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The quenching of the fluorescence of liver alcohol dehydrogenase (LADH) by molecular oxygen has been studied by both
fluorescence lifetime and intensity measurements. This was done in the presence of 1 M acrylamide which selectively quenches
the fluorescence of the surface tryptophan residue, Trp-15, thus allowing us to focus on the quenching of the deeply buried
tryptophan. Trp-314, by molecular oxygen. Such studies yielded a Stern-Volmer plot of Fy/F with a greater slope than the
corresponding 7,/ plot. This inidicates that both dynamic and static quenching of Trp-314 occurs. The temperature
dependence of the dynamic quenching of LADH by oxygen was also studied at three temperatures, from which we determined
the activation enthalpy for the quenching of Trp-314 to be about 10 kcal /mol. The oxygen quenching of a ternary compiex of
LADH. NAD™* and trifluoroethanol was also studied. The rate constant for dynamic quenching of Trp-314 by oxygen was
found to be approximately the same in the ternary complex 2< that in the unliganded enzyme.

1. Introduction

Horse liver alcohol dehydrogenase (LADH) is a
dimeric protein of M_ 80000 which possesses only
two types of tryptophan residues. These residues
differ markedly in their microenvironment. Trp-15
is located on the surface of the protein [3] and is
accessible to solute fluorescence quenchers such as
iodide and acrylamide [1,4,9,17,19]. Trp-314, on
the other hand, is buried deeply within the protein
at the intersubunit interface and is virtually in-
accessible to polar quenchers.

Molecular oxygen (O,) is a much smaller and
less polar quenching probe which is thought to be
able to penetrate more rapidly into protein struc-
tures than the above-mentioned polar quenchers
[16]. We have previously studied the O, quenching
of the fluorescence of LADH and have found
downward-curving Stern-Volmer quenching pro-
files due to the different degree of accessibility of
the two residues to O, [8]. The fluorescence of the
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surface residue, Trp-15, was found to be quenched
by O, with a rate constant of 3.5 x10° M~! s~
Trp-314 was found to be less accessible to O,, but
nevertheless, O, was found to penetrate into the
protein to quench Trp-314 with an apparent rate
constant (from fluorescence intensity measure-
ments, see below) of approx. 1 x10% M~! s~1.
Diffusion of O, into LADH certainly occurs on
the nanosecond time scale, but this rate constant is
the lowest published value for the O, quenching of
tryptophan fluorescence in a protein and thus
characterizes Trp-314 of LADH as being one of
the most deeply buried tryptophan residues in a
studied globular protein.

This buried tryptophan residue, and its ability
to be quenched by O,, thus provide a means of
probing the dynamic properties of the protein
matrix surrounding this residue (see also recent
studies of the fluorescence lifetime and anisotropy
of Trp-314 for structural /dynamic information on
LADH [6,14,19]). Below we will use the O,
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quenching of Trp-314 to gain further insight into
the structural/dynamic properties of LADH by
studying the temperature dependence of the reac-
tion (to obtain an activation enthalpy describing
the fluctuations of the protein matrix) and by
studying the effect of binding specific ligands to
the protein’s active site. Also, we will investigate
the existence of static quenching of Trp-314 by O,
by measuring the drop of fluorescence lifetime and
intensity as O, is added. In our earlier studies [8]
we obtained some preliminary data that suggested
that static quenching does occur. Here we report
more thorough investigations of this matter.

The fluorescence of LADH is. of course, the
sum of contributions from both Trp-15 and -314.
In order to focus on the fluorescence of the latter
residue we will use the strategy of adding 1 M
acrylamide to the soiution. Acrylamide selectively
quenches the fluorescence of the surface residue,
Trp-15, and at this concentration approx. 90% of
the fluorescence of this residue is quenched. At
most, only about 5% of the fluorescence of Trp-314
is quenched by this amount of acrylamide [9].

2. Experimentzl
2. 1. Marerials

Crystallized liver alcohol dehydrogenase was
obtained from Boehringer-Mannheim. F.R.G., and
from Calbiochem-Behring. San Diego, CA as a
10% ethanolic suspension. Before use, LADH was
dialyzed for approx. 36 h against three changes of
0.03 M sodium phosphate buffer (pH 7.2).

