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ABSTRACT

We report measurements of fluorescence quan-
tum yields of tryptophan, tryptophanylaspartate
and tryptophanylarginine in several solvents as
well as in aqueous solutions over a wide range
of pH. We aim to test a computational model
developed by Callis and coworkers of fluores-
cence quantum yield, which postulates that
guenching in tryptophan arises from energy
loss due to an electron transfer from the aro-
matic system of tryptophan to one of the amides
in the protein backbone. Since the electron
transfer state is expected to be high in energy,
normally this would not be a possible outcome,
but because of its large dipole, such a state
should be more accessible in polar solvents. In
addition, conditions of low (high) pH, which re-
sult in a net positive (negative) charge for the
terminal amine (carboxyl) should result in an
increase (decrease) of electron transfer rates
and low (high) quantum vyields. The observed
results confirm the predictions of the model.
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1. INTRODUCTION

The amino acid tryptophan is unique in that its large
size makes its spectroscopic properties significantly dif-
ferent from those of the other amino acids [1]. This
property, coupled to its relative scarcity and to its sensi-
tivity to the nature of the microenvironment, has made
tryptophan a good probe of protein structure, which is

the key parameter to understand protein functionality [2].

To this end, there are two spectroscopic properties of
interest: fluorescence wavelength and fluorescence
quantum yield. The effect of the environment on the
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fluorescence wavelength has been studied thoroughly
using a combination of experimental and computational
techniques [1-9]. As a result, the effect of the environ-
ment on the fluorescence maxima and spectral width is
fairly well understood. This is the case even though en-
vironment effects can tune the fluorescence maxima of
tryptophan in proteins to values within a 310 - 350 nm
range, quantum yields from virtually 0 to 0.35, and fluo-
rescence lifetimes from 50 to 8000 ps [2,10-11]. But
until recently, there has been no good model to relate
quantum yield to the nature of the tryptophan microen-
vironment. In other words, there has been no clear way
to make even qualitative predictions of fluorescence
quantum yield for tryptophan in proteins.

The hypothesis that electron transfer from the indole
chromophore to a backbone amide is responsible for low
quantum yield scenarios has been present in the litera-
ture for a few decades [12-15]. Experimental support for
this hypothesis is strongly provided by few, but very
insightful experiments [14-16]. In the past decade, Callis
and coworkers have computationally investigated the
electronic landscape associated to this electron transfer
mechanism [17-21]. According to this model, the pres-
ence of an electron transfer state in tryptophan (to a
nearby amide), which is available in polar environments,
may result in a quenching of the fluorescence (See Fig-
ure 1).

We aim to test this model by measuring the quantum
yield of tryptophan, tryptophanylaspartate and tryp-
tophanylarginine in solvents of different polarity. We
also test it by measuring quantum yields in water at dif-
ferent pHs. The expectation is that a low pH will create a
positive charge in the terminal amine, thereby enhancing
the probability of electron transfer and thus causing a
lower quantum yield. A high pH environment will create
a negative charge in the terminal carboxyl and thus de-
crease the probability of electron transfer. This situation
should result in larger quantum yields.

Work on tryptophanyl dipeptides has been used very
elegantly by Knutson and coworkers to investigate the
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Figure 1. We test the hypothesis that electron transfer from
the ring to an amide results in fluorescence quenching.

multiexponential decay of tryptophan in light of the ro-
tamer model [22-23]. In these time resolved studies, the
authors studied the multiexponential fluorescence decay
in the picosecond regime and concluded that it is associ-
ated to ground state heterogeneity that may arise from
different conformational rotamers of the peptide side
chains.

Here we present experimental observations in aqueous
solution (pH ~ 2 - 13), alcohols and acetonitrile.

2. METHODS AND MATERIALS

2.1. Methods

Absorption for each sample was collected using a
Perkin Elmer UV/Vis Lambda 2S spectrophotometer. A
Jobin-Yvon Horiba FluoroMax 3 was used to collect
fluorescence data of tryptophan and the tryptophanyl
dipeptides in solution.

