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Consequences of Inhomogeneous Broadening on
Fluorescence Line Narrowing Spectra
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Fluorescence line narrowing is a sensitive tool to monitor subtle changes in protein conformation.
We restudied the consequences of inhomogeneous broadening on the observed spectra. Vibronic
absorption bands of systems with weak electron-phonon coupling can be described by a lorentzian
function with width of the order of a few centimeters. For an ensemble of molecules with closely
spaced electronic transitions, a single laser frequency will excite many molecules through the
broad base (“tail”) of the lorentzian function. This, along with excitation of low-frequency modes,
contributes to the unresolved background observed in line-narrowed spectra. Examples are shown
for Zn cytochrome c, a fluorescent derivative of Fe cytochrome c. Spectra are compared for the
protein in two solvents: glycerol/water or trehalose. Two types of cytochrome, from horse and yeast,
are also compared.
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INTRODUCTION The specific issue we discuss in this paper is the
effect of inhomogeneous broadening of the optical transi-

Heme proteins derive their color from the heme, tions on the emission spectrum. One consequence of inho-
but details of the hemoprotein absorption spectra reveal mogeneous broadening is that, when excitation occurs
features of the polypeptide environment around the heme. into vibronic transitions that are closer spaced than the
In particular, the chromophore does not experience a inhomogeneous distribution, a single excitation fre-
unique environment, but there is a distribution of environ- quency can produce, in effect, more than one spectra that
ments determined by the fluctuating positions of the are shifted by the frequencies of the vibronic excited state
neighboring amino acids and the intrinsic disorder of the [5]. This feature results in multiple 0,0 emission lines and
protein. This results in inhomogeneous broadening of produces resolved spectra with vibrational information on
the optical transitions. Because fluctuations and disorder both the ground and excited state molecule. This is a
around hemes can affect their properties, the nature of powerful feature that allows the unambiguous identifica-
the inhomogeneous broadening has been of especial inter- tion of the compound, but there are also consequences
est for these proteins [1–4]. of inhomogeneous broadening that reduce the resolution.

The coupling of the chromophore with low-frequency
modes of the surrounding matrix gives rise to phonon
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ground. We consider here another effect of the inhomoge- sugar as a cryoprotectant. It has been used to study the
effect of solvent dynamics on proteins [16–18].neous broadening on the selection of molecules that are

excited by a single laser frequency. This effect can be
understood if one uses a model in which the inhomoge-

EXPERIMENTALneous broadening is described by a distribution of ener-
gies (gaussian for perfect glass) but each absorption line
is a lorenztian. The relaxation times from vibrationally Chemicals and Preparations
excited states are on the order of 1 to 100 psec [6]. As

Trehalose, glycerol, and cyt c from horse and yeastexpected from the uncertainty principle, a species that
were obtained from Sigma Chemical Co. (St. Louis, MO).relaxes with a lifetime of 5 psec will have an absorption
Deionized, distilled water was used throughout.transition that can be described with a lorentzian function

Zn cyt c was prepared from the native protein asof width (FWHM) in the range of 1 cm21. A feature of
previously described [19]. To prepare the sample inlorentzian lines is that although they are narrow at the
glycerol/water (1:1 v/v) glass, the protein was simplypeak position, at the base they extend over a wide range.
dissolved in the solution. To prepare the protein in treha-In a glassy system, there are many molecules that have
lose glass, the protein was dissolved in a 1:1 w/vslightly changed absorption. A single excitation fre-
trehalose/water solution, which was then plated onto aquency can excite many molecules through the extended
glass coverslip and the water was allowed to evaporatelorentzian tails.
at 608C. The resulting glass was hard to the touch. Inde-To consider effects of inhomogeneity, we use a long-
pendent infrared measurements revealed about 1–2 waterlived excited state derivative of the hemoprotein cyto-
molecules/trehalose molecule.chrome c (cyt c), where Zn is substituted for Fe. This

derivative has nearly the same structure as native cyt c
[7] but unlike Fe cyt c, the porphyrin of Zn cyt c is highly Spectroscopy
fluorescent. Under FLN conditions resolved spectra can

