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The fluorescence lifetimes of the tryptophan residues of bovine serum albumin were measured in the native and acid-expanded
conformation. A three-exponential process is required to fit the fluorescence decay data. The results are interpreted empirically in
terms of two emitting species. The emission at longer wavelength (360 nm) has slower rates of decay than that at shorter wavelength
(325 nm). For both emitting species the average lifetime decreases when the N-F transition occurs and shortens further when the
protein expands. Rotational correlation times, derived from the decay of the fluorescence anisotropy of the tryptophan residues,
suggest that longer emission wavelengths are associated with somewhat shorter correlation times. There is no certain indication of any
independent motion of the tryptophans in any conformation, although some very fast process, perhaps Raman scattering, appears to
occur. On acid expansion the long correlation times decrease to around 10 ns in the fully expanded form. Static quenching
experiments using I~ or acrylamide suggest a greater average exposure of the tryptophans when the protein is most greatly expanded.
This is despite the fact that the fluorescence emission maximum shifts to shorter wavelength under these conditions. Also, there is no

difference in accessibility to quenching between the longer and shorter wavelength emissions.

1. Introduction

A variety of physical and chemical evidence
suggests that bovine serum albumin molecules
consist of three globular domains held together at
neutral pH by ionic or electrostatic interactions
[1-4]. When these interactions are disrupted, either
by low pH values [3,4] or by the addition of
moderate concentrations of some lanthanides [5],
the protein expands as the domains separate. The
extent of this expansion is inversely dependent on
ionic strength [3,4].

One of the two tryptophans is near the C-termi-
nal end of domain I while the other is close to the
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N-terminal of domain II [2]. Changes in the fluo-
rescence emission spectrum correlated with the
acid expansion suggest that the environment of
the two tryptophans in the protein also changes
but in opposite fashion to that expected from the
character- of the overall conformational changes
(6]. The spectrum of the protein at pH 7 suggests
that the tryptophans are in a relatively polar en-
vironment (emission maximum 344 nm). At pH 2
and low ionic strength (0.01), the emission is
strongly quenched and shifted to shorter wave-
lengths (emission maximum 340 nm). This sug-
gests a more hydrophobic environment [6]. The
effect was interpreted as the result of a conforma-

-tional change subsequent to domain separation.

Increasing the ionic strength to 0.11 increases the
fluorescence yield by a factor of nearly two and
the emission maximum shifts further to 336 nm,
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Knowledge of the mechanism of the large
changes in fluorescence observed would expand
our knowledge of the effects of domain interac-
tions on protein conformation. A complete picture
of the fluorescence properties requires knowledge
of fluorescence lifetimes. This coupled with :static
quenching studies can provide a better idea of the
accessibility of the environment of the tryptophans
to the solvent in each conformation of the protein
[7]. Additionally, the fluorescence anisotropy de-
cay of the tryptophan residues also yields rota-
tional correlation times for the protein in each of
its structural forms.

In this work we present high-resolution mea-
surements of the fluorescence lifetimes of the
tryptophan residues for bovine serum albumin in
several of its conformations. We show that the
fluorescence decay is complex, consisting of three
exponential components, and that the parameters
are wavelength-dependent. The results can be ra-
tiondlized in terms of two tryptophan environ-
ments in this protein emitting with characteristic
properties.

2. Materials and methods

Bovine serum albumin and defatted bovine
serum albumin were purchased from Sigma (frac-
tion V, lot nos. 47C-0433 and 45F-0064) (type F,
lot no. 1015-7260). For some of the measurements
the protein was purified using HPLC (LKB model
2150) and a molecular exclusion resin (TSK-G3000
SWG). The chromatographed protein appeared to
be monodisperse on rechromatography on an ana-
lytical scale column. The unchromatographed pro-
tein had 21% dimer and 7% tetramer, but this is
not expected to alter our interpretations as the
acid expansions of oligomeric serum albumins dif-
fer little from that in the monomer [8] save for a
small effect on the midpoint pH.

Acrylamide from Eastman Kodak was twice
recrystallized from benzene. 8-Anilino-1-naph-
thalenesulfonic acid (ANS) was also obtained from
Eastman Kodak and twice recrystallized as the
magnesium salt from hot water. 4-Morpholine-
ethanesulfonic acid (Mes) was purchased from
Calbiochem-Boehringer, Lutetium(III) chloride

was obtained from Alfa. Other reagents were from
J.T. Baker. Water was filtered and deionized
(Continental Deionized Water).