NAD™ was nbtained from Boehringer-Mann-
heim as the lithium salt and was used without
further purification. Gold-labeled trifluoroethanol
(TFE) from Aldrich Chemical Co. (Milwaukee,
WI) was used. Acrylamide was recrystallized from
cthy! acetate. All solutions were prepared with
distilled. deionized water.

2.2. Flucrescence spectroscopy
Fluorescence lifetimes were measured using an

SLM cross-correlation. phase-modulation fluo-
rometer as described by Spencer and Weber [20].

All studies were done using a Corning 7-60 emis-
sion cutoff filter. An excitation wavelength of 295
nm with a slit width of 0.5 nm was used in all
cases to ensure photoselection of only tryptophan
residues. Excitation frequencies of 18 or 30 MHz
were uszd for all measurements. Steady-state flu-
orescence intensities were always recorded as the
ratio of the fluorescence intensity of the sample to
the intensity of the reflected excitation light.

Oxygen quenching studies were performed using
the phase-modulation fluorometer described above
and a stainless-steel high-pressure cell [15] with
oxygen pressures up to 1500 1b/in’. A 2 X 2 quartz
cuvette was used in all experiments and the solu-
tions were allowed to equilibrate for 45-60 min
with mild stirring at each oxygen pressure. Only
three or four data poiuts (i.e., different oxygen
pressures) were taken with a protein sample. Fresh
samples were used to ensure the integrity of the
protein samples. This also allows us to cut down
on the long-term drift of the instrument, especially
the modulation signal instability, and to avoid
complication associated with the slow aggregaiion
of the protein.

2.3. Dara analysis

For a homogeneously emitting system, steady-
state fluorescence intensity (F) data can be
analyzed according to the following modified
Stern-Volmer equation

2=+ K[QDe (1)

where F; and F are the intensities in the absence
and presence of quencher (Q), and K and V dy-
namic and static quenching constants [7], respec-
tively. Fluorescence lifetime values in the absence
(7,) and presence (1) of quencher reflect only the
dynamic quenching process as given by the follow-
ing relationship [16].

2 —1+x[Q] )

From the dynamic quenching constant, K, the
bimolecular rate constant, k., for the quenching
reaction can be obtained as K = k7. If there is no
static quenching (i.e.. V'=0) then F,/F and 7,/7
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plots should be identical. If static quenching oc-
curs F,/F will be greater than 7, /7 at all [Q] (note
that this is strictly true only for a homogeneous
system).

For a heterogeneously emitting system the
quenching process is more complicated and inten-
sity data can be described by the following equa-
tion, where f;, K; and V,, respectively, are the
fractional fluorescence intensity( in the absence of
quencher), dynamic and static quenching con-
stants for residue /.

_s /. G
o o1 (1+K[QDeM

|

5’

Fluorescence lifetime quenching data for a hetero-
geneously emitting system are even more com-
plicated, as we have discussed elsewhere with re-
spect to lifetimes measured by phase-modulation
fluorometry [8].

2.4. Oxygen concentration determination

Oxygen concentrations were calculated by plot-
ting known concentrations of oxygen at 1 atm
pressure at 5°C, 0.001933 M; 15°C, 0.001541 M;
25°C, 0.001275 M; and 35°C, 0.00103 M [15,23]
in 0.01 M salt solution. These points lie on a
straight line; by interpolation the molar concentra-
tions needed at our experimental temperatures were
determined. By using the Winkler method [23] for
measuring oxygen concentration we have found
that the presence of 1 M acrylamide in our phos-
phate buffer solution decreases the oxygen con-
centration by only approx. 3%. This represents a
relatively small amount so no corrections were
made for the reported oxygen molarities in the
presence of 1 M acrylamide.

