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Oxygen and acrylamide quenching of protein
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Abstract

Oxygen quenching of protein phosphorescence and activation enthalpies for the structural fluctuations underlying
O and acrylamide diffusion were determined for RNase T1, glyceraldehyde-3-phosphate dehydrogenase and2
b-lactoglobulin, which have the phosphorescing residues located in relatively solvent-exposed and flexible regions of
the polypeptide. The results, compared with those obtained for proteins characterised by a very rigid environment,
established that kq was directly correlated to the flexibility of the protein matrix surrounding the chromophore.O2
While the migration of acrylamide was characterised by D H‡, which was strongly dependent on the fluidity of the
structure about the Trp residue, the values of the activation enthalpies for the oxygen migration of all the proteins
studied were rather similar, ;10 kcal moly1, in spite of the depth of the chromophore and the rigidity of its
environment. The implications of these findings for the migration of small solutes inside proteins have been
discussed. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

X-Ray crystallographic and NMR studies have
provided a library of detailed protein structure.
However, the structures by themselves supply a
description of a static or dynamically averaged
picture of the molecule, while the macromolecu-
lar function is, in many cases, coupled to flexibil-
ity. Several experimental approaches have de-
monstrated conformational dynamics within the
protein structure, and their ultimate goal was to
illustrate how motion relates to function and

w xstability 1,2 . Much can be learned about the
frequency and the amplitude of structural fluctu-
ations in globular proteins by monitoring the dif-
fusion of solutes of variable sizes through a gen-
erally compact globular fold. One method to mea-
sure the permeability of the protein matrix to
small molecules was based on the rate by which
the fluorescence or phosphorescence emission of
internal Trp residues is quenched by solutes that

w xcome into their proximity 3]5 . Quenching exper-
Ž .iments determine the excited state lifetime t as

a function of the quencher concentration in solu-
w xtion, Q , and evaluate the bimolecular quenching

constant, kq, from the gradient of the
w xStern]Volmer plot: 1rts1rt qkq Q , where t0 0

is the unperturbed lifetime. For reactions that are
under diffusion control, kqAD, where D is es-
sentially the diffusion coefficient of Q inside the
protein matrix. Initial studies by Lakowicz and
Weber on the oxygen quenching of protein fluor-

w xescence 6 led to the conclusion that fluctuations
of the polypeptide occur in a nanosecond time-
scale to allow the free diffusion of O through2
any protein matrix. Recently, however, studies on
oxygen and acrylamide quenching of Trp phos-

w xphorescence in proteins 7,8 have shown that,
even in the long millisecond]second time scale of
the delayed emission, globular proteins may op-
pose a considerable barrier to the reaction
between these quenchers and the triplet state of
tryptophan; the quenching rate constants decreas-
ing monotonically with both the degree of burial
of the chromophore and the rigidity of the em-
bedding protein structure, the latter monitored by
the empirical relationship between the triplet

Ž . w xlifetime t and the medium viscosity 9 . Accord-0

ing to these findings, the rate of O migration2
reflects the flexibility of the globular fold and,
therefore, represents a monitor of protein confor-
mational dynamics, even if it is far less sensitive
in comparison to acrylamide, as oxygen diffuses
more readily through the macromolecule. These
conclusions are based only on three proteins
Žapoazurin, alkaline phosphatase and alcohol de-

.hydrogenase and these are characterised by a
very rigid environment about the triplet probe.

The aim of the present investigation was to
verify the generality of these conclusions by ex-
tending the study to proteins with phosphorescent
tryptophan residues located in more solvent-
exposed and flexible regions of the polypeptide.
Structural fluctuations in these proteins are also
characterised by the temperature dependence of
kq for both O and acrylamide, as well as t . The2 0
three systems chosen were structurally and spec-
troscopically well-characterised proteins: RNase
T1, yeast glyceraldehyde 3-phosphate dehydroge-
nase, and bovine b-lactoglobulin. The high reso-
lution X-ray structure of RNase T1 from As-
pergillus oryzae shows that the indole side chain of