The chromophores were dissolved in millipore water
(R > 18.2 MQ cm). The concentrations were kept below
0.1 mM, so that their absorbance maxima were under
~0.1. Samples of the solutions were placed into a Spec-
trosyl quartz cuvette (from Starna, with useable range
170 - 2700 nm). Absorbances were measured at 280 nm
in the UV/VIS spectrophotometer. After this, solutions
of 0.01 M, 0.1 M, or 2.5 M NaOH; or 0.1 M or 1.0 M
HCI were added dropwise to change the pH of the sam-
ples. Solutions of pH 2 to 13 were prepared in this man-
ner. Subsequently, the samples were returned to the
volumetric flasks and bubbled with nitrogen for 10 min-
utes to remove dissolved oxygen, which acts as a
quencher. During the nitrogen purging, the flasks were
placed in a 25°C water bath to maintain a constant tem-
perature in all the solutions. After the ten minutes had
elapsed, a sample of the solution was placed into 10 mL
beaker in order to measure the final pH. To this end, an
electronic pH meter was calibrated using pre-made
standards of pH 4.00, 7.00, and 10.00. After recording
the pH, each sample was placed in a cuvette and its ab-
sorption and fluorescence were sequentially collected:
The absorption was measured at 280 nm. Fluorescence
was collected from 300 to 550 nm and resulting from a
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280 nm excitation (slit widths of 1 mm for both mono-
chromators). The fluorescence signal used from here on
refers to the integrated area of the fluorescence curve in
the 300 - 550 nm range (baseline at zero), with the area
of the fluorescence peak for the pure solvent, under the
same conditions, subtracted. Prior to integration, the
signal was corrected to account for the wavelength de-
pendence of the detector’s response. The same procedure
(except for the pH adjustment) was followed for
3-methylindole (3MI) in water. Several researchers have
reported slightly different values for the quantum yield
of 3MI in water. We have chosen 0.34 as the value for
the standard for the measurement of the quantum yield,
based on [24] (0.34 at 25°C) and [25] (0.34 at 20°C).
Because only a geometric fraction of the fluorescence
was collected, this approach was used in lieu of a full
solid angle measurement of the fluoresence. The quan-
tum yield (®y) of each sample was then obtained from
the relative yield of tryptophan or the dipeptides (/7zp) to
the yield of 3MI (Z3,,). Each of these is, in turn, obtained
from the ratio between fluorescence and absorption:

D, =034(Ipp /L)
= 0.34(FTRP/ATRP ) *(A3M1 /F'3MI )

A minimum of three independent set of measurements
were performed for each solution and the quantum yields
averaged. In the case of the other solvents, the millipore
water was simply replaced with the solvent and the same
procedure was followed.

(M

2.2. List of Materials

Tryptophan: 12729HS, 73-22-23, Aldrich Chemical
Company, 99%.

3-Methylindole: 83-34-1, Lot No. 08816DR, M5 145-8,
Aldrich Chemical Company, 99%.

Tryptophanylaspartate: Lot No. 117953, Bachem Cali-
fornia Inc., 98%.

Tryptophanylarginine: Lot No. 508139, Bachem Cali-
fornia Inc., 98%.

Millipore Water: > 18.2 MQ.

Methanol: CAS No. 67-56-1, Science Kit & Boreal
Laboratories, 100%.

1-Butanol: Lot No. 740530, Fisher Scientific Com-
pany, 99.9+%.

1-Octanol: CAS No. [111-87-5], Lot No. KB 01345KB,
Cat. No. 11,261-5 EEC No. 203-917-6, Sigma-Aldrich
Chemical Company, 99%.

Hexanol: CAS No. 11-27-3, H13303-1L, Batch No.
14723K1, EEC No. 203-852-3 Sigma-Aldrich Chemical
Company, 98%.

