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We used front-face illumination to examine the steady-state and time-resolved emission from the intrinsic tryptophan emission of 
human hemoglobin (Hb). Experimental conditions were identified which eliminated all contributions of scattered fight. The 
sensitivity obtained using front-face optics was adequate to allow measurement of the wavelength-dependent frequency response of 
the emission to 2 GHz. The intensity decays displayed pica- and nanosecond components in the emission at all wavelengths from 315 
to 380 nm. The contribution of the picosecond component decreased from 72 to 37% over this range of wavelengths. Frequency-do- 
main measurements were used to calculate the time-resolved emission spectra and decay-associated emission spectra. Those spectra 
indicate that the picosecond components of the emission display maxima near 320 run, whereas the nanosecond components are 
centered at longer wavelengths near 335 mu. The nanosecond components appear to be due to residual impurities which remain even 
in highly purified samples of Hb. However, we cannot eliminate the possibility that some of these components are due to Hb itself. 

1. Introduction 

The intrinsic tryptophan emission from pro- 
teins has been widely used to examine their con- 
formation and dynamics [l-4]. However, the in- 
trinsic fluorescence of hemoglobin (Hb) has only 
been studied infrequently because this emission is 
strongly quenched by energy transfer to the heme 
[5-71. Because the tryptophan emission from heme 
proteins is 100-10000-fold weaker than that of 
nonheme proteins, the emission from even a small 
percentage of nonheme impurities can dominate 
the emission from Hb samples. For the same 
reason, the intensity of Raman and Rayleigh 
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hemoglobin: DAS, decay-associated emission spectra; xi, re- 
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scattered light, and of stray light, may become a 
major component of the detected signal, produc- 
ing meaningless data. 

Because of the high efficiency of tryptophan- 
to-heme energy transfer, one expects the 
tryptophan decay times to be in the picosecond 
time range. In fact, picosecond components in the 
intensity decay of Hb have been detected in three 
laboratories [S-lo]. In all cases these laboratories 
also reported the existence of nanosecond compo- 
nents. While the preexponential factors of the 
picosecond components exceeded 998, the relative 
intensity of these components was typically 
30-45% of the total emission. The origin of these 
longer-lived decays is uncertain. The nanosecond 
decay times indicate either that there are confor- 
mations of the Hb molecules in which the transfer 
of energy from the tryptophans is inhibited, or 
that these components are due to impurities. 

In the present paper, we describe experimental 
conditions by which one can eliminate the contri- 

0301~4622/88/$03.50 0 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



188 E. Bucci et al./ Time-resolved emisston spectra of Hb 

bution of scattered or stray light to the signals 
detected from optically dense solutions of Hb. We 
use illumination and observation from the front 
surface of the samples, as suggested by Eisinger 
and Flores [ll], and as pioneered for studies of 
Hb fluorescence of Hirsch and colleagues [12,13]. 
The picosecond components persist even after 
careful elimination of scattered light. The 
nanosecond components also persist, but appear 
to decrease in amplitude with additional purifica- 
tion. The picosecond components emit at shorter 
wavelengths, and these components do not appear 
to relax to longer wavelengths. This suggests, but 
does not prove, that the nanosecond components 
are due to impurities. 

2. Materials and methods 

Human Hb was prepared from washed red 
cells, obtained from fresh blood samples donated 
by the local blood bank. They were hemolyzed in 
0.005 M phosphate buffer at pH 7.0 and the 
stromata were eliminated by treatment of the solu- 
tions with 10 g/d1 of chloroform. ‘If necessary, the 
protein was concentrated up to 10% by ultrafiltra- 
tion.through a 10 kDa pellicon cassette, dialyzed 
vs. water, recycled through a mixed-bed resin 
cartridge for removing polyphosphates and other 
ions, and stored at - 90 ’ C. 

Oxyhemoglobin (HbO,) was purified by HPLC 
through a DEAE SPW preparative column using a 
gradient formed by 0.015 M Tris-acetate at pH 8, 
and 0.015 M T&acetate at pH 7.7 with 0.2 M 
sodium acetate. All measurements were conducted 
at 4” C in the buffer as eluted from the column. 
Protein concentration was measured spectropho- 
tometrically using E =0.868 cm’ mg-’ for the 
carbonmonoxy derivative at 540 nm. Absorb&es 
were measured using a Car-y 14 spectrophotome- 
ter. 