Ž .its sole Trp W59 is wrapped within the central
b-sheet. Although it is tucked away from the

˚solvent interface, 2 A from the aqueous surface, a
five-water molecule chain connects the indole ring
to bulk solvent, thereby making the site rather
flexible. Consistent with a mobile environment,

Ž .the lifetime of Trp59 is relatively small 31 ms
w x10 . Tetrameric GAPDH exhibits an intense and
long-lived room temperature phosphorescence
from a single Trp residue in each subunit, and its
location is relatively well-known. In fact, although
there were three Trp residues present in each

Ž .subunit W84, W193, W310 , by analogy with
GAPDH from B. stearothermophilus, the phos-
phorescing residue was likely to be Trp 84 which

˚ w xwas 5.5 A from the aqueous interface 11 . Bovine
b-LG is a small globular protein with eight strands
of antiparallel b-sheets twisted into a cone-shaped
barrel, which constitutes a hydrophobic pocket.
b-LG has two tryptophanyl residues per subunit.
Trp-19 is at the bottom of the central hy-

˚drophobic calix of the protein, 6 A from the
surface, while Trp-61 is part of an external loop.
It was proposed that the fluorescence of Trp-61 is
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quenched in the native protein, possibly by the
w xnearby cystine 160]166 disulfide bond 12 . For

this reason and because of the external location
of the Trp 61, the phosphorescence emission was

w xattributed exclusively to Trp 19 13 . The triplet
lifetime at 208C of RNase T1, b-LG and GAPDH
was 31, 50 and 200 ms, respectively. From the
empirical correlation between t and local vis-0

w xcosity 9 , it could be deduced that, although the
polypeptide about the three phosphorescing
residues was relatively well structured, it was less
rigid than the examples studied previously.

The findings reported in this study confirmed
that, even for these relatively flexible sites, O2
diffusion was slowed down relative to diffusion in
water, and that the quenching rate constants were
directly correlated to the viscosity of the protein
matrix surrounding the chromophore, as deduced
from t and the acrylamide quenching rate con-0
stants. From the temperature dependence of kq
it was concluded that the activation barrier to O2
migration was surprisingly similar to that reported
for more internal and rigid protein sites; a be-
haviour which was in contrast with what it was
observed for acrylamide migration and the relax-
ation of the excited triplet state.

2. Materials and methods

Ribonuclease T was purchased from Cal-1
Ž .biochem Corporation San Diego, CA . The pro-

teins: horse liver alcohol dehydrogenase, and
glyceraldehyde-3-phosphate dehydrogenase from

Žyeast, were supplied by Boehringer Mannheim,
. qGermany . To remove NAD from GAPDH, the

enzyme was treated with activated charcoal, as
previously reported by Strambini and Gabellieri
w x14 . b-lactoglobulin A was obtained from Sigma.
Water, doubly distilled over quartz, was purified

Žby a Milli-Q Plus system Millipore Corporation,
.Bedford, MA . All glassware used for sample

preparation was conditioned in advance by stand-
Žing for 24 h in 10% HCl suprapur Merck, Darm-

.stadt .

2.1. Luminescence measurements

Fluorescence and phosphorescence spectra, in-

tensities and phosphorescence decay kinetics were
obtained with a home-made apparatus, as previ-

w xously described by Gonnelli and Strambini 15,16 .
Briefly, continuous excitation for fluorescence and
phosphorescence spectra was provided by a Cer-

Ž .max xenon lamp LX 150 UV, ILC and the
excitation wavelength, typically 290 nm, was se-

Žlected by a 0.25-m grating monochromator model
.82-410, Jarrel-Ash with a 10-nm bandpass. The

emission collected through another 0.25-m grat-
Ž .ing monochromator Jobin-Yvon, H25 with a

7-nm bandwidth was detected by an EMI9635QB
photomultiplier. Phosphorescence decays were
obtained with pulsed excitation as provided by a
frequency-doubled flash-pumped dye laser
Ž .UV500M Candela tuned at 292 nm. The pulse
duration was 1 ms and the light energy per pulse
was, typically, 1]10 mJ. The phosphorescence sig-
nal collected at a right angle from the excitation