Measurements of pH were carried out using an
Orion. model 701A Ionalyzer or a Radiometer
PHMS32 standard pH meter, both with combined
(single-probe) electrodes. Absorbances were mea-
sured using a Bausch and Lomb Spectronic 200
spectrophotometer equipped with a digital read-
out. Static fluorescence measurements were made
with an SLM 8000C spectrofluorometer,

For the time-dependent fluorescence measure-
ments, excitation was from a laser system. The
mode-locked output of a Spectra-Physics 8 W
Nd/YAG laser was frequency doubled to 530 nm
and used to pump synchronously a dye laser con-
taining the dye rhodamine 6G. The tuned output,
adjustable around 600 nm, was intracavity-dumped
by a Bragg-cell device (Spectra-Physics model
344S) driven at 390 MHz, which converted the
mode-locked - oscillation into single pulses of
nominal width 10 ps, at a repetition rate of 800
kHz. The average power of these pulses was less
than 15 mW. These pulses were then frequency
doubled to 300 nm, their polarization returned to
the vertical with a Babinet-Soleil compensator,
and then passed through color filters (Corning CS
7-54) to remove any leak-through of the 600 nm
radiation. These pulses were then impinged on the
sample contained in an Applied Photophysics
(London, U.K.) PS-60 optical unit. On the excita-
tion side of the sample was a Glan-Thompson
prism fixed at the vertical position. The cuvet
containing the sample was in a thermostatted
housing. The fluorescence emission, viewed at 90°
to the excitation, was passed first through a Glan-
Thompson prism which could be oriented either
parallel or perpendicular to the polarization direc-
tion of the excitation pulses. Before entering the
emission monochromator the radiation was passed
through color filters. For prompt measurement
this was a Corning CS 7-54. For 325 nm emission
this was a CS 7-54 and Schott WG-320, and for
the 360 nm measurements a Corning CS 7-59 was
employed. It was essential to use these color filters
to minimize stray light interference in the emission
decay measurements, because it was necessary to
use quite wide slit widths for the emission mono-
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chromator (usually 5 mm, 23 nm). Quantitation of
stray light interference at the detecting wavelength
was verified using solutions of glycogen having the
same amount of scattered light signal as the sam-
ple signal at 300 nm (see section 3).

The fluorescence signal was detected usually
with a three-stage microchannel plate (MCP) pho-
tomultiplier (Hammamatsu 2287U) operating at
—3300 V., The output was sent to a 44 dB ampli-
fier (Hewlett-Packard 8447F) and then to a con-
stant-fraction discriminator (Tennelec 455) mod-
ified for the fast output of the MCP as recom-
mended by Tennelec (Oak Ridge, TN). In earlier
experiments the detector used was a photomulti-
plier (Phullips 2020) operating at —2750 V and its
output was sent directly to a constant-fraction
discriminator (Ortec 473A). The output of the
constant-fraction discriminator was used to start a
time-to-amplitude converter (Applied Photo-
physics/Ortec 457) and stopped by a pulse syn-
chronized with the cavity dumper, from the cavity
dumper driver (Spectra-Physics 454). This is called
the ‘reverse’ single-photon-counting mode. The
time-converted-to-amplitude events were accu-
mulated on a multichannel analyzer. The emission
events were accumulated with the emission
polarizer alternately in the parallel (I,) or per-
pendicular (1,) positions, for a 10 s period each,
and the counts stored in corresponding halves of
the MCA buffer. Measurements were continued
until at least 10° counts were accumulated in each
half. At the end of the experiment, the data were
transferred to a computer for analysis (DEC
11/73). As the count rates from the converter
were always below 4 kHz, no corrections for pulse
pile-up were necessary.

We used commercial software (Applied Photo-
phics) for the analysis of fluorescence and an-
isotropy decays. These were based on the routines
described in ref. 9. The procedure is standard,
where the fluorescence decay is deconvoluted from
the instrumental response function, the ‘prompt’
pulse, and then fitted to a sum of exponential
functions. An acceptable fit requires that the re-
duced x% be minimized and close to unity, and
that the Durbin-Watson parameter be greater than
a certain value which depends on the number of
parameters assumed in the model [9].

The time-dependent fluorescence intensity is
given by:

I(r) =1(t) +2GI(z).

where the factor G is the ratio of transmission of
vertically to horizontally polarized light through
the detection system. The G factor is evaluated for
each emission wavelength by measuring the ratio
I /I, for the fluorescence from a small molecule
(1-cyanonaphthalene in hexane) which, following
about 1 ns from the excitation pulse, should be
completely depolarized [9].

Alternatively, the value of G at various emis-
sion wavelengths and slit widths was determined
by subsequent excitation of the protein solutions
with horizontally polarized light without altering
any other condition. Values of G obtained by the
two methods were the same and were independent
of emission monochromator slit width, although
not of the glass color filter used.

The time dependent anisotropy is calculated
from:

r(t) = [1,(t) = GL ()] /1(1).
Both the fluorescence and anisotropy are decon-
volved and fitted to the exponential decay func-
tions using the same least-squares procedure. The
prompt curve was determined before and after
each sample measurement. Its peak position usu-
ally changed at a rate of several ps/min and so a
drift correction was included in the analysis proce-
dure.