Spectroscopic fluorescence measurements were 
performed using front-face optical conditions. A 
triangular cuvette was positioned so that the inci- 
dent beam was at 34” from the normal to the 
reflecting surface. This orientation was found to 
provide 10% higher intensities than an angle of 
56”. The protein concentration was kept at 20 

mg/ml. At this concentration and above, the in- 
tensity of emission was independent of protein 
concentration, indicating total absorption of the 
incident light. 

Steady-state fluorescence measurements were 
carried out with an SLM 8000 photon-counting 
spectrofluorometer. Lifetimes and correlation 
times were measured using a frequency-domain 
fluorometer operating between 8 and 2000 MHz 
[14]. The modulated excitation was provided by 
the harmonic content of a laser pulse train with a 
repetition rate of 3.75 MHz and a pulse width of 5 
ps, from a synchronously pumped and cavity- 
dumped rhodamine 6G dye laser. The dye laser 
was pumped with a mode-locked argon ion laser 
(Coherent, Innova 15). The dye laser output was 
frequency-doubled to 290 nm with an angle-tuned 
KDP crystal. The emitted light was observed with 
a microchannel photomultiplier (Hamamatsu 
R1564U), and the cross-correlation detection was 
performed outside the photomultiplier tube. [14]. 
The emission was observed either through a com- 
bination of broad-baud emission filters [lo], or 
through 10 nm bandpass interference filters. For 
intensity decay measurements, magic-angle 
polarizer orientations were used. 

The frequency-domain data were used to re- 
cover the intensity decays 

Z(A,t) = &li(h)e-“” (1) 

where ari(X) are the preexponential factors, ri the 
decay times (which are assumed to be independent 
of wavelength), and h the emission wavelength. 
The contribution of each component to the total 
(steady-state) emission is given by 

ai(x)7i 

h(A) = &ll(X)Ti 
(2) 

The phase and modulation data from 8 MHz to 2 
GHz were used to recover the intensity decay at 
each wavelength, or globally across the emission 
spectra, as described previously [15]. 

The impulse response functions (eq. 1) can be 
used to calculate time-resolved emission spectra 
and emission centers-of-gravity [16-181. This re- 



E. Bucci et al./ Time-resolved emission spectra of Hb 189 

quires normalization of the preexponential factors, 
so the integrated intensity represents the steady- 
state intensity I;(X) at each wavelength. Normal- 
ization is accomplished using the factor H(X) 
which is calculated using 

H(X) = F(h) 

/ QZ(h,r) dt 
0 

(3) 

F(X) 
= Ui(X)7, +Ly*(X)7* +‘CY#+r3 (4) 

Then, the appropriately normalized functions are 
given by 

Z’(A,r) = H(h)Z(h,r) (9 

= &((+J-‘/” (6) 

where &l(X) = ZZ(X)CY;(X). For any desired time 
(ti), the time-resolved emission spectrum is ob- 
tained by plotting the values Z’(&ti). 

The time-dependent spectral shifts can be char- 
acterized by the time-dependent center of gravity, 
in wave numbers (cm-’ or kK = 103 cm-‘), which 
is proportional to the average energy of the emis- 
sion. Our data were collected at approximately 
equally spaced wavelength intervals. For these 
conditions [17], the center of gravity in kK is given 
by: 

CZ’(X,f)P 

%gW = loo00 Acz,(x,f) 
A 

(7) 

The time-dependent spectral width (AC,,(r)) can 
be revealing with regard to the nature of the 
time-dependent spectral shifts. For instance, in the 
case of time-dependent solvent relaxation the 
time-dependent width can reveal whether the 
emission spectrum shifts toward longer wave- 
length without changes in shape (continuous re- 
laxation), or whether there are two or more emit- 
ting states formed during relaxation (stepwise re- 
laxation). In these cases the spectral width either 
remains constant or increases transiently, respec- 
tively [17]. In the presence of impurity contribu- 

tions to the emission, or equivalently a mixture of 
emitting species, it seems that the values of Aij,,(t) 
will be characteristic of the shortest component at 
t = 0, (if the (Y~ value of the short component is 
dominant), and of the longest emitting species at 
longer times. Hence, A;,,(t) is expected to be 
time-dependent, but the value can increase or 
decrease depending upon the emission spectra of 
the emitting species. The time-dependent half- 
widths were calculated using 