Ž .beam was filtered 420]460-nm band pass and
detected by an R928 photomultiplier. An elec-
tronic shutter arrangement protected the photo-
multiplier from the intense fluorescence pulse
and permitted the delayed emission to be de-
tected 4 ms after the excitation pulse. Alterna-
tively, for lifetimes shorter than 5 ms, the photo-
multiplier was protected from the intense fluor-
escence pulse by a chopper blade that closes the
emission slit during the excitation. The time reso-

w xlution of this apparatus was, typically, 10 ms 15 .
The photocurrent was amplified by a current-to-

Žvoltage converter SR570, Stanford Research Sys-
.tems , and digitised by a computerscope system

Ž .ISC-16, RC Electronics capable of averaging
multiple sweeps. All phosphorescence decays were
analysed in terms of the sum of exponential com-
ponents by a non-linear least-squares fitting algo-

Žrithm Global Unlimited, LFD, University of Illi-
.nois . The lifetime data used in the analysis were

averages of two or more independent measure-
ments. The reproducibility of phosphorescence
lifetimes was typically better than 5%.

2.2. Sample preparation for phosphorescence
measurements

Prior to phosphorescence measurements, all
Žproteins were extensively dialysed in Tris-HCl 10
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.mM, pH 7.5 . For measurements of the intrinsic
phosphorescence lifetime, it was paramount to rid
the solution of all O traces. The deoxygenation2
of the protein samples was carried out by re-
peated cycles of mild evacuation, followed by the
inlet of pure nitrogen as described by Strambini
w x16 . Determinations of the O -quenching rate2
constants were made, utilising the phosphores-
cence of a protein of known kq as an internalO2

w xmonitor of O in solution, as described by2
w xStrambini and Cioni 8 . For this study, the inter-

nal reference protein was LADH, instead of alka-
line phosphatase, because its kq was closer toO2
that of the proteins under investigation. In O -2
quenching experiments with samples of RNase
T1, b-LG and GAPDH, containing approximately

Ž .20% LADH on a chromophore basis , various O2
contents were simply attained by interrupting the
initial de-oxygenation of the solution at various
stages before completion. The bimolecular

Ž .quenching rate constant k was obtained fromq
measurements of the phosphorescence decay at

w xvarious O , according to the equation:2

Ž . w x Ž .1rts 1rt qkq O 10 2

where t and t are the phosphorescence lifetime0
in the absence and in the presence of a given
w x w xO , respectively. O was determined from its2 2
effect on the phosphorescence lifetime of LADH

w xin the same solution. At least five different O2
were employed in the construction of the
Stern]Volmer plots.

3. Results and discussion

3.1. O quenching of RNase T1, b-LG and GAPDH2
phosphorescence

In the presence of O , the phosphorescence of2
RNase T1, b-LG and GAPDH was shorter lived
and its decay was strictly exponential, even if the
emission of the last two proteins in the absence of
oxygen was heterogeneous. An example of the
phosphorescence decay of RNase T1, at 208C, in

Fig. 1. Example of primary phosphorescence decay data and
fitting statistics. The sample is 2 mM RNase T1 in Tris-HCl
Ž .10 mM, pH 7.5 at 208C. The decay signal is from a single
sweep. In the bottom panel, the residues of a single exponen-
tial analysis are displayed.