Superimposed on the decay curves was usually
a small oscillation, the source being identified
from its frequency (approx. 400 MHz) as the
cavity dumper driver. It revealed itself in the
residual or autocorrelation plots after fitting a
calculated function. It had the effect of distorting
the statistical parameters but not the fitted param-
eters. It was removed from the raw data by a
Fourier transform routine, where a few channels
corresponding to the cavity dumper frequency of
390 MHz were linearized, followed by back-trans-
formation and least-square analysis as described
above.

Time calibration of the multichannel analyzer
channels was performed by measuring the shift in
prompt maximum on inserting calibrated delay
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lines (Ortec 425A) between the constant-fraction
discriminator and the time-to-pulse-height con-
verter. The fluorescence decay of standard sam-
ples known to give a single-exponential fluores-
cence decay was measured and found to yield
literature values [9].

The resolution of single-photon-counting sys-
tems such as this is usually taken to be about 10%
of the full-width at half-maximum (FWHM) of
the prompt function. The FWHM was 170 ps for
the MCP detector and 500 ps for the 2020 pho-
tomultiplier.

Samples were made up the day of excitation.
Control experiments showed that the fluorescence
properties of stock solutions (made up at 30-50
mg,/ml) of protein did not change with time and
that the changes in fluorescence properties with
pH observed were largely reversible. This rules out
the possibility that any effects observed were due
to denaturation or proteolysis [10].

3. Results

3.1. Effect of protein conformation on fluorescence
lifetimes

The fluorescence and anisotropy decay plots
are not shown because they are very similar to
ones previously published [11,12] and these papers
can be referred to for analytical procedures as
well. The results are collected in table 1. Under all
conditions the fluorescence decay of the two tryp-
tophans in bovine serum albumin must be fitted
by a minimum of three exponential components.
Table 1 also gives the average decay time and the
statistical parameters. For an acceptable fit the
reduced {* must be as close as possible to 1.00;
the Durbin-Watson parameter for a three-compo-
nent fit must be greater than 1.80 [9,11]. For one
condition, 360 nm emission, pH 6.9 (row 5 in
table 1), eight separate samples were measured to
determine the precision of the measurements. The
percent standard deviations are: for parameter 1
(i.e., a, or 1), £20%; parameter 2, +5%; param-
eter 3, +3%; average 7, +4%.

Table 1 shows that in all the conformations of
bovine serum albumin, the average lifetime is

longer for the emission measured at 360 nm than
at 325 nm. A similar effect has been observed
before for other multi-tryptophan-containing pro-
teins, e.g., the lac repressor protein [13]. The dif-
ferences arise from changes in both amplitudes
and values of each component. We can interpret
this effect in terms of two classes of emission, one
at the shorter wavelength with a shorter average
lifetime, and the other at longer wavelength with a
longer lifetime.

While it is tempting to ascribe each class to a
particular tryptophan residue, it should be noted
that the lifetimes of the single tryptophan in hu-
man serum albumin and apolipoproteins I and 11
also increase with emission wavelength [14,15].
Hence, we will describe the emission properties in
terms of classes or environments.

We rechecked our measurements for the chro-
matographed protein in 0.05 M phosphate, pH
7.0, using G factors obtained by altering the direc-
tion of polarization of the exciting light from
vertical to horizontal but without disturbing the
protein solution or making any other change.

We confirmed the trends in the data presented
in table 1 (results not shown) although the average
lifetimes were 5.0 ns at 325 nm (23 nm slits) and
5.8 ns at 360 nm (23 nm slits), about 16% longer
than the values we obtained previously (table 1).

Again, we were unable to fit the 325 nm data
using two-exponential functions. For example, x?
and Durbin-Watson parameters for three mea-
surements (23, 19 and 14 nm slit widths) at 325
nm averaged 1.09 and 1.88, respectively, for
three-component fits, but 1.61 and 1.27 for two-
component fits. At 325 nm, a component with a
short (<1 ns) lifetime makes a contribution that
is too great to be ignored.

The 360 nm data, however, could be fitted
fairly well using two components. The x? and
Durbin-Watson parameters averaged 1.16 and
1.91, respectively, for the three sets of data fitted
using three components and 1.19 and 1.85 using
two. We conclude that a fast process, possibly a
tryptophan environment which is influenced by
some rapid environmental quenching process, is
responsible for a significant part of the shorter
wavelength tryptophan emission in this protein at
pH 7.0. The data in table 1 suggest that this
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Table 1
Fluorescence lifetime parameters of different conformations of bovine serum albumin as a function of emission wavelength (nm)

All solutions contained 30 pM HPLC-chromatographed bovine serum albumin. The ‘native’ sample contained 0.05 M sodium
phosphate, pH 6.9. The ‘moderately éxpanded’ sample contained 0.0125 M HCI and 0.10 M NaCl; the “highly expanded’ samples
contained 0.0125 M HCI only. The ‘neutralized’ values were obtained using samples that originally contained 0.0125 M HCl or
0.0125 M HCI plus 0.10 M NaCl; following fluorescence and anisotropy decay measurements, 0.05-010 ml of 1 M sodium
phosphate, pH 7.0, was added (0.05 M final concentrations) and after mixing the fluorescence parameters of the proteins were
measured again. Final pH values are given. Excitation was at 300 nm. The emission band pass was 23 nm. The temperature was
maintained at 22°C. T is expressed in ns; La, =100. Average lifetimes were calculated from fitted fluorescence decay parameters

using the relation 7., = I, a,7, /L ,a,. DW, Durbin-Watson parameter.