A Hitachi Perkin-Elmer absorption instrument wasbe obtained, indicating that the overall absorption enve-
used to take the visible absorption spectra. The tempera-lope is dominated by inhomogeneous broadening [8–10].
ture was regulated using an OmniPlex cryostat (APDIn an FLN experiment, one is able to distinguish 0,0
Cryogenics, Allentown, PA). A transmission cell holdertransitions from higher electronic and vibronic bands. The
with a 100-mm spacer was used for the glycerol solution.

inhomogeneous distribution function (IDF), a measure of
The thin spacer and the cryogenic co-solvent glycerol

the distribution of 0,0 electronic transitions [11], broadens
ensured that the sample remained optically clear at the

when the protein is denatured [12]. Molecular dynamics
low temperature. A Jobin-Yvon-Spex Fluorolog instru-

calculations indicate that fluctuation of the polypeptide
ment (Edison, NJ) was used to obtain the conventional

chain is a contributing factor to the spectral inhomoge- fluorescence spectra. The spectra were collected in the
neous broadening, as is also indicated by sensitivity of front-face mode. The same cryostat and cell holders were
the spectrum to the solvent glass transition. Spectra of used as for the absorption measurements. Absorption and
porphyrins in protein and in solvents resemble each other, fluorescence spectra were sometimes again taken as the
but in the protein the environment of the porphyrin can temperature warmed up to ascertain that no irreversible
be changed with amino acid substitutions in a defined effects occurred. The concentration of protein used was
way. First, we compare cyt c’s from two different sources 2–3 mM.
with known structure. In previous work it has been estab- The FLN experiment used an instrument with a
lished that the Q(0,0) (i.e., alpha) band is split, attributed Coherent 899-01 ring dye laser pumped by an Innova
to asymmetry imposed by the polypeptide chain [13–15]. 307 Ar ion laser (Coherent Laser Products, Palo Alto,
The splitting is less for the yeast protein, and the task is CA). The dye used for excitation was Rhodamine 560 or
to separate the higher electronic band from the lower 590 (Exciton Laser Dyes, Dayton, OH). The spectral
band. Second, we examine the effect of the solvent on the width of the laser line was 0.5 cm21. The output to the
distribution of electronic origins. One solvent is glycerol/ sample was 0.3–0.6 mW/mm2. Emitted light was
water with a glass transition of ,140 K, and this system obtained at 908 relative to excitation and collected in a
is well known to preserve proteins at low temperature. THR 1000 monochromator (Jobin-Yvon, Longjumeau,
The second is trehalose, which can form a glass at room France). Detection was with a cooled GaAs R943-02
temperature and above. Trehalose glass is of biological PMT (Hamamatsu Photonics). The sample was main-

tained at 10 K with a closed cycle M22 cryostat (Cryophy-significance because a large number of species use this
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sics SA, Geneva, Switzerland). The concentration of
protein used was 100–200 mM.

Calculations

Simulations of spectra were carried out using Excel
software (Microsoft) for the simulations with resolution
of 10 and 1 cm21 (21 and 201 data points in 200 cm21

range). GCC (BeOS) software was used for simulations
with the resolution of 0.01 cm21 (20 001 data points in
200 cm21 range). Fig. 2. Absorption (thick line, c), conventional fluorescence emission

(medium line, b) and FLN (thin line, a) spectra of yeast Zn cyt c in
glycerol/water. Temperature: 10 K. Excitation for b: 415 nm (10 nm
bandpass). Excitation for a: 17,740 cm21.

RESULTS

Absorption, emission and FLN spectra of horse and show the vibronic fine-structure seen for the horse deriva-
yeast Zn cyt c at cryogenic temperature tive (Fig. 1).

In Figure 3, absorption, emission and FLN spectra
The absorption of horse Zn cyt c is shown in Figure are shown for horse Zn cyt c in trehalose glass.