Fig. 2. Lifetime Stern]Volmer plots for the quenching of
protein phosphorescence by O . The protein samples are in 102
mM Tris-HCl buffer, pH 7.5, at 208C. The variation of the
slope among independent sets of experiments is less than

Ž . Ž .10%. The proteins samples are: b-LG B , GAPDH v and
Ž .RNase T1 ' .
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Table 1
aAcrylamide and oxygen bimolecular phosphorescence quenching rate constant for NATA and for internal Trp residues in proteins, at 208C

c d d b b b˚Ž . Ž . Ž . Ž . Ž . Ž . Ž .Protein A Trp a r A t ms kq O kq acr h O h acr h tp 0 2 2 0
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .M s M s cP cP cP

9 9NATA 5.0=10 1.5=10
7 4 2 5 4LADH 314 4.5 628 2.8=10 1.2=10 2.0=10 1.2=10 4.9=10
6 2 7 4Az 48 8 600 7.5=10 32 6.7=10 4.6=10 4.6=10
6 3 10 4AP 109 11 2060 1.2=10 0.1 4.2=10 1.5=10 7.5=10
8 4 4 2Rnase T1 59 2 31 6.5=10 5.9=10 8 2.5=10 5.0=10
8 4 4 2b-LG 19 6 50 2.7=10 4.2=10 18 3.6=10 7.1=10
7 2 6 3GAPDH 84 5.5 200 3.5=10 3.4=10 140 4.4=10 5.4=10

a Ž . Ž . Ž .Triplet lifetime, crystallographic data r and comparison of the internal protein viscosity monitored by the same Trp probe according to kq O , kq acryl andp 2
t are also included.0

b Ž . Ž . w xData at 208C. h is obtained from either kq solv rkq prot or from the empirical relationship between t and solvent viscosity in model studies 9 .prot 0
c The reproducibility of lifetime measurements is typically 5% or better.
d The S.E. is less than 9%.
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the absence of oxygen, is shown in Fig. 1. The
Stern]Volmer plots at 208C are shown in Fig. 2
and the bimolecular quenching rate constants,
kq , derived from their slopes are given in TableO2
1. Relative to the quenching of free tryptophan
Ž 9 y1 y1. w xkq s5=10 M s 17 , the rate for theO2
buried residues of RNase T1, b-LG and GAPDH
was 6.5=108, 2.7=108 and 3.5=107 My1 sy1,
respectively, 1]2 orders of magnitude smaller,
and this implied that O diffusion into these2
internal protein sites was slowed down relative to
diffusion in water by at least the same factor.
Compared to the phosphorescence quenching
constants of the proteins studied previously
Ž . w xLADH, Az, AP 8 , also reported in Table 1, the
magnitude of kq for RNase T1 and b-LG wasO2
distinctly larger, whereas for GAPDH it was simi-
lar to LADH. Overall, the widest range of kqO2
was between AP and RNase T1, which varied by a
factor of ;103.

It is interesting to investigate the molecular
factors that could be responsible for these dif-
ferences. One parameter could be the proximity
of the triplet probe to the solvent. Although the
results of the present study confirmed that, for
buried Trp residues kq could be much smallerO2
than for residues that were on the protein sur-
face, no simple relationship was found between
the value of kq and the closest distance of theO2

Ž .triplet probe from the surface r . For instance,p
GAPDH and b-LG had practically the same r ,p
but very different kq . For RNase T1, the analy-O2
sis of kq in terms of r could also be compli-O2 p
cated by through-space quenching by O in the2

˚solvent, because the 2-A separation of the chro-
Ž . w xmophore W59 from the aqueous interface 10

could make this process competitive with diffusive
pathways. This ambiguity on the quenching mech-
anism should not apply to the other two proteins

˚that had an r value larger than 5 A. This isp
˚Ž .because, for LADH r s4.5 A , it was shownp

that through-space interactions did not seem to
w xcompete with quenching by O migration 8 .2

Another parameter that should be directly corre-
lated with the rate of oxygen migration is the
flexibility of the protein matrix. It is interesting to
compare the oxygen quenching rate constants with
the estimate of the local viscosity made by the

Ž .same probe Trp residue based on different
phenomena. Direct monitors of the protein
‘microviscosity’ in the region surrounding the
chromophore were provided by the intrinsic phos-

Ž . w xphorescence lifetime, t , h 9 and by the0 t0
reduction of the acrylamide phosphorescence

Ž .quenching rate constant kq , relative to that ofacr
w xthe chromophore in solution 5,7 .