3. Results and discussion

In fig. 1 are shown data for our reinvestigation
of the O, quenching of the fluorescence, both
intensity and lifetime, of LADH :in the absence
(A) and presence (B) of acrylamide as well as a
study of the O, quenching of an LADH ternary
complex (C). The curved Stern-Volmer plot for the
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Fig. 1. Fluorescence intensity’ /@) and lifetime (O) Stern-Volmer
plots for O, quenching of LADH at 20°C, 0.03 M phosphate
buffer (pH 7.2). (A) LADH alone. The dashed line is a fit of
eq. 3 to the data using K53, =20 M1 Py, =14 M~
K,s=30 M~} V,5=0, fy;. = 0.4. The solid line through the
lifetime data is a fit of eq. 1 of ref. 8 with the above parameters
and 7,34 =4.0 ns (corresponding to a phase angle, 83,4, of
24.34° at 18 MHz), and 7,,5=7.0 ns (#,5,=3837°). (B)
LADH in the presence of 1 M acrylamide. The dasi.ed and
solid lines are fits with K3, =20 M~ V3, =14 M~ 74,
=4 ns, and f3;5, =1.0. (C) LADH in the presence of 2.8 x10~¢
M NAD?Y, 1x1072 M trifluoroethanol and 1 M acrylamide.
The dashed and solid lines are fits with K3, =2.0 M~
V314=08 M, 7 3,,=1.5 ns and f3; =1.0. All lifetimes are
phase lifetimes corresponding to a modulation frequency of 18
MHz. Intensity and lifetime data were obtained with an excita-
tion wavelength of 295 nm with emission being observed
through a Corning 7-60 filter.

quenching of LADH is in agreement with our
previously reported data [8] and those of Calhoun
et al. [4] and indicates that the two classes of
tryptophan residues in this protein have signifi-
cantly different quenching constants. The solid
line in: fig. 1A is a fit of a twc-component model to
the intensity and lifetime data as described below.

Also, as we previously observed [8], when 1 M
acrylamide, which selectively quenches approx.
90% of the fluorescence of Trp-15, is added, the
resulting O, quenching Stern-Volmer plot reflects
predominantly the O, quenching of Trp-314. The
7,/T O, quenching plot in the presence of acryla-
mide is found to have a significantly lower slope
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than the F,/F plot (see fig. 1B). confirming our
carlier observation [8]. In cases where the fluores-
cence is homogeneous, such a deviation is indica-
tive of the presence of a static quenching process
{151

The addition of 1 M acrylamide to LADH
renders the fluorescence of this protein more
homogeneous by abolishing most of the emission
from Trp-15. Nevertheless. the fluorescence of the
protein in the presence of 1 M acrylamide is not
completely homogeneous due to the small (about
10-15% of the total intensity) remaining contribu-
tion from Trp-15. Before interpreting the above-
mentioned difference between the F,/F and 7, /7
plois. the effect of this remairing Trp-15 contribu-
tion on (he shape of the quenching profiles will be
considered. The lifetime of the remaining Trp-15
fluorescence should be about 1 ns (decreased from
its value of ~ 7 ns due to dynamic quenching by
acrylamide). If the rate constant for O, quenching
of this residue is about 4 X 10° M~ ' s~ ' a typical
value for a surface tryptophan residue. then the
quenching constant for Trp-15 (in the presence of
acrylamide) will be 4 M~ '. The apparent quench-
ing constant for the F,/F data in fig. 1B (in the
presence of acrylamide) kappens to be approxi-
mately this value. Intuitively. therefore, one can
see that the O, quenching of the residue fluores-
cence of Trp-15 cannot be a cause of the dis-
crepancy between the F,/F and 7, /7 data.

Eliminating the above technical consideration
we are left with the conclusion that the dis-
crepancy between the F/F and 7,/7 plots for
L. ADH in the presence of acrylamide is due to the
existence of a static quenching process by Os.
Reports of static quenching by O, of protein fluo-
rescence are few [5.12.18]. Most of the proteins
studied by Lakowicz and Weber [15,16]. in their
pioneering O, quenching studies. were multi-tryp-
tophan proteins. where the inherent heterogeneity
of the emission leads to complex quenching pat-
terns. Lakowicz and Weber did show an ap-
parently large static component for the O, quench-
ing of the single-tryptophan protein. human serum
albumin. Those data. the work of Coppey et al. [5]
and Jameson et al. [12] with Hb%F~ and MpilesFe,
the work of Mantulin and Pownall [18] with
apolipoprotein  Al-phospholipid complexes. and