AF,,(f) = h c Z’(A,t) . (8) 
A 

where h is in nm. The time-resolved emission can 
also be visualized by the decay-associated spectra 
(DAS), as suggested by Brand and co-workers 
[29,30]. These are the emission spectra which are 
associated with each decay time ( Zj( X)). The DAS 
are given by 

Zi(M =J,(X)F(Q (9) 

where F(A) is the steady-state emission spectrum 
and f;(A) the fractional intensity of the i-th com- 
ponent as defined by eq. 2. 

3. Results and discussion 

We previously reported the use of 2 GHz 
frequency-domain fluorometry to detect three de- 
cay times for the intrinsic tryptophan emission of 
Hb, with decay times ranging from 15 ps to 8 ns 
[lo]. The shortest components were near 9,14, and 
27 ps in deoxy-, oxy- and carbonmonoxyhe- 
moglobin, respectively. The preexponential factors 
of the lifetimes indicated that between 98.8 and 
99.2% of the emission at short times (i 25 ps) was 
due to the components which displayed the pico- 
second decay times. Nonetheless, the contribution 
of these components to the total (steady-state) 
intensity was only 30-45X, due to their short 
lifetimes. Thus, the steady-state emission spectra 
were largely dominated by the emission in the 
nanosecond range. In these studies we used right- 
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Fig 1. HPLC elution profile of Hb on a DEAE 5PW column. 
The gradient was obtained with 0.015 M Tris buffer at pH 8.0 

and 0.015 M Tris buffer at pH 7.7 with 0.2 M aodium acetate. 

Abscissa: absorbance measured at 295 nm. The dashed line 

represents the percentage of the second buffer in the gradient, 
from 0 to 100%. 

angle optics, and it was therefore necessary to use 
concentrations of Hb near 0.2 mg/ml. At these 
concentrations the Hb molecules would be par- 
tially dissociated into dimers, probably to an ex- 
tent near 10%. In order to clarify the origins of the 
picosecond and nanosecond components, we ex- 
amined the emission spectra, anisotropies and 
frequency responses at higher concentrations, 
which required the use of front-face optics. 

On the assumption that the nanosecond emitters 

were non-Hb impurities, we first refined the chro- 
matographic procedure, eventually adopting the 
gradient shown in fig. 1. The main fraction was 
isolated and identified as hemoglobin A, by elec- 
trophoresis. Table 1 shows the intensity decay 
measured from Hb samples purified by this col- 
umn and gradient. In this experiment square 
geometry was used, in conjunction with filters to 
eliminate the Raman and Rayleigh scattering of 
the samples [lo]. More than 50% of the emitted 

light was sacrificed to the filters (see fig. 2 of ref. 
10). The preexponentials showed that 99.8% of the 
initial intensity was due to the picosecond compo- 
nents. However, because of their longer decay 
times, the nanosecond components with a, values 
of less than 0.01 still contributed 20-3055 to the 
total (steady-state) intensity. In the present mea- 
surements, the nanosecond components contrib- 
uted less to the intensity decay than in our earlier 
studies (table 1 of ref. lo), which is consistent with 
the presence of impurities. This allowed a better 
resolution of the picosecond lifetimes from the 
nanosecond components. 

It is important to recognize the physical mean- 
ing of the ai values, and how these values can 
be interpreted in the case of heme and nonheme 
proteins. In the present system the emission is 
almost certainly due to tryptophan residues, which 
will display the same radiative (emission) rate, 
irrespective of energy transfer to the heme, and 
irrespective of other quenching processes. Since 
the observed emission is proportional to the emis- 
sion rate, the value of a;(h) reflects the fractional 
population of each species with the associated 
lifetime. More specifically, one can state that the 
ai( X) value associated with the picosecond decay 
time reflects the fractional population of Hb mole- 
cules, and those associated with the two longer 
decay times reflect the fractional population of the 
nonheme emitters. 