Conformation (pH) Aem ay n a; 7 a; T Tove x% DW
Native 6.9) 325° 48 0.24 21 1.9 31 6.3 25 1.20 2.00
(6.9 325 22 0.44 24 2.8 54 6.5 4.3 1.00 1.89
340 16 0.45 20 27 64 6.5 4.9 1.20 1.97
360 12 053 21 3.2 67 6.7 52 110 1.93
©9 360 ® 24 0.48 27 31 49 7.2 48 <1.23 >1.83
Moderately (1.8) 325 29 0.70 35 2.6 36 5.3 3.0 0.96 1.82
expanded 360 25 0.45 41 2.5 kX] 57 30 113 1.80
(2.3) 325 29 0.40 37 2.2 34 5.2 2.7 1.15 2.04
340 28 0.50 39 2.5 33 5.6 30 1.06 201
360 23 0.80 37 27 40 5.6 34 1.03 1.87
(Neutral- 6.1 360 8 11 24 4.3 68 6.8 5.7 1.10 1.83
ized)
Highly (1.9 325 30 0.32 40 1.8 30 47 22 1.10 1.84
expanded 360 33 0.60 46 25 21 54 25 1.19 192
2.4) 325 40 0.34 38 1.7 22 5.0 1.9 - —
340 22 042 42 1.7 27 5.3 22 119 1.93
360 29 0.67 4 25 27 54 28 1.09 1.83
(Neutral- ©.3) 340 14 11 30 41 56 6.9 5.2 1.01 193
ized) (6.3) 360 9 1.0 25 42 66 6.8 5.6 1.18 1.86

* One sample at 165 uM ( ~1.1 A at 300 nm) (13.8 nm slits).
® Eight samples at 165 pm (average values).

process is also important at acid pH.

The major effect presented, however, is a
marked shortening of the average lifetime at low
pH. This shortening is largely reversible. There
may be a small degree of hysteresis. We did not
investigate whether formation of polymers oc-
curred on neutralization. There is no evidence of
laser degradation of the samples, as the lifetime
parameters obtained after excitation at several
wavelengths are not significantly different from
those obtained upon a first excitation.

Average lifetimes of tryptophan fluorescence in
unchromatographed bovine serum albumin in
solutions covering pH values from 2 to 8 are
presented in fig. 1. The qualitative effects of acid
pH and ionic strength observed were the same.

The data resemble a titration curve with an inflec-
tion at pH 3.9, which in turn is the approximate
midpoint pH for the N-F transition of the protein
(pH 3.7, corrected for the oligomer content) [8,16].
These data suggest that the shortened average
lifetime observed at lower pH values is a result of
the conformational changes. It is not due to pro-
ton quenching of the tryptophans because in fig. 1
and table 1 we can see that changes in pH, e.g,
from 1.8 to 2.3, moderately expanded, do not
affect the individual lifetimes.

It is known that some lanthanides, especially
lutetium at moderate concentrations, produce a
conformational change in the protein at near neu-
tral pH values which resembles the N-F transition
[5]. The effect of 0.02-0.06 M lutetium on the
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Fig. 1. Dependence on pH of average tryptophan fluorescence
lifetime (upper curve) or rotational correlation time (lower
curve) in bovine serum albumin. The solutions contained 30
M unchromatographed protein in solutions buffered with
HCl, NaCl-HCl, acetate, Mes, phosphate or Tris. The ionic
strengths were 0.05-0.15 except for those samples denoted by
(x), which were at 0.01-0.015 ionic strength. The temperature
was maintained at 22° C. Excitation was at 300-303 nm and
emission was at 340 nm with a 35 nm slit width. The arrow
pointing upwards denotes the estimated midpoint of the curve;
the arrow pointing downwards is the midpoint of the N-F
transition, corrected for the oligomer content [8].

calculated lifetimes was identical to that of low
pH values (data not shown). The midpoint of the
effect was at approx. 30 mM, similar to that
described in ref. 5. (~ 25 mM). We conclude that
the effect on the calculated average lifetimes de-
scribed is the result of an effect on the conforma-
tion of the protein.

