremeasuredwith pulsed excitation on a homemade
apparatus (19, 27). The exciting light (λex=292 nm) was provided
by a frequency-doubled Nd/Yag-pumped dye laser (Quanta
Systems, Milan, Italy) with a pulse duration of 5 ns and a typical
energy per pulse of ∼0.05 mJ. For decay measurements, the
phosphorescence intensity was collected at 90� from vertical
excitation through a filter combination with a transmission
window of 405-445 nm (WG405, Lot-Oriel, Milan, Italy; with
an interference filter,DT-Blau, Balzer,Milan, Italy) andmonitored

1Abbreviations: HA, N-(hydroxymethyl)acrylamide; BA, N,N0-methy-
lene-bisacrylamide; TA, N-[tris(hydroxymethyl)methyl]acrylamide; SA,
2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt; LADH, liver
alcohol dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; AP, alkaline phosphatase; mdAP, Zn-depleted alkaline phospha-
tase; Znaz, Zn-azurin; Caz, C112S azurin mutant; ADPR, adenine
diphosphate ribose.
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by a photomultiplier (EMI 9235QA). The prompt Trp fluores-
cence intensity from the same pulse was used to account for
possible variations in the laser output between measurements, as
well as to obtain fluorescence-normalized phosphorescence in-
tensities.A decrease in the latterwould indicate partial quenching
of phosphorescence during the dead time of these measurements,
as for example in the case of static interaction with closely bound
quenchers. All phosphorescence decays were analyzed in terms of
discrete exponential components by a nonlinear least-squares
fitting algorithm (DAS6, Fluorescence decay analysis software,
Horiba Jobin Yvon, Milan, Italy).
Quenching Experiments. Quenching experiments were con-

ducted by measuring the phosphorescence lifetime, τ, of protein
samples as a function of the quencher concentration, [Q], in
solutions (14), and the bimolecular quenching rate constant, kq,
was derived from the gradient of the Stern-Volmer plot (eq 1). In
the case of LADH, the phosphorescence decay is intrinsically
heterogeneous and tends to remains so even when the average
phosphorescence lifetime is markedly reduced by quenching.
Because in all the proteins examined the emission is due to a
single Trp residue per subunit, such lifetime heterogeneity reflects
the presence of more than one stable conformation of the
macromolecule (28), each with its distinct τ0 and quenching rate
constant. For the sake of convenience, and also because an
evaluation of individual quenching rates is model-dependent,
lifetime Stern-Volmer plots were all constructed from the
intensity-averaged lifetime (29) (τav =

P
Riτi

2/
P

Riτi), obtained
in general from a biexponential fit of phosphorescence decays.
Thus, the value of kq derived from the gradient of these plots is an
average quantity.

Acrylamide and acrylamide derivative stocks solutions were
prepared daily by dilution of the commercial supply in the same
buffer utilized with each protein system. The following buffers
were used: 20 mM Tris-HCl (pH 7) for LADH and AP, 30 mM
sodium acetate with 1 mM EDTA (pH 5.5) for azurin, and 30
mM potassium phosphate with 1 mM EDTA (pH 7.4) for
GAPDH.With negatively charged SA andwith TA, whose stock
supply contains 7% KCl, the ionic strength was kept constant at
0.31 M by addition of KCl to the respective buffer. The
LADH-ADPR complex was formed by the addition of 0.8
mM ADPR to a solution of LADH. In general, the maximal [Q]
was dictated by either the solubility of Q (see BA) or the lifetime
resolution of the apparatus (quenching rates of e2 � 104 s-1).
For each quencher concentration, at least three independent
samples were analyzed, and the reported results represent the
mean lifetime value. The reproducibility of phosphorescence
lifetime measurements was generally better that 7%. With O2

quenching, the highest concentration employed was that of an
aqueous solution in equilibrium with the atmosphere, as derived
from the solubility of O2 at various temperatures (e.g., 258 μMat
25 �C). Lower O2 concentrations were determined directly from
the lifetime of alkaline phosphatase (AP) added to the protein
sample under examination, as described previously (18). The
reference kq(O2) values of APare 1.7� 106 and 2.3� 105M-1 s-1

at 25 and -5 �C, respectively.
Fitting of quenching rates to theoretical models was conducted

with Origin.
Quenching Models. Quenching of the luminescence of Trp

residues in proteins by small solutes (Q) in solution has been
analyzed in terms of mechanisms that involve either diffusion of
Q to the protein surface followed by long-range interactions
with the buried chromophore (external quenching) or diffusive

penetration of Q through the protein matrix into its proximity.
Pertinent analytical expressions for the quenching rate, obtained
by solving Fick’s diffusion equation applying radiation boundary
conditions, and their application range in the realm of protein
phosphorescence have been discussed in detail previously (30).
Briefly, by neglecting a transient time-dependent term arising
fromQmolecules already in the proximity of the chromophore at
the instant of excitation, we find the steady state bimolecular
quenching rate constant, kq, is given by

kq ¼ kDkI=ðkD þ kIÞ ð2Þ
where kD (=4πaD) is the Smoluchowski diffusion-controlled
rate constant, kI (=4πa2B) is the diffusion-independent max-
imum rate constant, and D is the sum of the separate diffusion
coefficients of Q and protein in solution. B is an interaction
strength parameter related to the distance dependence of the
quenching interaction, k(r), and a is the distance (from center to
center) of closest approach between Q and the chromophore.
Depending on which of the two rate constants is smaller, the
process goes from the diffusion-controlled regime (kD , kI; kq=
kD � D) to the reaction-controlled regime (kD . kI; kq= kI),
where kq is independent of diffusion.