1, along with the conventional fluorescence spectrum Details of the absorption and fluorescence vary
taken using broad-band excitation into the Soret peak. between the two similar proteins: horse and yeast Zn cyt
Two emission spectra, taken with laser excitation, are c. Since at low temperature, rearrangement of dipolar
shown. The emission lines using excitation into the Q(0,1) molecules around the excited state molecule cannot occur,
band [(1,m)←(0,0) transition] shows sharp emission in the lack of coincidence between absorption and fluores-
the Q(0,0) region [(1,0)→(0,0) transition], as seen in cence cannot be due to a solvent relaxation process. The
Figure 1a1. For Figure 1a, excitation was into the Q(0,0) FLN spectra are considerably narrower than the conven-
region [(1,0)←(0,0) transition]. In this case, sharp emis- tional spectra, indicating that the sample is inhomoge-
sion in the Q(0,1) region [(1,0)→(0,n) transition]; neously broadened.
reflected ground state vibrations.

In Figure 2, analogous spectra are shown for yeast
Multiple 0,0 TransitionsZn cyt c. One emission spectrum taken with laser excita-

tion into the Q(0,1) band at cryogenic temperature is It was pointed out by Personov and coworkers [5]
shown, along with the absorption and conventional fluo- that in an inhomogeneously broadened sample a single
rescence spectrum. The absorption spectrum does not frequency line can excite multiple bands. Using an energy

Fig. 1. Absorption (thick line, c), conventional fluorescence emission Fig. 3. Absorption (thick line, c), conventional fluorescence emission
(medium line, b) and FLN (thin line, a) spectra of horse Zn cyt c in(medium line, b) and FLN (thin line, a) spectra of horse Zn cyt c in

glycerol/water. Temperature: 10 K. Excitation for b: 420 nm (10 nm trehalose. Temperature: 10 K. Excitation for b: 420 nm (10 nm band-
pass). Excitation for a: 17,752 cm21.bandpass). Excitation for a1: 17,940 and for a: 17,011 cm21.
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map, as previously described [11], we can get the distribu- and the width (half-width at half-maximum) of the
lorentzian function, respectively. We use ε (energy) andtion of the 0,0 transitions.

In Figure 4 we see an expanded region for horse, wave number as synonyms. The functional form of the
phonon wing, P(ε) can be approximated by a gaussian andyeast Zn cyt c in glycerol/water (A and B) and horse Zn

cyt c in trehalose (C). Several features are noticeable. the contribution of the phonon wing into the unresolved
background of the FLN emission spectrum is known. WeFirst, sharp peaks, indicated by cross and asterisk, shift

with the excitation frequency. These peaks, identified as want to point out that, beside the phonon wing excitation,
the resonant absorption can give a contribution into the0,0 bands, are what are used to determine the IDF. The

second is that there is a broad underlying band in all unresolved background, so we will use the resonant part
(L(ε)) of the SAF only.samples that remains approximately constant with excita-

tion frequency. The possible positions are shown in Figure 6A1 for
a few molecules and Figure 6B1 for a more realistic
distribution. The latter shows so many lorentzian func-

Absorption, Emission and IDF of Horse and Yeast tions that they are individually not recognizable. We are
Zn cyt c using the term “site” to refer to molecules having the same

SAF. The inhomogeneous distribution function (IDF 5Figure 5 shows the expanded Q(0,0) region, along
DN /Dε) gives the number of molecules in each site andwith the data from the IDF. The conventional fluorescence
the functional form is a gaussian (or gaussians) with aspectrum does not show the fine detail of the IDF, and
sigma around 10 to 100 cm21 (e.g., 14 cm21 in Figs. 6A2it is obvious that an estimation of the lowest transition
and 6B2). The number of the different sites (N*) is limitedusing a conventional broad beam exciting light will give
by the number of molecules. During the simulation wean error.
used the values of 21 (Fig. 6A) or 201 (Fig. 6B) or 20,001
(not shown) as N*. The products of the SAFs and the
corresponding values of the IDF give the series ofEFFECT OF INHOMOGENEOUS
weighted SAFs (Figs. 6A3 and 6B3).BROADENING ON THE EXCITATION

PROCESS
(wSAF)i 5 1DN

Dε2.εi 3 (SAF)i, i 5 1,2, …N* (2)