Examination of the effect of ionic strength on
the fluorescence decay of tryptophans in bovine
serum albumin, at 0.01 and 0.11 ionic strength,
showed a smaller effect (table 1). The acid expan-
sion itself has less effect on lifetime than does the
N-F transition. The effect of ionic strength on the
lifetime seems to be less than that on the fluores-
cence yield. It is difficult to correct for differences
in measurement conditions, particularly excitation
and emission bandwidths, but we believe that the

further expansion of the protein at low pH values
and ionic strengths due to electrostatic factors
does not affect the lifetime as much as the quan-
tum yield. This suggests that the differences in
fluorescence emission due to ionic strength are
partly due to a complex quenching at low ionic
strengths which is relieved at higher values.

Acid expansion of bovine serum albumin pro-
duces a genuine shift in emission to lower wave-
lengths of one of the tryptophan environments,
since the emission intensity at shorter wavelengths
is greater at low pH than at neutral pH [6].
However, acid expansion must also involve a pref-
erential quenching of the longer-lived, longer
wavelength emitting tryptophan environments. The
increase in fluorescence at 0.11 ionic strength rela-
tive to 0.01 ionic strength is interpreted as a result
of reduced complex and collisional quenching of
the shorter wavelength, shorter lived environ-
ments, so that the emission wavelength shifts to
shorter values, however, the fluorescence lifetime
actually increases somewhat.

3.2. Steady-state quenching of serum albumin at low
and neutral pH values

Differences in emission wavelength presumably
reflect differences in polarity about each residue
and these have been shown to exhibit different
accessibilities to quenchers [7,17]. The emission
spectrum of the enzyme was measured at pH 7, at
pH 2 and 0.01 ionic strength and at pH 2 and 0.11
ionic strength in the presence of 0.02-0.20 M
acrylamide. The effect of 0.02—0.20 M KI was also
measured, although at a constant KCl plus KI
concentration of 0.20 M. The unquenched spec-
trum was divided by each of the quenched ones in
turn and some of these data are plotted in fig, 2.
Stern-Volmer plots were made of these data, taken
at 320 and 380 nm (fig. 3) (the 350 nm data are
not shown for the sake of illustrating the effects
more strongly).

The scatter of the data is due to the fact that
they are from two relatively highly resolved (2 nm
bandwidth) spectra and in addition are from
wavelengths (320 and 380 nm) where the emission
intensities are low.

The iodide quenching data at pH 7 show a
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Fig. 2. Effect of 0.02-0.2 M acrylamide on uncorrected fluo-
rescence (F) of bovine serum albumin at pH 7 (upper five
curves of lower panel) and pH 2 (lower five curves) at 0.015
ionic strength (where the acid expansion is greatest). The upper
panel shows relative fluorescence, unquenched divided by
quenched, as a function of wavelength at pH 7 (broken lines)
and at pH 2. The greater F, /F values at pH 2 indicate greater
apparent accessibility of tryptophan(s) to the quencher
acrylamide. Data are from the lower panel and increasing
acrylamide results in progressively lower fluorescence (F) and
higher values of F;, /F. The excitation wavelength was 300 nm;
excitation and emission slit widths were 2 nm. The temperature
was maintained at 22°C, Samples contained 30 pM protein.
Other solvent conditions were as described in the legend to
fig. 1.

downward curvature toward the abscissa (1odide
concentration axis). The data suggest two environ-
ments with very different accessibilities. The two
environments are not dramatically different in
emission wavelength. At pH 2, there is no clear
distinction with respect to emission wavelength as
far as iodide is concerned; the major effect is that
the difference in apparent accessibility seen at pH
7 is no longer so obvious.

Human serum albumin, which has a single
tryptophan, also shows downward-curving plots.
Lehrer and Leavis [18] attributed this to binding
of the iodide by that protein. We would expect
binding of the quencher near the tryptophan(s) to
produce upward-curving plots.

Acrylamide produces quenching with qualita-
tive differences from the effect of iodide. At pH 7,
there is little difference between quenching of the
fluorescence at 320 nm and that at 380 nm, but a
greater differentiation occurs at pH 2. At 0.01
ionic strength, the overall apparent accessibility
appears to be greater, although it is possible that
the data actually show an upswing, suggestive of
complex formation between acrylamide and the
protein. The main effect of the higher ionic
strength at pH 2 (more compact structure) is to
make both tryptophan environments less accessi-
ble to a nearly equal extent.

Despite the differences between iodide and
acrylamide quenching, the apparent quenching
constants are similar. If a linear quenching re-
sponse is assumed (ie., collisional deactivation
only) and average lifetimes are used from table 1,
average quenching constants can be calculated
and are listed in table 2. These values were calcu-
lated from the 320 and 380 nm emission data. The
quenching constant for low molecular weight in-
dole derivatives is 7 X 10° M~! 571 [7,14,17]. The
values we obtained are lower, indicating the ex-
istence of significant barriers to access of these
quenchers. From the difference in effect of the
two quenchers, it appears that an electrostatic
barrier exists to quenching of one of the environ-
ments at pH 7, possibly a barrier involving an
ionized carboxyl group.