Table 1 

Decay times of the tryptophan emission from hemoglobin 

Sample a 7, (ns) (S.D.) b a, fi x:, 

HbOs 0.015 (0.001) 0.995 0.700 
0.902 (0.004) 0.004 0.195 
7.640 (0.078) 0.003 0.103 1.95/ 

25.83 ’ 

HbCOd 0.025 (0.001) 0.994 0.683 
1.048 (0.072) 0.005 0.139 
7.385 (0.047) 0.001 0.177 1.72/ 

27.26 ’ 

a In 0.01 M phosphate buffer at pH 7.0 and 4’C, square 
geometry and filters as described in rcf 10; excitation was at 

295 nm; Hb concentration was 0.2 mg/ml. 
b Obtained from the covariance matrix, or described by Bev- 

ington [28]. 
c The second value is the xi value from the two-decay-time 

fit. 
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In order to perform measurements at higher Hb 
concentrations, and to avoid ambiguities due to 
the dimer-tetramer equilibrium [19,20], we used 
front-face optics. Because of the weak emission of 
Hb we believe it is essential to delineate carefully 
the experimental conditions, emission spectra and 
control experiments used to demonstrate that the 
observed signals are in fact due to Hb. 

The emission spectrum of HbO, at 2 g/d1 is 
shown in fig. 2. In order to maximize the contribu- 
tion of scattered light (worse-case conditions) both 
the excitation and emission were oriented verti- 
cally. In fig. 2 Rayleigh scatter and/or reflected 
light is the dominant component centered near 
290 nm. The Hb emission is seen as a broad peak 
centered near 320 nm. We questioned whether 
Raman scatter or other stray light contributions 
were hidden under the Hb emission. Hence, we 
examined a solution of hemin, which is nonfluo- 
rescent, and which had an absorbance at 290 nm 
equivalent to that of our Hb sample. Additionally, 
we added Ludox until the scattering at 290 nm 
was 4-fold larger than that observed for the Hb 
sample. Even under these worse-case conditions, 
there were no spurious signals under the presumed 
Hb emission spectrum. As noted by Eisinger and 

5 ( 

300 350 400 
WAVELENGTH I nm 1 

Fig. 2. Emission spectra recorded with vertically polarized 

front-face excitation at 290 nm. In order to maxim&z the 
scattering, the observation was through a vertically oriented 
polarizer. Hb02 was in 0.015 M Tris buffer at pH 8.0, approx. 
0.03 M sodium acetate, protein concentration 2 g/dl; hemin 
chloride was in 0.1 M NaOH with the absorption at 290 nm 
identical to that of HbO,. The hemin was then titrated with 

Ludox until the scattering at 290 nm was d-fold greater than 
that of HbO,. The arrow indicates that the residual scattering 
of the hemin + Ludox sample is not significant above 300 nm. 

WAVELENGTH (nm) 

WAVELENGTH (nm) 

Fig. 3. Front-face emission spectra of HbO, under the same 
conditions as in fig. 2. (Top) Excitation at 290 nm, vertically 

polarized. The observation was through vertically (V) or hori- 
zontally (H) oriented polarizers. The lowest line shows the 

instrumental dark current. (3ottom) Same as top, except for a 
10% cupric sulfate filter (2 mm thick) in the emission path. 

Flores [ll], Raman scatter, which is expected to 
occur off water near 320 nm, is not significant 
using front-face observation. Contributions of 
scattered and/or background signals are negligi- 
ble above 300 nm. These spectra indicate that the 
Hb emission can be safely observed at any wave- 
length above 300 run. 

Additional emission spectra are shown in fig. 3. 

The contribution due to scattering at the excita- 
tion wavelength can be largely eliminated by use 
of an emission polarizer in the horizontal orienta- 
tion (top). However, this approach is not useful 
for measurements of anisotropies, which require 
the use of two polarizer orientations, or lifetimes, 
which require the magic-angle orientation. Occa- 
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Fig. 4. Smoothed emission spectra of HbOz and apo-Hb under 

the same conditions as in fig 3. In order to show better the 
narrowing of the spectral dispersion of oxyhemoglobin, the 

measurements were taken through a horizontal polarizer, which 
eliminated the scattering. The spectra are normalized. Square 

geometry and front-face fluorescence techniques were used for 

apo-Hb and HbO,, respectively. The high transparency pre- 
vented the usage of front-face for apo-Hb. The usage of 

front-face eliminated the distortion of the spectrum of HbO, 

produced by the Raman scattering and by the inner-filter 
effect of the heme. 

sionally, one needs to attenuate the intensity of 
the scattered light but not distort the shape of the 

emission spectrum. We found that this could be 
accomplished using a 10% solution of cupric 
sulfate, 2 mm thick (bottom). A 10% solution in 
the 2 mm path filter had 50% transmission at 305 
nm and a transmission of 1% at 290 nm. There- 
fore, it reduced the intensity of the scattering, with 
only a small modification of the shape of the 
emission spectra. 