For diffusive penetration of Q across a protein shell with a
thickness T, characterized by a diffusion constant Dp , D, the
process is bound to be under diffusion control, and in such a case,
the rate constant assumes the form of a corrected Smoluchowski
equation (30, 31)

kqðpenetrationÞ ¼ 4πaDpð1þ a=TÞ ð3Þ
where now a is the radius of the impermeable protein core
surrounding the chromophore. In the special case in which
internal diffusion is dominated by a slow rate-limiting conforma-
tional transition (e.g., partial unfolding), opening a channel to the
buried chromophore, the rate constant reduces to (19)

kqðgateÞ ¼ ko=ð½Q� þ σÞ ð4Þ
where ko is the opening rate and σ is the [Q] corresponding to
midpoint saturation of the gate. σ=kc/kq

0, where kc is the gate
closing (refolding) rate and kq

0 is the bimolecular quenching rate
constant of the protein in the “open gate” configuration.

External quenching of protein phosphorescence by freely
diffusing Q in the aqueous phase was recently shown to rigor-
ously comply with the rapid diffusion limit (RDL) regime (32).
The bimolecular rate constant, kI(RDL), derived for an essen-
tially flat protein surface and an exponential distance dependence
of the interaction {k(r) = k0 exp[-(r - r0)/re], where r0 is the
center to center distance between Q and the chromophore in van
der Waals contact} decreases with the thickness of the protein
spacer (rp) separating the chromophore from the aqueous inter-
face (rp þ r0=a is the shortest center-to-center distance between
the internal chromophore and Q at the aqueous interface)
according to (33)

kIðRDLÞ ¼ kIðrpÞ ¼ 2πN � 10- 3½ðrp þ r0Þre2 þ 2re
3�k0 expð- rp=reÞ

M- 1 s- 1 ð5Þ
where N is Avogadro’s number and re is the attenuation length
(re and rp in centimeters). For acrylamide, k0=3.5 � 1010 M-1

s-1, re=0.29 Å, and r0=5 Å (14, 32). An additional contribution
to external quenchingmay come fromQbinding to the protein sur-
face (rapid and reversible binding with a dissociation constantKd),
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which is given by (19)

kqðbindingÞ ¼ kðr0Þ=ð½Q� þKdÞ ð6Þ
where k(r0) is the quenching rate ofQ bound a distance r0 from the
chromophore.

It should be emphasized that the contributions from gating
and binding saturate at high Q concentrations. Consequently,
these processes will give rise to nonlinear, hyperbolic Stern-
Volmer plots, a signature that helps to distinguish them from
other quenching mechanisms.

RESULTS

The objective of this investigation is to compare the penetra-
tion rate of quenching solutes of various molecular sizes to
internal Trp sites of LADH,GAPDH, azurin, andAP (Figure 1).
The quencher series under consideration comprises O2, acryloni-
trile (AN), acrylamide,HA,BA, TA, and SA, spanning a range in
Mw from 32 to 206. AN quenching of these proteins has recently
been found (21). Data for O2 and acrylamide are also available,
but these data often refer to different experimental conditions. To
have a uniform set of data, at 25 and -5 �C, O2 and acrylamide
quenching experiments, when necessary, were repeated.
LADH. Trp-314 of LADH is located at the dimer subunit

interface, separated from the solvent by a protein spacer that is at
least 0.45 nm thick (34). The indole side chain is sandwiched
between two β-sheets that extend across the subunit interface,
giving rise to a relatively rigid local structure. As a result, the
chromophore exhibits long-lived phosphorescence in fluid solutions
with average lifetimes, τ0, of 0.42 s at 25 �C and 2.5 s at -5 �C.
At a high ionic strength (0.31 M), τ0 decreases to 0.23 and 0.97 s,

respectively. Quenching experiments were conducted with O2,
HA, BA, TA, and SA.

O2 quenching, up to quenching rates of ≈2 � 104 s-1, yielded
linear lifetime Stern-Volmer plots (Figure S2 of the Supporting
Information) whose gradient gave bimolecular rate constants,
kq(O2), of 4.5� 107M-1 s-1 at 25 �Cand7� 106M-1 s-1 at-5 �C.
The data are in good accord with the previously reported value
of 3.7 � 107 M-1 s-1 at 20 �C.