Acetonitrile: CAS No. 75-050-8, Stock No. 42879,
Lot No. G14Q15, Alfa Aesar, 99.9+%.
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3. RESULTS

The measured quantum yields of the aqueous solu-
tions as a function of pH are reported in Figure 2. All
three systems display a similar pattern with low quantum
yields in the cationic state (low pH). The quantum yield
increases with pH as the system transitions via the zwit-
terionic to the anionic state. The maximum value of the
quantum yield actually depends on the nature of the
chromophore, with tryptophan and tryptophanylaspartate
showing strong fluorescence and tryptophanylarginine
having maximum values near those of 3MI. At extremely
high pH values, all three systems see a drop off in quan-
tum yield. See the Discussion section for the interpreta-
tion of these results.

To aid in the comparison of the quantum yield values,
Figure 3 shows a fit of the Figure 2 data. This was ob-
tained using a polynomial fit in Origin 7.0. Nevertheless,
we do not attribute any specific significance to the actual
polynomial parameters. Rather, the goal is to show a
basis of comparison for the three systems studied re-
garding the relative quantum yields and the pH values at
which quantum yields start to qualitatively change.

Table 1 summarizes the quantum yields for the three
chromophores in the alcohols and acetonitrile.

4. DISCUSSION

The data collected clearly shows that cationic condi-
tions (low pH) result in a very low quantum yield. This
is consistent with the predictions of the model. Indeed, if
the fluorescence lifetime (z) is modeled from the rate
constants associated to radiative decay (k,), nonradiative
decay (k,,) and electron transfer (%), we can write, as in
[18,19], and [21],

;= (k +k, +k,)" 2)

Consequently, the quantum yield is the percentage of
energy loss that takes place via the radiative pathway,
and can be expressed as:

ch = kr/(k) +knr +ket) (3)

Therefore, a positively charged terminal amine in
tryptophan or the dipeptides serves to enhance the prob-
ability of an electron transfer event from the indole ring
to the amide group (in the dipeptides, not in tryptophan),
thus increasing k.. As the pH increases, more terminal
carboxyls acquire negative charge and the electron
transfer becomes more problematic. Thus, the radiative
pathway becomes more likely as the means for energy
loss and the quantum yield increases. In this sense, the
transition from low to high pH values shows the typical
profile of a titration curve.

We chose to use dipeptides with the second amino
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Figure 2. Quantum yields as a function of pH for (a) trypto-
phan (top pane); (b) tryptophanylaspartate (middle pane) and
(c) tryptophanylarginine (bottom pane).
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Figure 3. Comparison of the fitted quantum yields for trypto-
phan, tryptophanylaspartate, and tryptophanylarginine. Fits
obtained using OriginPro 7.0.

Table 1. Quantum yield of tryptophan and the dipeptides in the
non-aqueous solvents. The dipeptides did not dissolve in ace-
tonitrile.

Tryptophan Trp-Asp Trp-Arg
Methanol 0.14 +0.02 0.17+£0.07 0.12£0.02
1-Butanol 0.06 £0.10 0.37+0.17 0.33£0.15
1-Hexanol 0.14 £ 0.03 0.18 +0.01 0.33+£0.23
1-Octanol 0.09 +0.03 0.06 = 0.04 0.32+0.04
Acetonitrile 0.36 £ 0.05 - -

acid carrying a charged side chain in order to evaluate
the effect of this factor on the electron transfer rate. As
expected, the presence of the second amino group in
tryptophanylarginine results in a lower overall quantum
yield. Even at high pH values, the group is significantly
charged (the pKa of the side chain is 12.48 for arginine
[26]) and the quantum yield is significantly lower than
for the other two systems. This is predicted by the model
because the positive charge stabilizes the electron trans-
fer from the indole ring to the amide. This means that the
electron transfer state, which is, in general, significantly
above the fluorescing state [17] can become near reso-
nant with the latter under these circumstances.
Blancafort et al. have addresed, via very thorough
computational work, the quenching in tryptophan at low
pH [27]. They document a reaction pathway where the
positively charged amine group forms an intramolecular
hydrogen bond to C4, with a subsequent proton transfer
to the indole ring. Radiationless decay would take place
at a conical intersection resulting from a pathway that
bifurcates towards photodecarboxylation and photo-
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tautomerization routes. It should be noted, however, that
the photodecarboxylation route is not available for the
dipeptides, which lack an unbound carboxyl group in the
tryptophan moiety.