Modeling the spectra for inhomogeneously
The excitation selects from each wSAF with a certainbroadened samples

probability. In the case of Dirac excitation (the function
Vibrational relaxation in porphyrins occurs mainly is different from 0 only at one value, εlaser; Figs. 6A4 and

through intramolecular vibrational modes and occurs on 6B4), the probability that the ith site is excited is given
the psec time scale. Because the excited state is long by the value of the (wSAF)i at the εlaser. These probabilities
(,3 nsec) relative to reasonable estimates of vibronic belong to each site and they give the site-weighted func-
relaxation, the emission occurs from the lowest vibra- tion (SWF).
tional level of the excited state (1,0) and the lorentzian

(SWF).εi 5 (wSAF)i.εlaser (3)linewidth is determined by the vibrational relaxation time.
We consider what happens in the case of inhomoge-

The SWF can have significant contribution fromneously broadened set of molecules.
excitation in the lorentzian tails (Figs. 6A5 and 6B5).The absorption characteristic of a single molecule
This is the most important observation of our simulation/embedded in a matrix at a certain vibronic level (site
model. If the excitation occurs into the edge of the IDF,absorption function, SAF) can be described through a
one sharp maximum is at the excitation energy (highnarrow Lorentzian function (zero phonon absorption/line
absorption probability of “one” molecule) and anotheror resonant absorption) and through a much wider phonon
broad band is close to, but not at, the maximum of thewing (a part of the absorbed energy that goes to the
IDF (due to the low absorption probability of many mole-matrix, off resonant absorption)
cules). When the excitation is at the high-frequency side,
the mirror image will be obtained. In other words, the

SAF(ε) 5 L(ε) 1 P(ε) 5
m

1 1 1ε 2 ε0

w 2
2 1 P(ε) (1)

excitation into the lorentzian wings leads to excitation of
molecules distributed toward the center of the inhomoge-
neous background and gives an apparent unresolved fluo-
rescence background.where m, ε0 and w are the maximum value, the position
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Fig. 4. FLN spectra in the Q(0,0) region as a function of excitation frequency. (A) Horse Zn cyt c in glycerol/water. (B) Yeast Zn cyt c in glycerol/
water. (C) Horse cyt c in trehalose. Conditions are given in the legend of Fig. 2 and 3. Excitation frequencies in cm21 noted on the Figure. Some
ZPL (corresponding to excited state vibrational frequencies) are marked: * 740 cm21, triangle 616 cm21, 1 964 cm21.
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To get the contribution of each site in the fluores-
cence emission each site emission function must be
multiplied by the corresponding value of the SWF (Figs.
6A6 and 6B6).

(wSEF)i 5 (SWF).εi 3 (SEF)i, i 5 1, 2, . . . , N* (4)

The fluorescence emission spectrum for the 0,1 region is
the sum of these weighted site emission functions (SEFs)
(Figs. 6A7 and 6B7). The spectrum consists of two parts:
zero phonon line (ZPL) and the zero phonon tail effect
or zero phonon wing (ZPW). The position of the ZPL
depends on the excitation wave number and the excited
state vibrational energy: εzpl 5 εexc 2 εvibr. Figure 6 shows
a simplified situation in which the εvibr 5 0. The values
of abscissa of Figures 6A6, 6B6, 6A7, and 6B7 must to
be lowered by the frequency of the vibronic relaxation.
The broad band is the consequence of the lorentzian tail
excitation. The distinction between excitation into the
peak of the lorentzian line (i.e., ZPL) and the tails can
only definitely be seen in the cases of excitation into the
edge of the IDF. The ratio of the intensities of ZPL and
the broad band from the tail depends on the width of the
IDF (FWHM in Fig. 6 is 33 cm21) and the width of the
lorentzian. As noted above, excitations into the Q(0,0)
band corresponds to an extremely narrow lorentzian width
(,1023 cm21 for Q(0,0) excitation), but the excitations
into the Q(0,1) band correspond to a lorentzian width of
the order of 1 to 10 cm21 (FWHM in Fig. 6 is 4 cm21).