Very similar values of the quenching constant
were obtained with human serum albumin in its
native conformation (0.5 X 10%° M~1 s71) [17] to
those we calculated for the bovine protein. An 8
nm shift to shorter emission maximum in human
serum albumin at pH 2.5 (0.01 M formic acid) is
accompanied by a doubling in acrylamide quench-
ing constant [19], nearly the same as that observed
for bovine serum albumin.

The most significant conclusion, however, is
that we cannot distinguish between the two emit-
ting environments on the basis of quenching con-
stants. While the lifetimes used are extrapolated
values, and since the bandwidths employed in
lifetime measurements (23 nm) are much greater
than those used for emission measurements (2
nm), the increase in quenching at longer wave-
lengths must at least partly matched by the in-
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Fig. 3. Stern-Volmer plots of quenching data. Conditions were as described in the legend to fig. 2. Data were taken from two

experiments each at 320, 350 and 380 nm but only the 320 nm (O) and 380 nm (®) values are presented. Iodide quenching data are

presented in the two left-hand graphs and acrylamide quenching data in the lower two right-hand graphs. Acid pH data are
represented by the two upper graphs and pH 7 data by the two lower ones.

Table 2

Apparent second-order quenching constants of tryptophan flu-
orescence in bovine serum albumin in several conformations

The average lifetimes used in these calculations were: (pH 7),
3.95 and 5.65 ns at 320 and 380 nm, respectively; pH 2 (0.11 or
0.20), 2.60 and 3.15 ns; pH 2 (0.01), 1.90 and 2.50 ns. These
were extrapolated from the data in table 1. The two values of
the quenching constant at pH 7 with iodide were calculated
from the initial and final slopes of the appropriate lines in fig.
3. Other values were also calculated from the slopes of the
other Stern-Volmer plots in fig. 3.

Quencher pH (ionic Conforma-  Average quenching
strength)  tion constant (X 10~%)
M~ts™h
at emission
wavelength (nm)
320 380
Todide 7 native 0.61, 0.50,
1.60 1.40
2(0.20) moderately 1.80 1.70
expanded
Acrylamide 7 native 0.51 043
‘ 2(0.11) moderately 1.20 1.40
expanded
2(0.01) highly 3.00 3.00
expanded

crease in lifetime. The shifts in apparent environ-
mental polarity about the tryptophans do not
involve major changes in accessibility to the
quenchers. Some changes in apparent accessibility
which are observed such as that produced by low
pH and 0.11 ionic strength run opposite to those
predicted. However, Maliwal and Lakowicz [14]
observed the same effect with human serum al-
bumin. The single tryptophan of this protein emits
at shorter wavelengths in its F conformation, but
shows a higher oxygen quenching constant.

It is possible that the upward slope of the F,/F
lines is a result of the short-lifetime component
(table 1) being relatively unaffected by the
quencher because its lifetime is so short. This
would also explain why the average apparent
quenching constants do not vary with emission
wavelength.

3.3. Tryptophan fluorescence anisotropy decay

If the overall bovine serum albumin molecule
gains rotational freedlom of motion at low pH
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values [1,3], as measurements of steady-state ani-
sotropies of dye-protein conjugates indicate, is this
reflected in the freedom of motion of the tryp-
tophan residues? Table 3 lists the rotational corre-
lation times for the tryptophan residues calculated
from the decay functions of the emission ani-
sotropy. Unlike the fluorescence lifetime behavior
in table 1, the anisotropy decay is simpler, requir-
ing a two-exponential function for a fit, but the
longer correlation time obtained is also dependent
on emission wavelength. The analytical procedure
used is not statistically rigorous [9] so the x?
values are not listed and the fits are made to
minimize the value of x%. For a two-exponential
fit it is required that the Durbin-Watson parame-
ter be greater than 1.75.

The chromatographed protein in its native con-
formation (pH 7) gave the longest correlation

Table 3

Decay of the tryptophan residues’ emission anisotropy in dif-
ferent conformations of bovine serum albumin

These values were obtained from the same data as were the
lifetime parameters in table 1. A two-component fit was needed,
but the shorter component ( <1 ns) is not listed as it is
considered to be partly artifactual (see text). DW, Durbin.Wat-
son parameter.