The acrylamide derivativesHA,BA, TA, andSAquenched the
emission of LADH, leading in every case to a progressive
shortening of the phosphorescence lifetime, which is typical of
dynamic quenching reactions. However, the quenching rate of
these large solutes is markedly nonlinear with respect to Q
concentration, the downward curving Stern-Volmer plots, re-
ported in Figure 2, indicating that the reaction tends to saturate
at high quencher concentrations. A similar trend was previously
observed with acrylamide (19), but not with smaller O2 and AN.
The decrease in quenching effectiveness as obtained by dividing
the quenching rate by Q concentration is illustrated in Figure 3,
where it is compared to that reported for acrylamide. Although,
relative to the latter, there is a significant attenuation of the
quenching efficiency of larger derivatives, the trend does not
follow a smooth inverse dependence on Q size. From acrylamide
to SA, the maximum value of kq, kqmax, which refers to dilute
solutions, decreases by ∼16-fold even if the rate constant of BA
(Mw=154) is approximately twice that of HA (Mw=101) and is
not markedly different between TA and SA.

The profiles of Figure 3 are characterized by a monophasic
decrease in kq in the 10-100 mM concentration range. Pre-
viously, the saturation behavior of acrylamide was attributed to
protein-gated quencher penetration, and the data were fit in
terms of two separate gates (eq 4) with frequencies of 40 and 1.1�
104 s-1 at 25 �C (19). For the acrylamide derivatives listed above,
all kq profiles were adequately fitted (Figure 3) by a single-gate

FIGURE 1: Space filling model and chemical formula of quenching
solutes considered in this study.

FIGURE 2: Lifetime Stern-Volmer plots relative to the quenching of
LADH (9) and LADH/ADPR (b) phosphorescence by four acryl-
amide derivatives, at 25 �C: (A) HA, (B) BA, (C) TA, and (D) SA.
Also included in panel C is TA quenching of LADH in a glycerol/
buffer mixture (68:32, w/w) (2). The line drawn through the points
(b and2) is a linear fit of the data. Each point is the mean value of at
least three separate determinations. Deviations from the mean are
typically smaller than 5%.



974 Biochemistry, Vol. 50, No. 6, 2011 Strambini and Gonnelli

model (eq 4) with a linear component [the constant c (Table 1)],
and the gate frequency, k0, and corresponding saturation mid-
point, σ, are reported in Table 1. The constant c accounts for any
possible linear contribution to the overall quenching reaction.
These contributions may arise from (i) quenching impurities, Im,
in the acrylamide derivative stocks (e.g., additives that block
polymerization) acting by long-range interactions with Im in the
solvent (eq 5), (ii) a residual through-space quenching by Q itself
in the solvent (eq 5), and (iii) additional Q quenching routes, such

as a high-frequency gate, or weak binding, neither of which
saturates in the experimental Q concentration range (i.e., [Q]max

< σ or Kd). These contributions range from 5 to 18% of the
maximum quenching rate, kqmax (kqmax= k0/σ þ c), and were
found to vary substantially among commercial supplies.

The similarity in k0 values among acrylamide derivatives
would indicate that access to the site of Trp-314, or to its
proximity, by these large solutes is dominated by a slow structural
fluctuation in the frequency range of 70-170 s-1, presumably
opening a gate common to all quenchers. The 2-fold increase in
k0/σ from HA to BA appears to be correlated to the reduction in
σ (σ=kc/kq

0). If one assumes a constant gate closing rate (kc),
then themaximal quenching efficiency of the putative gate would
be largely determined by the open gate quenching rate constant,
kq

0. In this hypothesis, the greater quenching efficiency of BA
relative to that of HA would be ascribed to the predicted 2-fold
increase in kq

0 for double-headed BA.
When the temperature is decreased to -5 �C, all quenching

reactions are significantly slowed, but the shape of Stern-Volmer
plots remains totally analogous to that observed at 25 �C. These
plots are equally well fitted in terms of a single-gatemodel, and as
indicated in Table 1, the main effect of lowering the temperature
is a major reduction in the gate frequency. The gate frequency
activation enthalpy, ΔHq(k0), estimated from the two-point
Arrhenius plot (Table 1) falls in the 7-12 kcal/mol range. We
recall that both the frequency and the activation barrier of the
putative gate approach the values derived for the slow gate in
acrylamide quenching (19), which might be suggestive of a
common penetration pathway.

To test whether a reduction in LADH flexibility would affect
the internalmigrationof these solutes, the quenching experiments
described above were repeated on the binary complex with the
coenzyme analogue ADPR. On the basis of the B factors, the
increase in τ0 (35), and the enhanced thermal stability (36), the
binary complex is significantly more rigid than the free protein.
For the rest, the crystallographic structure shows that in the
complex the proteinmaintains the open state conformation of the
free protein (34, 37) and that in the region of the dimer interface,
where Trp-314 is located, the structure is totally unchanged by
formation of the complex.

The O2 quenching rate constant of the complex decreased by
∼25% (at 25 �C), relative to that of LADH, whereas the
corresponding activation enthalpy, ΔHq(kq), derived from the
slope of the two-point Arrhenius plot {ln[kq(T)] vs 1/T} (37),
increased by 1.7 kcal/mol (Table 2), findings consistent with a
more rigid fold at the subunit interface. Formation of the

FIGURE 3: Quenching of LADH phosphorescence in buffer by HA
(9), BA (2), TA (b), and SA (1) at 25 �C. Dependence of the
bimolecular quenching rate constant, kq, on the concentration of the
four acrylamide derivatives as obtained by dividing the quenching
rate (1/τ - 1/τ0) of Figure 2 by Q concentration. The solid line
through the points is the best fit of the data to one gate (eq 4) plus a
constant. The dotted line, representing the corresponding acrylamide
data (19), is included as a reference.