The emission spectra shown in figs. 2 and 3 
resulted from emissions whose intensity was dis- 
tributed 70: 30 between pica- and nanosecond 
lifetimes. They are characterized by a blue shift 
and a narrow dispersion compared to the emission 
spectra of heme-free (apo) Hb. This is clearly 
visible in fig. 4, which shows the superimposition 
of smoothed spectra of Hb and apo-Hb, where the 
Rayleigh scattering was totally eliminated by using 
a horizontal polarizer in the emission. The maxi- 
mum intensity was at 320 nm in Hb and at 335 
nm in apo-Hb. Also, visual inspetition clearly indi- 
cates that the spectral dispersion of Hb was much 
narrower than that of apo-Hb. The blue shift may 

be expected on the basis of the short lifetimes that 
dominate the emission in that these emissions may 
result from tryptophan residues which are either 
not yet in equilibrium with their environment 
[18,21,22], or are shielded from the solvent by the 
protein matrix. 

Further evidence for the absence of scattered 
light in the detected signals was obtained by mea- 
suring the anisotropy across the emission spec- 
trum. The fluorescence anisotropy can be a reli- 
able indicator of contribution due to scattered 
light. This is because the anisotropy, for randomly 
oriented fluorophores, cannot exceed 0.4 [23]. In 
contrast, scattered light is usually completely 
polarized, and its anisotropy is near 1.0. Hence, a 
small contribution of scattered light can be de- 
tected by anisotropies larger than 0.4, or for tryp- 
tophan larger than 0.32 [24]. In particular, if 
scattered light is significant then the anisotropy of 
the emission should be strongly dependent on 
wavelength, with higher anisotropy at the blue 
edge. The presence of Raman scatter would pro- 
duce a peak in the anisotropy near 320 nm. 

Wavelength-dependent anisotropies are shown 

for HbO, in fig. 5, with and without the cupric 
sulfate filter. The observations started at 305 nm, 
where the Rayleigh scattering was negligible. Iden- 
tical data were obtained with and without the 
cupric sulfate filter in the emission path, which we 
take as additional evidence for the absence of 
Raleigh scattering. At 305 nm, the anisotropy of 

- with cuprsc *Ulfa+e f,,+er 
---- Without cup.5 *mat,e f,,,er 

0 ’ 

310 I’ 350 

5. 
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Fig. 6. Wavelengthdcpcndent frequency response for HbOs 
(top) and HbCO (bottom). The symbols show the data at 315 

(0) and 380 (0) nm. The solid lines show the best three-com- 
ponent fit to the data (tables 2 and 3). 

the solutions was near 0.27, consistent with the 
frozen anisotropy of NATA [24,25], indicating the 
predominant presence at this wavelength of ex- 
tremely short lifetimes. At longer wavelengths the 
anisotropy decreased to 0.1, consistent with the 
presence at these wavelengths of the longer life- 
times, in the nanosecond range. The above data 
collectively indicate that we can observe the emis- 
sion of Hb from 310 to 370 mu, without signifi- 
cant contributions from scattered or stray light. 

In order to calculate the time-resolved emission 
spectra it is necessary to measure the frequency 
response across the emission spectra. Typical data 
are shown in fig. 6, for the blue (315 nm) and red 
(380 nm) sides of the emission for HbO, (top) and 
HbCO (bottom). At each modulation frequency 
the phase angles are larger and the modulation 
smaller at 380 nm, relative to the measured values 
at 315 ML This suggests longer mean decay times 
at the longer wavelengths, or alternatively, a larger 
contribution of the picosecond components at the 
shorter wavelengths. 

The frequency responses were obtained at 315, 
322, 340, 360 and 380 nm. At each wavelength 
they were analyzed individually to obtain the best 

three-decay-time fit. That is, the decay times were 
not held constant at all wavelengths. The goodness 
of the three-decay-time fits is evident from the 
good agreement between the data (@, 0) and the 
calculated curves (fig. 6). Two-decay-time fits were 

Table 2 

Wavelength dependence of the lifetimes of oxyhemoglobin 

Wavelengths were selected using interference filters with a 10 

nm bandpass. 