SIMULATION RESULTS

Simulated Spectra

In Figure 7 we show a simulated spectrum. The
parameters of the unimodal IDF are 17,100 and 33 cm21

as maximum position and FWHM, respectively. On Fig-
ure 7A the excitation energy can be, for example, 18,010
cm21 and the excited state vibrational energies are 950
cm21 (peak position at 17,060 cm21) and 865 cm21 (peak
position at 17,145 cm21). These two ZPL lines are shifted
according to the excitation energy as can be seen on
Figures 7B and 7C (excitation energies 18,005 and 18,000
cm21, respectively). The number of different sites consid-
ered during the simulation was 20,001. The result is not
very sensitive to the number of sites in the range being
considered (density of sites), provided it is large enough.

Fig. 5. (A) Absorption (c), emission (b) and IDF (a) of horse Zn cyt
b

c in the Q(0,0) region in glycerol/water. (B) Absorption (c), emission (C) Absorption (c), emission (b) and IDF (a) of horse Zn cyt c in the
(b) and IDF (a) of yeast Zn cyt c in the Q(0,0) region in glycerol/water. Q(0,0) region in trehalose
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Fig. 6. Lorentz/gaussian function. Analysis procedure. Same procedure can be seen in two cases. (A) Number
of sites: 21, (B) Number of sites: 201. First pair of panels: site absorption functions, second pair of panels:
inhomogeneous distribution function, third pair of panels: weighted site absorption functions, fourth pair of
panels: function of excitation; a Dirac function was used. Fifth pair of panels: site weight function, sixth pair
of panels: weighted site emission function, seventh pair of panels: simulated fluorescence emission function
(zero phonon excitations considered only: ZPL 1ZPW). FWHM for lorentzian lines is 4 cm21 and FWHM
for gaussian distribution is 33 cm21.
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CONCLUSIONS

We point out that both the uncertainty broadening
and the closely lying transition energies for the population
of the molecules in a glass affect the observed resolution
of FLN.

The fluorescence spectra from porphyrin of Zn cyt c
illustrate this. All the derivatives show inhomogeneously
broadened fluorescence, as proved by obtaining resolu-
tion under the conditions given in Figures 1–3. The fast
relaxation from the Qy excited state to the Qx excited
state means that resolution is not seen when excitation
is into the Qy level. The energy gap between the Qx and
Qy is smaller for the yeast protein, relative to the horse
derivative. Even though the absorption spectra do not
resolve the bands of Qx and Qy , the lower energy absorp-
tion band can be obtained from the IDF (Figs. 5A and
5B). In all cases in the FLN spectra there is a broad
background (Fig. 4). This feature is accounted for by
considering excitation into the tail portions of the
lorentzian lines and the phonon wings (Fig. 7). The effect
of inhomogeneous broadening on the IDF is shown when
Figures 5A and 5C are compared. The trehalose sample
shows a wider distribution and the existence of more than
one population of species. The trehalose glass is formed
at higher temperature than the sample in glycerol/water.
Since the glass formation would trap large-amplitude
fluctuations, it follows the sample would have a wider
inhomogeneous distribution. We surmise that the lower
resolution seen in the FLN spectra for the sample in
trehalose (Fig. 3) relative to the sample in glycerol/water
(Fig. 1) may be due in part to the wider inhomogeneousFig. 7. Simulation of FLN spectra at different excitation energies.
distribution and hence more excitation into the tail portionMaximum of IDF is at 17,100 cm21 with a FWHM 33 cm21. FWHM

for lorentzian lines is 4 cm21. Two hundred one sites are used over of the lorentzian lines.
200 cm21 range. Excitation function is a Dirac delta. Excitation energies In summary, the vibrational relaxation times and the
are: (A) (x 1 10) cm21, (B) (x 1 5) cm21, (C) x cm21, where x is an

inhomogeneous broadening observed for chromophoresarbitrary value (e.g., x 5 18,000 cm21). Thin line: ZPL 1 ZPW excita-
in proteins and glasses have a significant influence ontion of one vibrational level. Thick line: the sum of the subspectra.
whether FLN spectra will be obtained.

In the simulated case 201 sites are large enough when
we use Dirac delta excitation. We used 20,001 data points
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