Table 1: Gate Parameters Relative to the Quenching of LADH Phosphorescence by Acrylamide Derivatives

quencher k0 (s
-1) σ (M) k0/σ (M-1 s-1) c (s-1) ΔHq(k0) (kcal/mol)

T = 25 �C

HA 173( 39 0.058 ( 0.016 2941 730( 158 8.7

BA 109( 42 0.018( 0.009 5886 1317( 270 8.2

TA 68 ( 24 0.042( 0.028 1656 152( 46 12.0

SA 96( 24 0.075 ( 0.022 1280 69( 39 6.7

T = -5 �C

HA 33( 16 0.059( 0.026 561 103( 28

BA 20( 17 0.02 ( 0.02 1020 115( 122

TA 7( 5 0.017 ( 0.01 413 27( 12

SA 28( 17 0.110 ( 0.05 252 11( 7
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complex caused a major attenuation of the quenching rate of
acrylamide derivatives, as illustrated by the lifetime Stern-
Volmer plots in Figure 2. Not only are the rates of quenching
significantly reduced in the coenzyme complex (from 20-foldwith
HA to 10-foldwith SA), but the Stern-Volmer plots noware also
essentially linear with respect to quencher concentration,
throughout. Unpredictably, the residual quenching rate is now
similar among the derivatives [kq=130-190 M-1 s-1 (Table 2)],
with the exception of a 2-fold larger rate for double-headed BA
(kq=390M-1 s-1). Evidently, access to the proximity of Trp-314
of quenchers the size of HA and larger is strongly inhibited in the
complex, and presumably, the residual rate of quenching repre-
sents an external contribution from either a weak association of
Q with the protein (Kd > 2 M), which would explain the 2-fold
increase in kq with BA, or impurities in commercial supplies. Of
course, any “spurious” quenching will be present also with
LADH, where it will contribute to the linear component, the
constant c, which in fact is comparable in magnitude in the cases
of TA and SA.

External quenching falls under the reaction control regime,
and it was shown to be insensitive to solvent viscosity (32). A test
conducted onTAquenching ofLADH in 68%glycerol/water (w/
w) solutions demonstrated that the increase in solvent viscosity
(17.7-fold at 25 �C and 35.5-fold at-5 �C) (19) has virtually the
same effect as formation of the complex (Figure 2). The
Stern-Volmer plot becomes linear with respect to Q concentra-
tion and yields a kq(TA) value of 189M-1 s-1, at 25 �C. It would
seem that both in viscous solution and in the LADH-ADPR
complex, TA penetration of LADH is blocked and the residual
quenching reaction represents an external contribution that is
independent of solvent viscosity.
GAPDH. The protein is a tetramer, and the phosphorescence

probe, Trp-84, is located far from the subunit contact region,
buried at least 0.5 nm below the molecular surface (38). The
phosphorescence decay is well represented by a single lifetime, τ0,
of 72 ms at 25 �C and 453 ms at -5 �C. Quenching experiments
were conducted with O2, HA, BA, TA, and SA.

O2 quenching was found to be more efficient than in LADH,
the linear Stern-Volmer plot (Figure S2 of the Supporting
Information) yielding bimolecular quenching constants, kq(O2),
of 7.9 � 107 M-1 s-1 at 25 �C and 1.6 � 107 M-1 s-1 at -5 �C.
Among buried Trp residues in proteins, this value is second only
to the value of 1.4� 108M-1 s-1 for superficial Trp-59 in RNase
T1 (39).

The acrylamide derivatives are also unexpectedly efficient
quenchers, and 1/τ is linear with respect to Q concentration
throughout. The Stern-Volmer plots of HA, BA, TA, and SA
are displayed in Figure 4, and the values of kq derived from the

Table 2: Bimolecular PhosphorescenceQuenchingRate Constants (kq or kqmax), at 25 �C, andCorrespondingActivation Enthalpies (ΔHq) of Selected Proteins

by Solutes Q of Variable Molecular Sizesa

sample O2 ANb acrylamide HA BA TA SA

kq (M
-1 s-1)

LADH 4.5� 107 4.2� 105 2.1 � 104 3.7 � 103 7.2 � 103 1.8 � 103 1.3 � 103

LADH-ADPR 3.4� 107 1.2� 105 1.2� 103 1.9� 102 3.9� 102 1.6� 102 1.3� 102

LADH in glycerol - - 3.2� 103 - - 1.9� 102 -
GAPDH 7.9� 107 6.2� 106 2.6� 106 1.3� 106 7.8� 105 5.7� 104 1.3� 104

Zn-azurin 1.3� 107 3.1� 103 1.5 � 100 2.7� 100 5.0� 10-1 - -
C112S-azurin 2.0� 107 5.7� 103 6.6� 10 2.5� 10 3.8� 10 1.1� 10 9.4� 100