Conformation  (pH) Nem ¢ (ns) DW

Native (6.9) 325 34.2 1.93
340 31.0 2.05

360 28.8 203

6.9 * 360 281 (>1.7)

325° 364 1.81

Moderately (2.3) 325 227 1.77
expanded 340 223 1.76
360 19.6 1.71

(1.8) 325 245 . 188

360 20.5 218

(Neutralized) 6.1) 360 317 1.87
Highly 24) 325 13.5 1.93
expanded 340 9.8 . 203
360 140 1.72

1.9 325 11.7 2.06

360 8.3 1.99

(Neutralized) 6.3) 340 31.8 1.76
(6.3) 360 31.4 2.08

* Eight samples at 165 pM ( ~ 1.1 A at 300 nm).
® One sample at 165 pM.

times, 35.6 +1.4 ns (all 325 nm emission data)
(some data not shown; see below) and 31.3 + 2.6
ns from 360 nm emission (all values, some not
shown; see below). Shorter values (~ 22 ns) are
obtained for moderately expanded (pH 1.8 and 2.3
at 0.11 ionic strength) and even shorter values
(averaging 11.5 ns) are found at pH 1.9 and 2.4
and 0.01 ionic strength (highly expanded protein).
These results are qualitatively and quantitatively
consistent with expectations [1,3): the acid pH
(0.01 ionic strength), longer correlation times ap-
proach one-third of their value at neutral pH. This
is in agreement with the hypothetical structure of
the protein (three linked domains of nearly equal
molecular weight). It also reinforces the picture of
domains as being nearly independent, structurally,
of the degree of domain interaction. The overall
structure of the domains is rigid at neutral pH and
remains so on expansion of the bovine serum
albumin molecule.

The data also persistently suggested either sig-
nificant movement of the tryptophan residues in-
dependently of the rest of the protein, with a
correlation time averaging about 70 ps and about
twice the amplitude of the 30 ns component or a
scattering artifact.

However, calculated limiting anisotropy (r,)
values were over 0.4 and the emission wavelength
dependence of these values suggested a scattering
artifact. We measured the decays at 325, 340 and
360 nm, then the scattering at 300 nm of a solu-
tion of chromatographed bovine serum albumin.
We then measured the signal decay at 325, 340
and 360 nm of a solution of glycogen which
produced the same scattering signal (at 300 nm) as
the protein solution. The scattering data at 325,
340 and 360 nm were subtracted from the decay
data provided by the protein solution at those
wavelengths. When this was done, we were left
with a long anisotropy decay, together with a very
fast (< 10 ps) initial signal. The major exponential
decay was as described in table 3 with a 325 nm
correlation time of 36.7 ns and a 360 nm correla-
tion time of 29.7 ns. The origin of the very fast
initial signal is not known. The value of r, for a
sample of protein at pH 7 and 22°C was 0.31,
near that of 0.29 from corrected fluorescence-
polarization plots of protein solutions (data not
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shown). The broader bandwidth of excitation
would probably account for the remaining dis-
crepancy. We must conclude that the tryptophans
in this protein appear to be rigidly held at pH 7,
and since the initial decays of the acid pH data
gave identical results to the largely artifactual
initial pH 7 data, we must conclude further that
the tryptophans do no ‘loosen’ at acid pH values.

In human serum albumin, no rotational free-
dom of the single tryptophan was observed at low
temperatures (8° C), but significant motion was
found at 43°C [19]). Van Hoek et al. [20] reported
a 6 ns segmental motion but nothing shorter in
bovine and human serum albumin. They later [21]
decided that the 6 ns motion in human albumin
was a deconvolution artifact, originating possibly
from the oscillatory component in the cavity
dumper driver mentioned above. The literature
value of 34 ns [14] for the correlation time of
monomeric bovine serum albumin at pH 7 is in
excellent agreement with the average value (all
emission wavelengths) of 33.4 + 2.1 ns.

We conclude the tryptophans are rigidly held
within the bovine serum albumin molecule, inde-
pendently of the degree of domain association and
extent of quenching. This is again consistent with
the concept of domain structure: considerable in-
dependence of the microscopic environment from
degree of domain association. The sampling of
several environments by individual tryptophan
residues indicated by the lifetime data must be too
fast for our methods of measurement.

The longer correlation times also show a trend
to lower values at longer emission wavelengths.
This is interpreted as the result of the two environ-
ments emitting at somewhat different wavelengths
and being fixed at different angles, relative to the
rotational axes of the molecule [12,22] (see below).

We also measured the pH dependence of corre-
lation times of unchromatographed bovine serum
albumin (fig. 1). The average correlation tirme (val-
ues above pH 4.9) is 46 + B ns. After correction
for the observed content of oligomers, we obtain a
value of 27 +'5 ns, in fair agreement with a value
in the literature of 34 ns [14] and with the average
of our values (e.g., table 3). The correlation times
may fall below pH 35, suggestive of a loosening of
the structure, but they return to the neutral pH

correlation time at pH values near 3, possibly
indicating a predominating rigid swelling of the
molecule undergoing the N-F transition. Such a
swelling has been demonstrated in human serum
albumin [14] and shown by steady-state polariza-
tion techniques in the bovine protein [23]). The
acid expansion itself, as opposed to the N-F tran-
sition, is correlated with a sharp drop in correla-
tion times (pH < 3).

