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Global Replacement of Tryptophan with
Aminotryptophans Generates Non-Invasive
Protein-Based Optical pH Sensors
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Among the gene-encoded natural amino acids tryptophan
occurs in proteins in only a low abundance (1.2% ), but it
occupies a unique position because of its ability to form
numerous selective inter- and intramolecular interactions.? It
also represents the main source of UV absorbance and of
fluorescence in proteinsP®! and has, therefore, recently been
recognised as a useful intrinsic probe for structural and
functional studies of proteins as well as an attractive target for
classical protein engineering and design. More recently, the
previously limiting factors of classical protein engineering
procedures that rely solely on the standard set of canonical
amino acids have been overcome by methods that allow for
expansion of the amino acid repertoire (for example, see
ref. [4]). In this context, our approach for the in vivo
incorporation of noncanonical amino acids into proteins is
based on the traditional use of auxotrophic E. coli host
strainsP! that are forced to undergo selective pressure
incorporation (SPI).) This method exploits the lack of
absolute substrate specificity of aminoacyl-tRNA synthetases
as the crucial enzymes in the interpretation of the genetic
code,l a process that leads to activation and transfer of a
variety of structurally and chemically similar substrate
analogues onto cognate tRNAs under defined conditions
(see, for example, ref. [8]). The main principle of this
engineering approach is the reassignment of the coding
triplets, that is, differences in the interpretation of the genetic
code under the experimentally imposed selective pressure.
For example, the repertoire for the tryptophan coding triplet
(UGG) has been expanded with novel translationally active
chromophores such as 4-fluorotryptophan, 5-fluorotrypto-
phan, 6-fluorotryptophan,’! 7-azatryptophan!'” and 5-hydroxy-
tryptophan'!l or even with tryptophan-related amino acids
such as B-(thienopyrrolyl)alanines!'? or S-selenolo[3,2-b]pyr-
rolyl-alanine.™

The main motivation for attempting global replacement of
tryptophan residues in proteins with these analogues derived
from earlier reports on the spectroscopic properties of
substituted indoles.l'* "] In fact, it is known that substitution
of indole with electron-donating groups leads to intramolec-
ular charge transfer being extremely sensitive to pH

[*] Dr. N. Budisa, M. Rubini, J. H. Bae, E. Weyher, W. Wenger,
Prof. Dr. R. Huber, Prof. Dr. L. Moroder
Max-Planck-Institut fiir Biochemie

Am Klopferspitz 18A, 82152 Martinsried (Germany)

Fax: (449)89-8578-3516

E-mail: budisa@biochem.mpg.de

Dr. R. Golbik

Martin-Luther-Universitdt Halle-Wittenberg

06120 Halle/Saale (Germany)

Supporting information for this article is available on the WWW under
http://www.angewandte.org or from the author.

4066 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

changes.l'l For example, amino substituents on aromatic ring
systems are less basic in the excited than in the ground state.['”]
Thus, the protonation level in the excited states affects the
resonant integration of their free electrons in conjugated ring
systems which causes charge migration and is seen as blue- or
red-shifted spectroscopic bands.

The amino acids 2-7 (Figure 1) were synthesised enzymati-
cally from L-serine using commercially available amino- and
hydroxyindoles as substrates for tryptophan synthase!'$! and
characterized spectroscopically’® (the synthesis of the Trp
analogues will be reported elsewhere).
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Figure 1. Genetic code engineering by expansion of the coding capacity of
the tryptophan triplet UGG under the experimentally imposed selective
pressure. The universal genetic code assigns UGG as the coding triplet for
L-tryptophan (1), shown here as the obligatory or first coding level. By
using the SPI method the entry of amino acids 2-5 into genetic code is
allowed, thus creating a second or facultative coding level. Translationally
inactive amino acids 6 and 7 can be regarded as prevented from entering
into the genetic code (noncoding level) at this level of the development of
SPI methodology.

The pseudo-wild-type variant C40A/C82A/P27A of barstar
(1-b*) was chosen as a model protein for the expression
experiments as it contains three tryptophan residues, namely,
the fully or partially solvent-exposed Trp 38 and Trp44 as well
as Trp53, which is completely buried within the protein
hydrophobic core (Figure 2). The latter residue is known to be
essential for the structural integrity of the protein, since it
cannot be replaced by any of the other 19 canonical building
blocks by routine site-directed DNA mutagenesis.’) The
three Trp residues of barstar (1-b*) were globally replaced
with the analogues 2-5 by the SPI method using the Trp-
auxotropic E. coli strain ATCC49980 as the expression
host.?!l Variant proteins were produced in yields comparable
to those of the 1-b* protein (10-30 mgL~')??l and were stable
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Figure 2. The structure of small ribonuclease inhibitor barstar,**! with the
tryptophan positions marked, represented as a ribbon plot (derived from
the program MOLSCRIPT).[4

in buffer solutions, with the exception of 4-b*, which exhibits a
strong tendency for aggregation. Unexpectedly, incorporation
of the analogues 6 and 7 failed, most probably because of their
poor recognition by the protein translation machinery.