AP 1.7� 106 1.4� 102 1.0� 10-1 - - - -
mdAP 1.9� 106 9.8� 102 6.0� 10 - - - -

ΔHq (kcal/mol)

LADH 10.8 12.24 8.5 9.0 9.8 7.5 8.7

LADH-ADPR 12.5 14.9 12.9 12.8 12.0 10.9 8.9

LADH in glycerol - - 17.6 - - 10.5 -
GAPDH 8.6 13.2 9.9 10.3 9.9 10.2 10.7

Zn-azurin 10.0 12.2 10.4 4.0 3.7 - -
C112S-azurin 9.4 14.1 17.7 15.5 16.3 5.7 4.4

AP 10.6 16.5 22.0 - - - -
mdAP 10.3 16.4 25.4 - - - -

aUnderlined kq and ΔHq values refer to kqmax = k0/σ þ c and to the temperature dependence of kqmax, respectively.
bData from ref 21.

FIGURE 4: Lifetime Stern-Volmer plots for quenching of GAPDH
phosphorescence by HA (9), BA (2), TA (b), and SA (1), at 25 �C.
The line drawn through the points is a linear fit of the data. Each
point is the mean value of at least three separate determinations.
Deviations from the mean are typically smaller than 7%.
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slope are listed in Table 2, together with the respective activation
barriers, ΔHq(kq). We note that the quenching constants are
relatively large, >104 M-1 s-1, and exhibit a smooth inverse
dependence on Q size, kq decreasing by a factor of 100 from HA
toSA. The value ofΔHq(kq) is≈10 kcal/mol, practically constant
among different size solutes. The rather low and constant
activation barrier to the internal diffusion of these solutes
suggests that perhaps the same structural fluctuations are in-
volved in the migration process.
Azurin. Trp-48 of azurin is located in the compact core of

the 14 kDa macromolecule, buried at least 0.8 nm below the
molecular surface (40, 41). In the native form, its phosphor-
escence emission is fully quenched by the interaction with
bound Cu. Here, we examined the wild-type protein in which
Cu has been substituted with Zn (Znaz) and a metal-free form
obtained with the C112S mutation (Caz) that cannot bind
metal ions (42). Relative to metal-bound forms, the latter is
less stable and more permeable to quenchers such as acryloni-
trile and acrylamide (14, 21). The phosphorescence decay of
azurin is uniform with τ0 values of 0.40 and 1.93 s at 25 and
-5 �C, respectively, for Znaz and τ0 values of 0.24 and 1.81 s at
25 and -5 �C, respectively, for Caz. Besides investigating
quenching by HA, BA, TA, and SA, we also re-examined
O2 and acrylamide quenching under the same temperature and
solvent conditions.

Up to quenching rates of e104 s-1 or Q concentrations of e1
M, the Stern-Volmer plots were found to be linear with respect
toQ concentration, throughout.We point out that the saturation
effect reported earlier for acrylamide quenching of Cd-azurin at
>0.25MQ (14) was not observed. The quenching rate constants
and the respective ΔHq(kq) values are listed in Table 2, and the
two parameters are conveniently displayed in Figure 5B. The
results show a dramatic inverse dependence of kq on Q size with
both azurin forms, and a total inhibition of the reaction with the
largest Q forms. For Znaz, kq decreases by 7 orders of magnitude
from O2 to acrylamide, the reaction with the latter being barely
detectable on the second time scale. No quenching is observed
with TA and SA. Further, the modest decrease in τ for HA and
BA ismost probably owed to quenching impurities in commercial
stocks. Indeed, the low ΔHq(kq) value (<5 kcal/mol) associated
with HA and BA quenching of Znaz is not consistent with a
penetration mechanism [ΔHq(kq) ≈ 10 kcal/mol for the smallest
quencher, O2] and supports the hypothesis of through-space
interactions with trace impurities in the solvent. The inability of
acrylamide derivatives to penetrate the protein interior, even on
the second time scale, suggests a Q size threshold of ∼70 for
solutes gaining access to this protein core.

For the less stable metal-free Caz, there is a general increase in
kq values with respect to Znaz, indicating either a more flexible
fold of the apoprotein or the opening of additional quencher
migration pathways through a vacant metal binding pocket. For
acrylamide, kq increases more than 40-fold, while for HA and
BA, quenching now becomes detectable (Figure 5B and Table 2).
ΔHq(kq) of the apoprotein increases from 9.4 kcal/mol withO2 to
17.7 kcal/mol with acrylamide, the barrier remaining high also
for HA and BA. It decreases abruptly to∼5 kcal/mol for TA and
SA, the small magnitude suggesting again that access to the
largest Q forms is denied and that the residual reaction is
probably due to impurities.
Alkaline Phosphatase. Trp-109 of dimeric AP is the most

internal Trp residue of the protein set. It is buried 1.1 nm below
themolecular surface, within a tight and rigid local structure (43),

as evidenced by an exceptionally long phosphorescence lifetime
(τ0=1.75 s at 25 �C and 3.18 s at-5 �C). Removal of Zn2þ from
AP generates a less stable more flexible fold (mdAP) in which the
phosphorescence lifetime of Trp-109 is reduced to 19.4 ms at
25 �C and 91 ms at -5 �C (39). We investigated quenching by
HA, BA, TA, and SA and re-examined O2 and acrylamide
quenching under the same temperature and solvent conditions.