the present study suggest that static quenching by
O, may be a common process. More work with
single fluorophore proteins is certainly needed.
The fact that the deeply buried Trp-314 of LADH
is statically quenched by O, leads one to consider
O, molecules as being partitioned into the rela-
tively oily interior of this protein. Using egs. 1 and
2, the intensity and lifetime quenching data for
Trp-314 can be described by K=2.0 M™! and
V=14 M™! at 18 MHz. (With a modulation
frequency of 30 MHz similar values of K=1.8
M~!and V'=1.25 M~! were found.) From this K
value a k, of 0.5x10%> M~' s~ is calculated
(since 7, for Trp-314 is approx. 3.5-4 ns) [19].
Thus, the rate constant for O, quenching of Trp-
314 is even lower than the value previously calcu-
lated from intensity quenching data [8]. We note
that the value of &, =0.5 x 10° M~! s™! for Trp-
314 is remarkably close to the value of 0.6 x 10°
M~! s~! determined by Calhoun et al. [4] for the
rate constant for O, quenching of the phosphores-
cence of LADH at room temperature.

Using the above K and V values for O, quench-
ing of Trp-314 obtained in the presence of
acrylamide, the data in fig. 1A for the O, quench-
ing of LADH in the absence of acrylamide, where
there are contributions to the fluorescence from
both Trp-15 and -314, can be fitted to a two-com-
ponent model. The dashed line through the inten-
sity data in fig. 1A is a fit of eq. 3 with K;,, = 2.0
M~ V=14 M L K,s=30 M~ Vi, =0, fi,,
= 0.6 and f;5 = 0.4. Similarly, the solid line through
the lifetime data is a fit using eq. 1 of ref. 8 with
Tp.31a = 4.0 ns (phase angle of 24.34° at 18 MHz)
and 7,,5;=7.0 ns (phase angle of 38.37° at 18
MHz), in addition to the above parameters. The
f314 and [y values used in this fit were determined
independently by an acrylamide quenching study
using an 2xcitation wavelength of 295 nm and a
Corning 7-60 filter as described elsewhere [8,9].

The static quenching constant of V=14 M™!
found for Trp-314 is not large and it may be more
correct, at least in this case, to consider O, not to
be excluded from the protein matrix, rather than
being strongly partitioned into the protein. This
does. however, raise a question as to the mecha-
nism of the dynamic queuching process. That is, it
is not clear whether dynamic quenching occurs by
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diffuston of O, molecules from the solvent (where
the concentration is known) into the protein, or if
quenching occurs by diffusion of O, molecules
sequestered in some distal region of the protein
{where the local O, concentrations would be unde-
termined) through the protein to the tryptophan
site. The latter mechanism probably operates in
certain systems, such as the lipoprotein aggregates
studied by Mantulin and Pownall [18], and the
present results suggest that this mechanism must
at least be considered for simple proteins such as
LADH. Gratton et al. [11} have recently presented
a model for the quenching of the fluorescence of
fluorophores located within globular proteins.
Their model includes the partitioning of quencher
into and diffusion of quencher through a protein.

Fig. 1C shows the quenching profile for the
ternary complex; LADH-NAD*.TFE. For this
ternary complex the K5, for O, quenching is
found to be about 2.0 M~ ! at 18 MHz; at 30 MHz
K, . is found to be 1.3 M ™! for this complex. The
binding of these ligands, NAD* and TFE,
quenches the fluorescence of LADH primarily by
quenching Trp-314 [17]. The mechanism for the
quenching of Trp-314 by NAD™* and TFE is
uncertain. Wolfe et al. [24] proposed that the
quenching may be due to increased solvent ex-
posure of Trp-314. X-ray crystallographic struc-
ture studies show no significant change in the
microenvironment of Trp-314 upon coenzyme
binding [2]. Our acrylamide quenching studies have
also revealed no increase in the accessibility of
Trp-314 upon ligand binding [9].

The value of K for oxygen quenching Trp-314
in the ternary complex also seems to support the
conclusion that Trp-314 remains in essentially the
same environment upon ligand binding. However,
a comparison of the k, values for the oxygen
quenching of Trp-314 for the ternary complex and
free protein is difficult due to the uncertainty in
the 7, value for Trp-314 in the complex. Our
measured 7, (phase lag), in 1 M acrylamide plus
NAD*-TFE, is about 1.1 ns, from which one
would calculate k, to be approx. 1.8 X 10° M™!
s~ !, a value that is small for an oxygen quenching
rate constant, but still somewhat larger than the &k
for oxygen quenching of Trp-314 in the free pro-
tein.