Absorbance and fluorescence profiles of the protein
variants were used as qualitative analytical criterion to
monitor successful incorporation. For example, the hydroxy
group at position 5 of indole leads to significant enhancement
of the 'L, transition band"* and thus to a pronounced spectral
shoulder at 310 nm (&5,,=8180+395M'cm™) in 5-b* (see
Supporting Information, Table 1). In contrast, the absorption
maximum of 4] is similar to that of the tyrosine whose
phenolic OH group in the ground state exhibits a pK, value of
about 10.P] Therefore, no shift in the UV spectrum of 4-b* was
observed in the examined pH range. Since the difference in
molecular mass between 1 and 2, 1 and 3, (both 15 Da), 1 and
4, and 1 and 5 (both 16 Da) is sufficiently large to be
determined experimentally, mass spectrometry was used for
quantitative analysis. While quantitative incorporation of
both tryptophan analogues 2 and 3 in barstar was readily
achieved (caled: M,=10298.2; found: 10299 +2.0), the
replacement level with the tryptophan analogues 4 and §
never exceeded 80 %. Although the parent protein could not
be detected and globally substituted variants were the
dominant forms (10300 +2.4 Da), contaminants with one 4-
hydroxy- or 5-hydroxytryptophan (10269 +4.1 Da) and two
4-hydroxy- or 5-hydroxytryptophan residues (10285 + 2.0 Da)
were always present.

As expected, the UV properties of the tryptophan ana-
logues 2-5 are fully reflected in the spectra of related barstar
variants. In addition, the spectra of the 2-b* and 3-b* variants
were found to be pH sensitive (Figure 3). The absorption
profiles of 1-b*, 2-b*, and 3-b* are very similar at pH 3.0
where protonation of the amino group leads to formation of a
monocation. Conversely, at pH 7.0 and 9.0 the main absorp-
tion peak of 3-b* is blue-shifted by almost 6 nm (A=
275 nm) while the spectral shoulder is markedly red-shifted
by 15 nm (A, =310 nm) for 3-b* (Figure 3). A similar trend,
although weaker in its intensity, is observed for 2-b*. These
changes may derive mainly from the increased basicity of the
imino group in the indole moiety and, thus, from anion
formation above pH 6. In fact, solution studies of 5-amino-
indole revealed that a monoanion is formed by deprotonation
of the indole imino group.!'”]

Angew. Chem. Int. Ed. 2002, 41, No. 21

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

30000 PH 3.0

20000

g, hrlemt 240 265 290 315 340

30000 71 2-p% PH 9.0
20000
3-b*
10000
1-b* \
0 T T S————

240 265 290 315 340
A nm—>

Figure 3. UV absorption spectra of 1-b* and related variants 2-b* and 3-b*
at different pH values. Note that under neutral and basic conditions a
second prominent shoulder appears at 300 for 2-b* and at 305 nm for 3-b*.

Both the UV spectrum and the fluorescence of indole is
composed of the two overlapping transitions 'L, and 'L, that
are nearly orthogonal in polarization.P! Similarly, the absorp-
tion profile of 5-aminoindole is a mixture of 'L, and 'L, bands,
where the smaller absorption band (shoulder) at 285 nm
derives from the transition of the ground to the 'L, state (long
axis) and the main absorption, centred at 275 nm, derives
from transition to the 'L, state (short axis). The amino group
located along the longer axis (that is, at position 5) might
perturb the 'L, state more than 'L, state. Therefore, the larger
red shift observed for 5-aminoindole must be derived from the
better delocalization of the nitrogen charge within the & cloud
of the aromatic moiety than that of the oxygen atom of
hydroxyindole. This is conceivable because the polarizability
of the amino group is almost double that (1.44 x 10-2* mL per
molecule) of the hydroxy group (0.733 x 1072* mL per mole-
cule),”! and clearly indicates a higher propensity of nitrogen
electrons to be spatially distorted since they are much less
tightly bound than oxygen electrons. Therefore, the observa-
tion that hydroxytryptophan-b* variants 4-b* and 5-b* do not
show significant changes in their absorbance properties in the
pH range from 3.0 to 9.0 is not surprising. Correspondingly,
the relative pH insensitivity of the 4-b* and 5-b* variants has
to be attributed to the intrinsic spectroscopic properties of the
hydroxytryptophan residues rather than to their protein
environments—that is, the protein is only a carrier for the
incorporated chromophores. Indeed, CD measurements re-
vealed that secondary structures of the variant proteins are
unchanged when compared to the 1-b* protein variant in the
pH range 6.0 to 9.0 where this protein is stable (unpublished
data). Under acidic conditions (> pH 4) barstar is present in a
molten globule form, while under stronger basic conditions
(< pH 10) it is denatured.”
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It is also well known that the presence of electron-
donating amino and hydroxy groups in different
positions of the indole moiety leads to fluorescence T
spectra with two maxima at 350 and 520 nm.['4-16]