The magnitudes of kq values derived from the gradient of
linear Stern-Volmer plots are collected in Table 2 and displayed
in Figure 5C. The results demonstrate that in bothAP andmdAP
the site of Trp-109 is accessible to onlyO2 and acrylamide (and to

FIGURE 5: Dependence of the quenching rate constant (kqmax in the
case of LADH) on quencher Mw, at 25 �C (data from Table 2): (A)
LADH(2), LADH-ADPR (9), andGAPDH (b), (B) Znaz (9) and
Caz (b), and (C) AP (9) and mdAP (b). Denoted with empty
symbols joined by a dotted line is the corresponding activation
enthalpy, ΔHq(kq). The data for acrylonitrile (AN) are from ref 21.
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intermediate size acrylonitrile) in that no quenching was detected
from the larger acrylamide derivatives. As with azurin, diffusive
migration of these solutes to the protein core is a steep function of
molecular size with an apparent threshold around the molecular
weight of acrylamide. In the native protein, kq equals 1.7 � 106

M-1 s-1 for O2 and decreases to 0.1M
-1 s-1 for acrylamide, both

values representing the smallest quenching constants for O2 and
acrylamide observed todate in proteins. Themain effects ofmetal
removal are to increase 600-fold the acrylamide quenching rate
and to increase the activation barrier by 3.4 kcal/mol. The
implication is that inmdAP additional large amplitude structural
fluctuations that enhance penetration of acrylamide into the
protein interior are set free. Again, the barrier of the structural
fluctuations underlying Q diffusion in both AP and mdAP
increases almost linearly with Q size.

DISCUSSION

We have interpreted quenching rate constants in terms of
structural fluctuations in the native fold permitting Q access to
internal sites. The assumption is that contributions from alter-
native reaction pathways, such as long-range through-space
interactions with Q in the solvent, either freely diffusing or
bound to the protein surface, are negligible or clearly distinguish-
able. The concern about alternative quenching mechanisms
grows with large quenchers such as acrylamide and derivatives
for which diffusive migration may be greatly hindered. For a
random Q distribution in the solvent, external quenching can be
estimated applying eq 5, kI(rp). Its validity has recently been
confirmed by accounting for acrylamide quenching of the super-
ficially buried residues of RNase T1 and parvalbumin, where
external quenching dominates the reaction (32). On the basis of
the depth of burial of the chromophore (rp), taken from the
protein crystallographic structure (rp=0.45, 0.5, 0.8, and 1.1 nm),
eq 5 predicts that, for acrylamide, kI(rp)=20, 3.7, 1.5� 10-4, and
5.8 � 10-9 M-1 s-1 for LADH, GAPDH, azurin, and AP,
respectively. Hence, in each case, kI makes a negligible contribu-
tion when compared to the corresponding experimental rate
constant of acrylamide and derivatives (Table 2).

External quenchingmay becomemore efficient in the case ofQ
binding to the proximity of the chromophore, even if then the
Stern-Volmer plot deviates from linearity and assumes the form
of a hyperbolic binding curve. Such a behavior was indeed
observed with LADH quenching by acrylamide and its larger
derivatives. However, even in this case, important binding
contributions to the experimental rate are effectively ruled out
by the strong reduction in quenching rates in the coenzyme
complex and in glycerol solutions. The sharp r dependence of k(r)
implies that only Q molecules bound within a small surface area
around the dimer interface would be sufficiently close to interact
with Trp-314. Because the local structure is the same in LADH
and in the rigid LADH-ADPR complex, one would anticipate
equivalent binding affinity and a similar quenching contribution
from protein-bound Q molecules. Consequently, the residual
quenching observed in the complex excludes important binding
contributions in the free protein. Likewise, strong inhibition of
acrylamide and TA quenching in glycerol solutions is in contrast
with a binding model as the organic solvent, instead of lowering
the binding affinity, is known to strengthen binding of acrylamide
to proteins (44). Conversely, in a Q penetration mechanism, the
anticipation is that the conformational fluctuations required
for Q access will be effectively slowed in the more rigid ADPR

complex and become dampened by the solvent viscous drag
(45, 46).Of course,marginal quenching contributions fromweak,
aspecific association of Q with the protein surface are more
difficult to rule out, especially with superficial Trp residues. As
mentioned above, a preferential Q distribution near the subunit
interface region could well be responsible for the residual,
roughly constant quenching rates of HA, TA, and SA in the
LADH-ADPR complex and its 2-fold increase with double-
headed BA.