As shown in Table 1, the apparent frictional
drag governing O diffusion in RNase T1, b-LG2
and GAPDH, was invariably much lower than
that anticipated on the basis of the local viscosity

Ž .estimated by t h , and even more so on the0 t0
Ž .basis of acrylamide quenching kq . This sug-acr

gested that not all the structural fluctuations that
permit O migration were efficacious in deactivat-2
ing the triplet state, and even fewer were those
that allow acrylamide diffusion. Clearly the dif-
ferent appraisals of the internal protein viscosity
by the two quenchers was imputable to their
different sizes, in that only large amplitude fluc-
tuations permitted the migration of the bulkier
acrylamide. Fig. 3 shows the protein viscosities, as
inferred from the migration of O and of acryl-2
amide vs. the viscosity obtained by t . Except for0
LADH, the plots indicated a clear correlation
between these parameters: the tighter the protein
matrix around the chromophore, inferred from
t , the more hindered the migration of the two0
quenchers. A possible explanation for the excep-
tion of LADH is that its triplet probe, W314, lies
at the subunit interface of the dimeric molecule
and quencher permeation may have been facili-
tated by transient partial subunit dissociation. In
consideration of the complete disregard for indi-
vidual details of secondary and tertiary structure,
and of the many possibilities for a discordant
estimate of the ‘internal viscosity’ by t and kq,0
such a correlation between totally independent
parameters was significant. It should be noted
that, because t was a probe of the local flexibility0
of the structure around the tryptophan, whereas
the migration of oxygen and acrylamide could be
limited by barriers beyond this core, a strict corre-
lation between quenching rate constants and t0
was not expected. The relationship found between
these parameters suggested that the rate-limiting
step for the quenching reaction was due to the
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Ž . Ž . Ž .Fig. 3. Logarithmic plot of the viscosity inferred at 208C from the quenching rate constant of acrylamide h B and O hacr 2 O2
Ž .v vs. the viscosity derived from t for the proteins of Table 1.0

migration of the molecules through the rigid cores
around the triplet probe, and that even for the
relatively mobile regions of b-LG and GAPDH,
O diffusion was governed by conformational dy-2
namics.

All comparisons between studies of fluores-
cence and phosphorescence quenching rate con-
stants obtained for the same Trp residues have
yielded discrepant estimates of the oxygen diffu-

w xsion in proteins 3,4,16 . Possible explanations of
this disagreement have been discussed by Stram-

w xbini and Cioni in a previous paper 8 . Among the
three proteins analysed in this report, it was pos-
sible to make such a comparison only for RNase
T1. The difference in the values of the two

Ž 9 y1 y1quenching rate constants 2.3=10 M s for
w x 8 y1 y1fluorescence 4 and 6.5=10 M s for phos-
.phorescence was what we would expect consider-

Ž .ing the spin factor from 1r5 to 1r9 . It should
be recalled that the largest difference between
the fluorescence and phosphorescence quenching

Ž 3rate constants as much as a factor of 10 for
.W109 of AP was observed for residues deeply

buried in the rigid cores of the globular structure.
The good agreement found for solvent-exposed

˚Ž .W59 of RNase T1 r s2 A drew our attentionp
to the fact that the discrepancy between the
rates decreased the closer the chromophore was
located to the protein surface. A possible expla-
nation for this behaviour is that over distance of a
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Table 2
Ž .Activation enthalpies obtained from the temperature dependence of h t and of acrylamide and oxygen bimolecular0

phosphorescence quenching rate constant

‡ ‡ ‡Ž . Ž . Ž .Protein A D H kq D H kq D H tO2 acr
y1 y1 y1Ž . Ž . Ž .kcal mol kcal mol kcal mol

NATA ] 4.5 ]

LADH 12.5 10.5 26.0
Az 9.1 22.0 24.0
AP 10.3 20.3 32.0
Rnase T1 ] 5.5 9.6
b-LG 10.0 8 7.0
GAPDH 8.3 10 10.8

˚few Angstroms, the quenching reaction occurs
efficiently through space and, in the case of RNase
T1, the two rate constants may simply represent
quenching from O in the aqueous phase. As the2
separation increased, the through-space rate
dropped dramatically, and O migration through2
the protein became the dominant quenching
pathway. Slow migration may have escaped detec-
tion with fluorescence quenching simply because
at the large O concentrations needed to affect2
these inaccessible residues one or more O2
molecules were always inside the protein.