However, it is also known that the spectral proper- /sy /1M 340

ties of indoles are strongly dependent on the solvent
polarity;P! for example, water acts as a proton donor
in the S°state, while the intramolecular charge
transfer from the amino group to the indole is most
effective in the S!excited state.l'”] Therefore, the T
dramatic decrease in the relative fluorescence RF
intensity of 2-b* and 3-b*, compared to the native
protein (Figure 4), can only be explained by inter-
actions such as the hydrogen bonding of water
molecules to the aminoindole in the S!state. This
situation leads to enhanced rates of radiationless
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Figure 5. Plot of the variations in fluorescence emission maxima (4,,,) and relative

processes and explains the absence of the second
fluorescence band in the related protein variants in
aqueous buffered solutions as determined by steady-
state fluorescence measurements. Indeed, the second band
might be restored if such proteins are dissolved in suitable
organic solvents, thus providing dual-fluorescence protein-
based pH sensors in nonpolar media, such as membrane
environments.
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Figure 4. Effect of pH on the fluorescence emission profiles of 1-b*, 2-b*,
and 3-b*.

Changes in the relative fluorescence intensity of the
variants 1-b*, 4-b*, and 5-b* are gradual and monotonic in
the pH range studied (Figure5). Only 4-b* was found to
exhibit remarkably decreased quantum yields, probably
because of its high tendency towards aggregation. The lower
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intensities (RF) versus pH.

fluorescence intensity of these proteins under acidic condi-
tions is the result of the transition of barstar to a molten-
globule state below pH 4.0. Conversely, denaturing of barstar
takes place under strongly basic conditions (pH >10.0), and
this accounts for the decreased fluorescence intensities in this
pH range.’ On the other hand, the fluorescence intensities of
2-b* and 3-b* in the pH range 4.0 to 9.0 results in titration
curves with significantly decreasing values of fluorescence at
increasing pH values which reach a plateau at pH>9.0
(Figures 4 and 5). Observed changes in the intensity of these
substituted barstars show completely different trends than the
1-b*, 4-b*, and 5-b* variants upon pH titration.

The position of the emission maxima at pH 3.0 is similar for
1-b*, 4-b*, and 5-b*, while for 2-b* and 3-b* it is red-shifted by
18 nm (Figures 4 and 5). The position of the emission maxima
does not vary significantly at pH 7.0 and 9.0 for 1-b*, 4-b*, and
5-b*, while two different trends were observed for 2-b* and 3-
b*. A blue-shifted cooperative titration curve was obtained
with a transition midpoint between pH 5 and 6 for the 2-b*
variant. Conversely, this cooperative transition of the emis-
sion maximum for 3-b* is red-shifted with a transition
midpoint at pH 8 (Figure 5). These large differences have to
be assigned to the changes in the charge-density distributions
along the indole aromatic ring which depend upon the nature,
orientation, and position of the substituent in the parent
indole molecule in a particular solvent. Taking this into
account, the observed red shift for 3-b* can be explained as
follows: 5-aminoindole acts as a better proton donor than
water in the S!state, that is, it is deprotonated to a greater
extent in the excited state than is 4-aminoindole. Conversely,
the blue shift measured for 2-b* indicates there is a greater
level of protonation in the 4-aminoindole in the excited state
(that is, the solvent water molecules act as better proton
donors than 4-aminoindole itself in the S state). Clearly, the
larger red shift is favored by the amino substituent being in
position 5 of the indole (since it lays along the dipole
transition moment) than in position 4, which is in full agree-
ment with literature data on model compounds.>'%!”) Fur-
thermore, the observed transition arises from an equilibrium
between the ionized forms in the ground and excited states.
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Such equilibrium is not only pH-dependent, but it also reflects
the differences in the concentrations of corresponding species
in the ground and excited states.

The pH sensitivity of the 2-b* and 3-b* variants, both in
terms of fluorescence emission maximum and intensity, is the
consequence of an intramolecular charge migration that
originates solely from cation-to-anion transitions of the
aminoindoles around pH 6. Thus, the conversion of barstar
from a pH-insensitive to a pH-sensitive protein in terms of
fluorescence is primarily the result of the intrinsic properties
of the aminotryptophan analogues 2 and 3 integrated into the
barstar structure. The multiple functions of tryptophan
residues in proteins means it is indeed conceivable that
proteins “tailored” with amino- and hydroxyindole or other
indole-like side chains may represent useful non-invasive
tools for in vivo or in vitro monitoring of protein folding as
well as of protein-membrane, protein—protein, protein—
ligand, and enzyme-substrate interactions. Protein variants
in which tryptophan residues are globally replaced by related
analogues with predefined spectral properties are readily
accessible by the SPI methodology and could well offer an
approach for the design of protein-based molecular sensors.
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