Wavelength 7, (ns) 

(nm) 
o, f, xk 

315 0.016 0.991 0.72 

0.463 0.007 0.16 

3.460 0.001 0.12 

322 0.018 0.981 0.60 
0.501 0.018 0.32 

4.458 0.001 0.08 

340 0.018 0.979 0.54 

0.492 0.019 0.30 
3.642 0.001 0.16 

360 0.01 I 0.972 0.42 
0.498 0.024 0.30 

3.950 0.002 0.28 

380 0.018 0.968 0.37 
0.500 0.033 0.35 
3.773 0.003 0.28 

Global 0.017 *0.007 0.992 0.702 = 

0.981 0.572 

0.979 0.500 

0.972 0.415 

0.964 0.376 
0.007 0.143 

0.018 0.300 
0.019 0.277 

0.025 0.305 
0.033 0.368 

0.486 zt 0.002 

3.716+0.08 0.001 0.155 
0.001 0.128 
0.002 0.223 

0.005 0.280 
0.003 0.256 

3.03/21.28 b 

2.09/22.66 

2.38/54.84 

2.58,‘131.14 

3.34/148.43 

2.83/85.16 

In 0.015 M Tris buffer at pH 8.0; approx. 0.03 M sodium 
acetate, protein concentration 2 g/d1 at 4 o C. Interference 

filters with a bandpass of 10 nm were used in the emission 
path; excitation at 290 nm; front-face geometry. 
The second value is the xi value from the two-decay-time 
fit. 

These are the wavelength-dependent values of q(h) and 

f,(x), at 315,322,340,360 and 380 nm (from top to bottom). 
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Table 3 

Wavelength dependence of the lifetimes of carbonmonoxyhe- 

moglobin 

Wavelengths were selected using interference filters with a 10 

nm bandpass. 

Wavelength q (ns) 

(nm) 

315 0.029 

di f, xi 

0.992 0.78 

322 0.028 
0.612 

3.113 

340 0.027 

0.643 
3.505 

360 0.027 
0.596 

4.264 

380 0.026 
0.533 

4.189 

Global 0.028 f 0.0002 

0.839 

3.608 

0.609 f 0.001 

4.067 f 0.22 

0.007 0.17 

0.005 0.05 1.96/4.19 b 

0.989 0.76 
0.009 0.16 

0.001 0.08 1.90/7.91 b 

0.981 0.64 

0.017 0.26 

0.001 0.10 2.32k15.127 b 

0.976 0.59 

0.022 0.29 

0.001 0.12 2.24/29.24 b 

0.970 0.52 

0.027 0.30 

0.002 0.18 2.38/70.16 b 

0.990 0,744 = 

0.990 0.744 

0.981 0.742 

0.977 0.610 

0.973 0.538 

0.009 0.147 

0.009 0.147 

0.018 0.148 
0.022 0.299 

0.025 0.301 

0.001 0.109 3.21,‘674.96 b 

0.001 0.109 

0.001 0.710 

0.001 0.091 

0.002 0.161 

’ In 0.015 M Tris buffer at pH 8.0; approx. 0.03 M sodium 

acetate, protein concentration 2 g/d1 at 4Of.Z. Interference 
filters with a band-pass of 10 nm were used in the emission 

path; excitation at 290 nm; front-face geometry. 
b The second value is the xi value from the two-decay-time 

fit. 
’ Wavelength-dependent values of u,(A) and f,(A) at 315, 

322, 340, 360 and 380 mn (reading downward). 

not adequate to account for the data, as can be 
judged by the approx. lo-fold increase in xi. 
Tables 2 and 3 list the lifetime parameters ob- 
tained at the various wavelengths, for HbO, and 

HbCO, respectively. When the data at each wave- 
length were analyzed individually the values of the 
lifetimes were not significantly dependent upon 
emission wavelength. This fact was also evident 
from the global fits to the data measured at all 
wavelengths. In this case, the decay times were 
forced to be the same at each wavelength. Since 
the value of x’, was only slightly elevated for the 
global fit we conclude that both fits (global and 
nonglobal) were adequate to describe the data. In 
both cases, global and nonglobal, the relative pro- 
portions of the picosecond and nanosecond life- 
times varied with wavelength. In particular, the 
intensity of the nanosecond lifetimes increased 
with wavelength, suggesting a time-dependent shift 
of the emission to longer wavelength. 