There was no significant effect of lutetium on
the correlation time at pH 5.3 (data not shown), in
agreement with the interpretation [5] that the
lanthanide effects the N-F transition. The mole-
cule may expand, but if it does, it loses rigidity to
the same extent. These data agree well with mea-
surements using dye-protein conjugates [1,24].

The average correlation times in fig. 1 were
obtained using the 2020 photomultiplier which is
slower than the microchannel plate photomulti-
plier. We found only a single correlation time
using the 2020 photomultiplier.

3.4. Fluorescence and anisotropy decays of ANS
bound to serum albumin

ANS binds at several sites on bovine serum
albumin, and binding at some of these sites is
accompanied by a marked increase in ANS fluo-
rescence [1]. The tryptophan fluorescence of the
protein is quenched, apparently because of energy
transfer to bound ANS [24]. We measured the
effect of bound ANS on tryptophan lifetimes as
well as ANS lifetimes and anisotropies.

The presence of a 1:1 molar ratio of ANS
reduced the average tryptophan lifetime by only
15 and 18% in two experiments. This is far less
than the reduction in tryptophan steady-state flu-
orescence by that amount of ligand under our
conditions (90 and 75% in two experiments). We
have no explanation for this finding; ANS appears
to ‘sample’ all tryptophan environments about
equally. We were unable to observe any lag in the
ANS fluorescence rise on excitation at 302 nm,
suggesting that energy transfer [24] is very rapid
[12]). The major ANS lifetime was 18.6 +1.0 ns
(five samples), in agreement with literature values
[7]. About 19% of the ANS fluorescence had a
shorter lifetime, viz., 4.6 ns. The longest correla-
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tion time for chromatographed protein from ANS
anisotropy decay was 39 + 3 ns (six samples). A
separate set of three measurements calculated
using G factors from horizontally polarized excita-
tion gave 40.0 £ 2.1 ns, in excellent agreement.
These values are higher than those of tryptophan
anisotropy decay. This again may reflect a dif-
ference in orientation of ANS relative to the axes
of the protein compared with the tryptophan en-
vironments. Interestingly, in the presence of 60
mM Lu®* (at pH 4.7), at which the protein has
undergone the N-F transition [5], the ANS fluo-
rescence showed the same fluorescence lifetimes
but the correlation times were 0.6 and 46 ns in this
case, also suggestive of a swollen molecule [14,23].
The ANS fluorescence yield remained high. The
loss of ANS fluorescence in acid [6] is apparently
due to proton quenching or to the expansion per
se, not to the N-F transition conformational
changes.

4. Discussion

We excite our samples at 300 nm in order to
avoid excitation of tyrosine or of tryptophan into
the 'L, state. Comparatively large changes in
tryptophan absorption occur during these confor-
mational changes [4,6], absorbance changes that
are significant at 300 nm. However, the fluores-
cence emission spectra observed in the quenching
experiments are very similar to the spectra ob-
tained by excitation at 280 nm [6].

Although our microchannel plate photomulti-
plier data fitted three-component decay curves
well, the protein contains only two tryptophans.
Even free tryptophan shows two lifetimes [25] and
there are other proteins which exhibit more life-
times than the number of tryptophans they possess
[12,14,15]. We believe that the tryptophans in this
protein exhibit a spectrum of lifetimes, and hence
the measured lifetimes are functions of instrument
resolution as well as detection wavelength. Our
average lifetime for the native conformation is
shorter than the value in the literature (6.3 ns)
[26], perhaps for this reason.

The source of heterogeneity in tryptophan life-
times is not certain [25]. A variety of interactions

can affect lifetimes, interactions which could rea-
sonably be expected to exist in proteins. Gener-
ally, tryptophan in native proteins seems to have
longer lifetimes than in denatured proteins. Bovine
serum albumin in 6 M guanidine hydrochloride
with 50 mM phosphate, pH 7, has an apparent
average lifetime similar to those obtained at acid
pH values (data not shown). It seems that the
conformational change brings the tryptophans into
proximity with dynamic quenching groups.

The picture we obtain from lifetimes is differ-
ent from that provided by static quenching. Some
of the shifts in emission maxima are not consistent
with the rate constants for quenching [7,27] or the
similarity of the acid-expanded and guanidine hy-
drochloride-denatured lifetimes. It is also possible
that complex quenching may be a factor in some
of the acrylamide results, however, the data ob-
tained with iodide show the same effect: greater
Stern-Volmer quenching constants along with
tryptophan fluorescence at shorter wavelengths.

While we can rationalize much of our data in
terms of two environments, we do not assign
either to a particular residue. The interactions
between the domains appear to produce different
effects on the environments but these are not
obvious or simple. They do not seem to involve
significant restrictions on the mobility of the
tryptophans, unless such restrictions quench, con-
sistent with domain structure. Examinations of the
fluorescence behavior of proteins at the picosec-
ond level has provided new and interesting results,
but much more work remains before we can inter-
pret these results in terms of detailed protein
structure,
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