The penetration of solutes into internal regions of the
globular fold is correlated with the frequency and amplitude
of structural fluctuations in the polypeptide. The gate frequency
k0 (eq 4) and the diffusing constant Dp inferred from kq(Q)
(eq 3) in effect monitor the frequency of the rate-limiting
structural fluctuation, with an amplitude commensurate with
the size of Q, that governs the migration of Q to the interior.
Indeed, in the case of eq 3, it is customary to picture migration
of Q through the protein matrix as a random walk process in
which Q jumps between “solvation” cages (protein cages) at a
rate that is determined by the free energy barrier between cages,
which in turn is the barrier of the underlying structural
fluctuations creating a transient passage of suitable size between
adjacent cages. Because the barriers are expected to vary
considerably between regions of the macromolecule that differ
in packing density and local bonding patterns, Q migration is
often viewed as a sequential multistep reaction whose rate is
essentially determined by crossing of the highest barrier (the
slowest rate-limiting step) on its way to the chromophore. The
results of this study indicate that the protein matrix is relatively
permeable to O2, the diffusion coefficient being reduced by at
most a factor of 3 � 103 relative to that of diffusion in water.
kq(O2) values of >106 M-1 s-1 entail that motions of this
amplitude occur on the submicrosecond time scale and shorter
time scales. The relatively narrow range of O2 quenching rate
constants among the four protein sites, a factor of 40 between
superficial regions (LADH and GAPDH) and deep compact
cores (azurin and AP), demonstrates that motions of this
amplitude range pervade the globular fold and are only slightly
sensitive to the degree of burial or to the local secondary and
tertiary structure. That is also supported by the relative
invariance of kq(O2) upon modulation of structural flexibility,
as induced by formation of a complex in LADH or metal
binding in azurin and AP. The penetration of O2 is character-
ized by a relatively low and constant activation barrier [ΔHq(kq)
e 10 kcal/mol], which is just twice the barrier to diffusion in
water. Apparently, folded polypeptides do not oppose a strong
barrier to passive internal diffusion of small neutral solutes like
atoms and diatomic molecules.

Diffusive migration is considerably slowed with larger Q
species, although the extent varies markedly among the four
proteins examined. The kq versus Q size profiles of Figure 5
distinguish neatly deep cores frommore superficial regions of the
macromolecule. With the compact cores of azurin and AP, the
increment in size from O2 to acrylonitrile and to acrylamide
causes a roughly exponential decrease in the penetration rate,
amounting to an overall factor of 107 for azurin and 1.7� 107 for
AP. In these proteins, acrylamide represents a size threshold to
solute penetration of the deep interior in that access to the larger
acrylamide derivatives is totally inhibited on the second time
scale. The large amplitude motions that permit acrylamide dif-
fusion in these proteins occur in the 0.1-10 s-1 frequency range
and exhibit relatively large activation barriers,∼20-25 kcal/mol.
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With regard to activation barriers to diffusion of solutes in Caz,
AP, and mdAP, we note a direct, inverse correlation between the
protein frictional drag and barrier height. In fact, a roughly
exponential decrease in kq with Q size (Figure 5B,C) is largely
ascribed to a linear increase inΔHq(kq) (from 10.6 to 22-25 kcal/
mol).While it is reasonable that larger amplitudemotions involve
higher activation barriers, such a linear relationship between
amplitude and barrier height, if not accidental, may be an
intrinsic feature of well-packed domains.

Contrary to azurin and AP, the access of acrylamide deriva-
tives is permitted to the more superficial sites (rp=0.45-0.5 nm)
of LADH and GAPDH, where kq decreases much more gradu-
ally with Q size (Figure 5A). When Q doubles in size, from O2 to
acrylamide, kq decreases by merely factors of 30 with GAPDH
and 2 � 103 with LADH. Remarkably, a further 3-fold increase
in Q size, from acrylamide to SA, causes a reduction in kq of only
200-fold with GAPDH and 16-fold with LADH. For the largest
Q species, we are dealing with structural fluctuations of frequen-
cies that exceed 104 s-1 in GAPDH and are on the order of 100
s-1 in LADH, motions that in both proteins are characterized by
a relatively low activation barrier (8-10 kcal/mol). Although in
this case we are probing rather superficial sites, this need not be a
general trend as there are indications that such large amplitude
motions are not ubiquitous in external regions. Indeed, acryl-
amide quenching of RNase T1 and parvalbumin, in which the Trp
residue is barely 0.2 nm from the aqueous interface, is 45- and 76-
fold slower, respectively, than in GAPDH, and the actual rate of
penetration of acrylamide into these sites is even smaller than that
inferred from kq because in these proteins the reaction is
dominated by external quenching (32).

An apparently general feature of large amplitude motions, in
both shallow and deep regions of the globular fold, is the
particular sensitivity to frequency modulation by ligand binding
as well as by solvent viscosity. Thus, binding of ADPR to LADH
and the increase in solvent viscosity in glycerol solutions reduce
bymore than 10-fold the level of internalmigration of acrylamide
and larger derivatives. Similarly, removal of Zn from the native
protein increases kq(acrylamide) by 44-fold in azurin and 600-
fold in AP. In comparison, the corresponding changes in kq
become progressively smaller with acrylonitrile and O2.