We used the impulse response functions from 
the nonglobal fits to calculate the time-resolved 
emission spectra of HbO, and I-IbCO (fig. 7). The 
emission of HbCO appears to occur at longer 
wavelengths than for HbOZ. At short times blue- 
shifted spectra are seen, comparable to those found 
for HbO, (fig. 4). At longer times the emission 
spectrum is comparable to that of apo-Hb. At 

1.0 - 

0.8 - 

HbOZ 

0.6 - 

= a 0.4 - 4.6 nS 

fi = 
2 ns 

?i_ 5 
0.2 - 300 ps 

100 ps 
:a 00 142OPS 

I I 1 

1.0 

0.6 

COHb 

6,8,10 ns 
4 “S 
2 
100 ;: 
2JO.20 PS 

J 
320 340 360 380 400 420 

WAVELENGTH tnm) 

Fig. 7. Tune-resolved spectra of HbO, (top) and HbCO (bot- 
tom). The data were obtained using front-face geometry, in 
0.015 M Tris buffer at pH 8.0, approx. 0.03 M sodium acetate, 

protein concentration 2 g/d1 at 4’=’ C. 
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Fig 8. Time-dependent center-of-gravity of the time-resolved 
spectra of HbO, (upper) and HbCO (lower). Also shown are 
model calculations (. . . . . ) for two separate and noninter- 

changing emissions, with decay times of 10 ps and 5 ns. 
Simulated data were calculated as described in the text, using 
nine wavelengths from 310 to 390 nm. The values of _/, were 

0.63,0.54, 0.46, 0.40,0.34,0.30, 0.28,0.27 and 0.2, respectively, 
and f, + jr = 1.0. 

intermediate times (300 ps for HbO, and 2 ns for 
HbCO) the emission spectra appear to be wider 
than at shorter and longer times. This behavior is 
characteristic of two emitting populations [17]. 

The time-resolved spectra were characterized 
further by calculation of the time-resolved centers- 
of-gravity (fig. 8). The center-of-gravity shows an 
initial rapid decrease in less than 400 ps, followed 
by a slower or constant value at longer times. This 
behavior does not appear to be characteristic of a 
relaxing system, where the shorter wavelength 
emission is relaxing to longer wavelengths. Such 
systems display more gradual and/or exponential- 
like decays in the emission center-of-gravity. How- 
ever, this type of behavior is expected for two 
populations of noninteracting fluorophores, with 
widely differing decay times and centers-of-grav- 
ity. This is shown by model calculations of F,,(t) 
using parameter values expected for Hb and im- 

purities. In particular, we assumed a decay time of 
10 ps for the Hb emission and 5 ns for the 
long-wavelength emission. The emission spectra 
associated with these decay times were assumed to 
be those of HbO, and apo-Hb, respectively (fig. 
4). We additionally assumed that the steady-state 

spectra of Hb02 and ape-Hb had the same peak 
intensity, and that the total emission spectrum was 
the sum of these two spectra. These assumptions 
allowed calculation of jr(X) and f*(X) at each 
emission wavelength, as depicted in fig. 8. The 
simulated values of F,,(t) display a rapid initial 
decrease, followed by a constant value for several 
nanoseconds. Hence, the simulated values sqpport 
the notion that the time-resolved centers-of-grav- 

ity observed for HbO, and HbCO are the result of 
emission from two populations of emitting species. 
We note that we made no attempt to fit the 
simulated values to the actual data. Also, the lack 
of agreement at intermediate times is due to the 
three decay times observed for the Hb samples, 
while only two decay times were used for the 
simulations. 
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Fig. 9. Time-dependent half-width of the emission spectrum of 
HbOa (top) and HbCO (bottom). Also shown are model 
calculations for the two emitting populations modeled in fig. 8 