3.2. Temperature effects on quenching of b-LG and
GAPDH phosphorescence

The temperature dependence of kq in theO2
range 0]508C is shown in the Arrhenius plots of
Fig. 4a. The slope of the best straight line through
the data yielded activation enthalpies of 12.4 and
8.3 kcalrmol for b-LG and GAPDH, respectively
Ž . ‡Table 2 . These values of D H were three times

Žlarger than for O diffusion in water 3.12
. w xkcalrmol , 6 but similar to those found for O2

Ž .diffusion in polystyrene 7.1 kcalrmol , polycar-
Ž . w xbonate 9.5 kcalrmol plastics 18 , and to those

w xmeasured previously for other proteins 8 .
For these proteins, thermal activation parame-

ters were also determined for acrylamide quench-
ing and t , and the results are shown in Fig. 4b,c,0
respectively. Again, between 0 and 508C, the plots
were essentially linear and the values of activa-

Žtion enthalpies derived from their slopes Table
.2 were close to those obtained for the migration

of O . This result indicated that for both proteins,2
in spite of the presumably different amplitudes of
the motions involved in O and acrylamide migra-2
tion, the energy barriers of the underlying struc-
tural fluctuations were rather similar. D H‡ was
also similar for h .t0

It is noteworthy that for all the proteins ex-
amined to date, the activation enthalpies for O2
quenching were rather similar, ranging from 8.3
to 12.5 kcalrmol, in spite of the depth of the
chromophore and the rigidity of its environment
Ž .Table 2 . This result implied that the small am-
plitude fluctuations that permit the migration of
O are energetically similar throughout the pro-2
tein matrix. In contrast, Fig. 5 shows that the D H‡

value derived for kq and h were more stronglyacr t0
dependent on the fluidity of the structure about
the Trp residues, becoming larger the higher the
viscosity of the protein matrix. Similar conclu-
sions have been drawn from the vast literature on

w xhydrogen exchange studies 2,19,20 . These point
out that the wide range of exchange rates: rapid
for solvent accessible, flexible regions of the
macromolecule, very slow for deeply buried

Žamides, are also correlated with small ;10 kcal
y1 . Ž y1 .mol and large ;60 kcal mol activation

energies, respectively. While the constancy of the
activation enthalpy for the migration of O was,2
at first, surprising, it has already been shown that
oxygen diffuses in hydrocarbon polymers between
10 and 100 times more rapidly than predicted

w xfrom the bulk viscosity 21 and, therefore, rela-
tively free O migration would be expected2
through proteins and biological membranes. H]D
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exchange data point out that this is not a property
of water molecules or its ions.

The results of the present study have shown
that the magnitude of the phosphorescence
quenching rate constant for oxygen was directly

Fig. 4. Arrhenius plots of the O and acrylamide quenching2
w Ž . Ž .x Ž .rate constant kq a and kq b and of 1rh c ,O2 acr t 0

obtained over the 0]508C temperature interval. The proteins
Ž . Ž . Ž .samples are: B RNase T1, v b-LG and ' GAPDH.

Ž .Fig. 5. Dependence of the activation enthalpies of 1rh 't 0
Ž . Ž .and of the O v and acrylamide B quenching rate con-2

stants on the viscosity derived from t at 208C for the proteins0
of Table 1.

correlated to the rigidity of the protein matrix
surrounding the chromophore even for more pe-
ripheral and flexible regions. If the rate was de-
pendent on the fluidity of the matrix, the small
amplitude structural fluctuations that were in-
volved were characterised by a similar activation
energy throughout the protein structure.
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