Both tryptophan and tryptophanylaspartate have high-
er quantum yields than tryptophanylarginine. In fact,
tryptophan shows larger values in the fitted curve than
tryptophanylaspartate, which is a slightly puzzling result
in view of our hypothesis. This would predict that the
negative charge would hinder electron transfer and in-
crease the fluorescence quantum yield. On the other
hand, indole, which does not have an amide moiety that
can accept the electron, has a quantum yield of 0.34 and
the higher values observed here must be related to the
effect of the additional microenvironment on the energy
levels of indole ring. In fact, the theoretical model offers
reasonably good quantitative predictions by ascribing all
the variability in quantum yield to the change in k., while
assuming constant values [18] for &, and £k, in (3). Pre-
sumably, the microenvironment does affect the value of
these two constants to some extent in the systems stud-
ied here.

The quantum yield values begin to decrease as the
highest pH levels are reached. We attribute this to the
deprotonation of the NH group in the indole. Sobolewski
and Domcke have done detailed ab initio calculations
that show that the proton detachment leads to an effi-
cient mechanism for non radiative decay [28].

Work with the other solvents aimed to provide further
testing of the hypothesis. Due to the electronic nature of
the charge transfer state, it would be expected that sol-
vents capable of hydrogen bonding would lower the
state’s energy, resulting in a lower quantum yield. In-
deed, previous work [20] shows that this trend holds for
N-acetyltryptophanamide (NATA). NATA is a proxy for
tryptophan in a protein, having two amide units capable
of accepting the electron transferred. In that work,
quantum yields went from 0.13 (in water) to 0.36 (in
dioxane) with alcohol solvents resulting in values clus-
tering around 0.2. We expected equivalent behavior in
the current work and the results were somewhat similar,
with the alcohols clustering around values of 0.15. The
exceptions are trp-arg in butanol or hexanol and trp-asp
in butanol, which show higher values, albeit with very
high error bars. Tryptophan does show a high quantum
yield in acetonitrile, but the dipeptides did not dissolve
in this solvent.

5. CONCLUSIONS

We aimed to test the hypothesis presented by Callis
and coworkers that electron transfer from the indole ring
to one of the amides in the protein backbone is the main
mechanism for fluorescence loss in proteins (low quan-
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tum yield). We observed that high pH results in a high
quantum yield because the negatively charged carboxyl
results in a very low efficiency for the electron transfer
events. Low pH does result in a low quantum yield. In
the dipeptides, a positively charged amine group is ex-
pected to lower quantum yield by increasing the rate of
electron transfer to the amide. This mechanism is not
available for tryptophan (no amide). Whether or not the
same mechanism is responsible for the low quantum
yield at low pH in all three systems (tryptophan and the
two dipeptides), the experimental observations are com-
patible with the electron transfer hypothesis. The model
does not address the observed decrease in quantum yield
at extremely high pH values, which we interpret as re-
lated to the deprotonation of the NH group in the indole.
It is also observed that the effect of the charge in the side
chains (aspartate is negatively charged, arginine is posi-
tively charged) affects the overall quantum yield. For
instance, the maximum quantum yield in tryptophany-
larginine is lower than in tryptophan, possibly because
the positive charge prevents the electron to be trans-
ferred in the direction of the amide. The correlation be-
tween (low) quantum yields and solvent polarity has also
been hinted at by these data. However, more experi-
ments are necessary to explain some inconsistent data
from the alcohols. Also, these experiments should in-
clude solvents of lower polarity that can dissolve these
chemicals. These findings are consistent with a model
that can be used to make predictions of local protein
structure, a key component in the functionality of the
protein.
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