The above-mentioned value of 1.1 ns for =, is
expected to be lower than the actual 7, value for
Trp-314, however. This is due to the fact that this
measured 7, value contains some contribution from
Trp-15, with its low 7 value in the presenceof 1 M
acrylamide. This contribution of Trp-15 to the
measured lifetime will be larger in the ternary
complex than in the free protein (i.e., contribu-
tions of = 20% to the ternary complex as com-
pared to =10% in the free protein, since the
binding of NAD*-TFE quenches Trp-314). Also
inherent in phase-modulation lifetime calculations
is the fact that the phase lifetime is always less
than the weighted average lifetime [20]. Ross et al.
[19] determined the 7, of Trp-314 to be about 2.4
ns in the NADY-pyrazole ternary complex. The
fluorescence yield of the TFE ternary complex is
lower that that of the pyrazole complex so that the
expected 7, for Trp-314 in the former should be
shorter than 2.4 ns. Our unpublished analysis of
phase and modulation data for LADH at multiple
frequencies, using the alogarithm of Weber [22], is
consistent with a 7, of approx. 1.5 ns for Trp-314
in the TFE ternary complex. Using this value of
1.5 ns for 7, in the TFE ternary complex, the &,
for oxygen quenching of Trp 314 becomes approx.
1.3 x10° M™!' 57, (for 30 MHz data, k, is ap-
prox. 0.7x10° M~ s71). In view of the uncer-
tainty concerning the lifetime of Trp-314 in the
TFE ternary complex and the noise in the data in
fig. 1C, we conclude that the exposure of Trp-314
to O, is essentially unchanged upon ligand bind-
ing,.

From a study of the temperature dependence of
the quenching of Trp-314 of LADH by oxygen (in
the presence of 1 M acrylamide), we find an
activation enthalpy, A H¥, for the oxygen quench-
ing rate constant of 10+ 1 kcal/mol (from life-
time measurementis; a value of 12 + 3 kcal/mol is
obtained from intensity measurements), as il-
lustrated by the Arrhenius plot in fig. 2. Previous
works of Lakowicz and Weber [13,15] have shown
the A H* for the oxygen quenching of tryptophan
in water and certain proteins to be of the order of
3—-4 kcal/mol. Our value of 10 kcal/mol is thus
significantly larger than other reported AH* val-
ues. However, in a recent work, Lakowicz and
co-workers [14] reported data for the temperature
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Fig. 2. An Arrhenius plot for the apparent rate constant for the
C, quenching of LADH fluorescence in the presence of 1 M
acrylamide. Rate constants were obtained from phase lifetime
(®) and intensity {a) Stern-Volmer plots. In the latter case, the
static guenching component was neglected in determining the
rate constant. and thus these values are larger than those from
the lifetime data.

dependence of the oxygen quenching of LADH
(i.e., the quenching of the total fluorescence from
LADH, not just Trp-314) from which one can
calculate a AH¥ of 8 kcal/mol. We believe the
large AH¥ value we find for the quenching of
Trp-314 to be due to the fact that this residue is
very deeply buried in this relatively large protein.
By comparison, most single-tryptophan-containing
proteins are quite small and thus may physically
be able to provide less shielding for their
tryptophan residues. For example, in our unpub-
lished work with cod parvalbumin, a single tryp-
tophan protein of molecular weight 12000, we find
a AH¥ of 6-7 kcal/mol for oxygen quenching.
This value is much closer to other published A H#
values. even though the tryptophan residue in this
protein appears to be in the interior of this pro-
tein. For oxygen to quench the fluorescence of a
molecule it must come into contact with the mole-
cule. For O, to diffuse into the matrix of globular
proteins, rapid structural functions must occur to
facilitate the formation <f pores or channels lead-
ing to the internal tryptophan residue. This must
involve the breaking or stretching of bonds, in-
cluding hydrogen bonds, which is an energetic
process. Since Trp-314 is very deeply buried at the
intersubunit interface of LADH, one would expect

that more bonds (or stronger bonds) must be
stretched or broken for oxygen to penetrate the
three-dimensional structure of this protein, result-
ing in a relatively large A H* value for the quench-
ing process.
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