The ready penetration of large Q forms in LADH and
GAPDH raises the question of whether this characteristic can
be traced to a particular local folding pattern. Inspection of
crystallographic structures allows speculation about possible
migration pathways.W84 inGAPDH exhibits an unusually high
accessibility to both small and large solutes. The weak size
discrimination of penetration rates and the prompt access of
charged solutes like SA, which are normally relegated to the
aqueous phase, suggest that the underlying structural fluctua-
tions must transiently expose the chromophore to the aqueous
environmentor to its proximity. Its crystallographic structure (38)
shows that W84 lies at the bottom of a large cleft, shielded from
the solvent by the side chains of V28 and I87, lining one side of the
cleft, and by I72 on the opposite side. K3 and K74 are placed at
the two extremes of the cleft (Figure 6). All these side chains are
anchored to coil segments of the polypeptide and exhibit larger
than average B factors, suggestive of a good degree of conforma-
tional freedom. Q diffusion could involve either a local displace-
ment of side chains, opening a channel to the solvent, or a more
extended or partial unfolding transition bringing buried W84 to
the surface. Simple inspection shows that the side chain pair of
I72 and I87may act as a gate to solute diffusion inside the cleft, as

a concerted rotational displacement would create a large water
channel practically connecting W84 to the solvent. Because the
rotation of superficial side chains is expected to be a low-barrier
rapid motion, such a pathway would readily account for both
rapid Q access and a relatively small (≈10 kcal/mol), constant
activation barrier for the penetration of acrylamide and its
derivatives. The alternative scenario of a partial unfolding
transition is less likely. The site of W84 is sandwiched between
a large β-sheet and an R-helix, and the transition would require
breaking of stable secondary structures, which is far more costly
in terms of free energy than the rotation of superficial side chains.

The size dependence of quenching rates of acrylamide deriva-
tives is even weaker for W314 of LADH (Figure 5A). Here, the
probe is located at the dimer subunit interface, and a previous
detailed analysis of acrylamide quenching proposed that access of
the quencher to the site occurred by two distinct protein-gated
pathways: a high-frequency gate (11800 s-1) with a σ of 0.95 M
involving the rotation of side chains (V276 and L307) and a low-
frequency gate (40 s-1) with a σ of 0.004 M represented by
transient opening of subunit contacts between the K315 and
T313 pair in opposite subunits (19). The quenching behavior of
the larger acrylamide derivatives is again consistent with protein-
gated diffusion except that now a single slow gate is sufficient to
account for all the data. Both frequency (k0 ≈ 100 s-1) and
midpoint saturation (0.018-0.075 M) associate it with the slow
gate proposed for acrylamide penetration, suggesting that the fast
gate is virtually precluded to solutes larger than acrylamide.
Fluctuations of subunit contacts can indeed give rise to relatively
large amplitude motions and explain the poor selectivity of
migration rates with regard to Q size and charge. As noted, the
main effect of increasing Q size is to increase the concentration of
midpoint gate saturation, from 4 mM acrylamide to 75 mM SA,
which is likely a consequence of less efficient quenching of the
open gate configuration by larger solutes that may diffuse more
slowly to or approach less closely the aromatic probe. The gate
frequency is sharply reduced in the LADH-ADPR complex and
in viscous glycerol solutions, effectively blocking access to the
large acrylamide derivatives. These responses are in accord with
the substantial tightening of the subunit interface region in the
binary complex, revealed by the increase in the phosphorescence
lifetime of W314, and the expected dampening of structural
fluctuations in proteins by viscous drag of the solvent (45, 46). In
addition to viscosity-dependent kinetic effects on the quenching
rate, opening of the subunit interface may be further inhibited by

FIGURE 6: Top and tangential views (Viewer Lite) of the surface cleft
above W84 of GAPDH illustrating the position of the side chains of
I72, I87, and V28, presiding over the proposed access route of large
quenchers to the vicinity of the aromatic residue.
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the selective stabilization of closed, compact protein conformers
by a cosolvent known to promote folding and subunit associa-
tion (47).

In summary, this study shows that high-frequency small
amplitude motions pervade protein folds, permitting relatively
unhindered diffusion of neutral diatomicmolecules deep down to
the compact core of the macromolecule. It also points out that
larger amplitude motions that permit access of large solutes to
inner regions may exhibit vastly different frequencies among
protein sites. In the sample proteins examined, the rate of
diffusion of solutes through homogeneous compact domains
decreased exponentially with molecular size, whereas in more
superficial regions of the globular fold, unexpectedly large
amplitude, low-barrier fluctuations permitted the shallow pene-
tration of even bulky solutes. The method, by disclosing the
amplitude range of protein motions over a wide time scale, can
shed light on protein dynamics up to the millisecond to second
time domain where information is scarce. Of particular interest
will be the enquiry into slow structural fluctuations visiting rarely
populated conformational substates of the protein ensemble that
are beyond detection by most biophysical techniques. The
method relies on a natural probe that in principle can be placed
in strategic regions of the macromolecule for the examination of
the local dynamics even under nativelike conditions.

SUPPORTING INFORMATION AVAILABLE

SDS-PAGE of LADH used in these experiments (Figure S1)
and Stern-Volmer plots relative to oxygen quenching of Trp
phosphorescence in the proteins GAPDH, LADH, Caz, and AP
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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