(. . . . .), with scaling on the right. 
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We also calculated the time-resolved half-widths 
(AFcs(t), fig. 9) from our experimental data from 
HbOz and HbCO. These half-widths display an 
initial constant value up to about 40 ps. The 
half-width then increases until 200 ps and then 
remains constant. This behavior is also consistent 
with two separate emitting populations, as can be 

seen from the model calculations using the same 
assumptions and parameters as were used for 
simulations of ?J t). The simulated half-width for 

Hb02 

I > 
320 340 360 360 

Wavelength (nm) 

HbCO 

340 360 

WOv@lOngth (nm) 

Fig. 10. Decay-associated emission spectra of HbOz (top) and 
HbCO (bottom). These spectra were calculated using eq. 9 and 

the global analysis results (tables 2 and 3). 

the two separate populations mentioned above 
(fig. 9) also displays the region of constancy from 
0 to 40 ps. The half-width at short times is close to 
that found for the picosecond components of the 
emission. At later times the half-width becomes 
constant and equal to that of the longer-lived 
emission. The lack of agreement at intermediate 
times is not a discrepancy in that the simulated 
data were for two decay times, whereas the experi- 
mental data were obtained from the triple-ex- 
ponential analysis. 

An alternative representation of the wave- 
length-dependent time-resolved data is given by 
the DAS. These are the emission spectra which are 
associated with each decay time (fig. 10). These 
spectra were calculated using eq. 9 and the results 
from global analysis of the wavelength-dependent 
data (tables 2 and 3). For both HbOz and HbCO 
the spectrum associated with the picosecond decay 
time is strongly blue-shifted, with emission max- 
ima near or below 320 nm. The spectra associated 
with the OS-O.7 ns component display inter- 
mediate emission maxima, the nanosecond com- 
ponents showing maxima near 340 nm. It should 
be noted that the dominant emission is associated 

with the picosecond component, and that the con- 
tribution of the nanosecond component is minimal. 
The low intensities of the nanosecond components 
do not allow a clear interpretation of their similar- 
ity or difference. In total, the time-resolved spec- 
tra, centers-of-gravity, half-widths and decay-asso- 
ciated spectra support our argument that the pico- 
second and nanosecond components are due to 
separate emitting populations, which do not inter- 
change significantly during the excited-state life- 
time. 

4. Conclusions 

The combination of 2 GHz frequency-domain 
fluorometry and front-face observation is a poten- 
tial breakthrough in the study of the picosecond 
fluorescence of Hb and of hemoproteins in gen- 
eral. The intensity is larger than that obtainable 
with square geometry, the contributions due to 
scattered light are minimal, and the measurements 
may be performed using higher concentrations of 
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Hb. These characteristics allow measurements of 
time-resolved spectra, and of lifetimes and correla- 
tion times produced by the picosecond emission. 
It was only by using front-face techniques that it 
was possible to measure the time-resolved spectra 
of the emission. As already reported [lo] and here 
confirmed the various Hb derivatives have differ- 
ent picosecond lifetimes. We should now be able 
to determine whether the picosecond lifetimes can 
be used for detecting conformational attitudes of 
the heme in the liganded and unliganded forms of 
Hb. 

At this time interpretation of the lifetimes in 
the nanosecond range remains uncertain. The am- 

plitudes of the nanosecond components tend to 
increase with time following sample preparation. 

This increase is accompanied by a progressive 
shift of the emission spectra towards the red. For 
this reason the samples were discarded after 2 
days. Also, the relative intensity and spectral dis- 
tribution of the nanosecond lifetimes appeared to 
be dependent on the extent of purification of the 
samples. These characteristics suggest that the 
nanosecond lifetimes were produced by 
tryptophan-containing impurities, not quenched by 
heme, and practically impossible to eliminate. The 
possibility still exists that improbable conforma- 
tional attitudes of the tryptophans, which substan- 
tially reduce the energy transfer to the heme, are 
responsible for the nanosecond emission. The ‘im- 
purities’ might then be slowly relaxing conformers 
of Hb, which are selectively rejected by the fast 
chromatographic procedure used for the purifica- 
tion of the samples. 

It should be stressed that the emission spectra 
reported by Hirsch and collaborators [26,27] have 
emission maxima near 330 nm. This implies an 
emission which is the result of both the pica- and 

nanosecond components described above. The 
sensitivity of the picosecond component to liga- 
tion could account for the consistency of the 
spectral changes with respect to the allosteric be- 
havior of Hb. 
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