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The influence of the second amino acid on the pH response of the genetically encoded pH indicators is
studied. The second Trp has been substituted by Ala and Glu to reduce self-quenching. Compared with the
previously reported Trp-Trp-Ala-Ser (WWAS), the two new tetrapeptides, Trp-Ala-Ala-Ser (WAAS) and
Trp-Glu-Ala-Ser (WEAS), have higher fluorescence quantum yields, longer fluorescence lifetimes, and more
sensitive pH responses. As novel genetically encoded pH indicators, the N-terminal Trp—Ala and Trp—Glu
could be fused to proteins for monitoring the environmental pH values during the studies of functional pro-
teins.

Keywords: fluorescent sensor, genetically encoded pH indicator, Trp-Ala-Ala-Ser, Trp-Glu-Ala-Ser,
Trp-Trp-Ala-Ser.

JANHAMHUKA ®JYOPECHEHINHU N-TEPMHUHAJIBHBIX OCTATKOB
TPUIITOPAHA-X B HOJIUIIENITUJE: BJIUSHUE pH

L.Li "% X. Cao ', Zh. Zhou ',S. Zhang '**, H. Pan ', J. Chen ', J. Xu '*
VIIK 535.37:547.965

! Bocmouno-Kumaiickuii nedazozuyeckuii yuugepcumem, Lllanxaii, 200062, Kumaii,
e-mail: sizhang@phy.ecnu.edu.cn

? Heenedosamenvcruii YEHMP NPOMBIULIEHHOU ONMOIAEKMPOHHOU MEXHUKU U MEeXHOI02UU
nposunyuuu [3ancy, Yuueepcumem [3sainnans, Ycu 214122, Kumaii

* Coemecmubil unnosayuonmbiil yenmp skcmpemanvoi onmuxu, Yuueepcumem [lanvcu,
Tauoans, lanvcu 030006, Kumat

(Illocmynuna 26 ageycma 2016)

Hccnedosano erusnue 6mopot amMuHOKUCIOMbL HA 3a8ucumocms om pH eenemuuecku 3axo0upoganmuix
PpH unouxamopos. Ymodwvr uzbescamv camomywenus, emopou Trp zamenen na Ala u Glu. Ilo cpagnenuio
¢ panee uzeecmuvim Trp-Trp-Ala-Ser (WWAS) oea mosvix mempanenmuoa Trp-Ala-Ala-Ser (WAAS) u
Trp-Glu-Ala-Ser (WEAS) umeiom 6onee svlcokue K6aHmogwvle 8bix00bl (hryopecyenyuu, boaee onumenbhvie
epemena JxcusHu gayopecyenyuu u boaee uyscmeumensvuylo peakyuio na pH. B kauecmee Hogbix 2enemuue-
CKU KOOUpoBanuvix unouxamopos pH N-xkonyeevie Trp-Ala u Trp-Glu mozym 6vimov coedunenvi ¢ benxamu
0715 MoHUmopunea 3navenuti pH oxpyoicaroweii cpedvt npu ucciredosanuu hyHKYUOHATbHBIX OENKO8.

Knioueevie cnosa: @nyopecyenmnolil Oamuyux, 2eHemMuyecku 3aKo0Upo8anuvlii unouxamop pH,
Trp-Ala-Ala-Ser, Trp-Glu-Ala-Ser, Trp-Trp-Ala-Ser.

Introduction. In cells, pH values in various organelles are different; for instance, the interior of ly-
sosomes and endosomes are slightly acidic, whereas activated mitochondria and the cytosol are slightly basic
[1-5]. Maintaining intracellular pH in physiological ranges is crucial to a lot of normal cellular events such
as cell growth, apoptosis, ion transport, enzyme activity, endocytosis, etc. [6—12]. Abnormal pH values have
been reported in pathological cells; thus, monitoring the real-time pH value is important in cytodiagnosis.
Fluorescent probes are versatile tools for visualizing and detecting intracellular pH because of their intrinsic
simplicity and selectivity. So far, various pH sensors, including small fluorescent organic molecules [13, 14],
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nanoclusters [15, 16], nanodots [17], and fluorescent proteins [18], have been reported. However, small size
pH sensors with high quantum yield, low toxicity, and high location selectivity are still highly needed. Ge-
netically encoded pH indicators have drawn the researcher’s interests because they can be easily targeted to
specific proteins by genetics [18].

Tryptophan (Trp), as a natural amino acid and an intrinsic fluorescent probe, only responds at extreme
pH conditions (pH < 4 and pH > 9), which are beyond the physiological pH range [19, 20]. In our previous
report, N-terminal Trp-Trp dipeptides have been demonstrated to be effective genetically encoded pH indica-
tors in the physiological pH range [21]. By comparing the fluorescence dynamics of Trp-Trp and its three
derivatives, we proposed that the interactions between the exposed amino and the first Trp residual were
pivotal for the pH response [21]. However, the performance of the N-terminal Trp may be influenced by its
adjacent amino acid residue [22-25]. Recent studies by ultrafast fluorescence spectroscopy indicated that
noncovalent interactions existed between adjacent Trp and Trp residues, which leads to lower fluorescence
quantum yields and faster fluorescence decay [22]. Therefore, substituting the second Trp residue adjacent to
the N-terminal Trp by other amino acids could potentially improve the performance of the genetically en-
coded pH indicator in the physiological pH range. In this paper, we designed two tetrapeptides, Trp-Ala-Ala-
Ser (WAAS) and Trp-Glu-Ala-Ser (WEAS), by substituting the second Trp by Ala and Glu, and studied the
pH response of these two tetrapeptides through steady-state fluorescence and time-resolved fluorescence
spectroscopies. Both tetrapeptides showed higher fluorescence quantum yields and longer fluorescence life-
times compared with previous reported N-terminal Trp-Trp dipetides. Thus, the pH response in the physio-
logical pH range is more sensitive. The results suggest that the N-terminal Trp—Ala and Trp—Glu residues are
better choices than the N-Trp-Trp residue in the design of genetically encoded pH probes.

Experiment. Trp-Ala-Ala-Ser (WAAS), Trp-Glu-Ala-Ser (WEAS), and Trp-Trp-Ala-Ser (WWAS)
with purity higher than 98% were purchased from GL Biochem and used without further purification.
Na,HPO, and NaH,PO, were purchased from Sinopharm Chemical Reagent and used to prepare 0.1 M PBS
buffers (pH 6.0-8.0). CH;COOH and CH;COONa were purchased from Snopharm Chemical Reagent and
used to prepare the 0.1 M CH3COO™ buffer (pH 5.5). Tris-HCI and Tris-Base were purchased from Sigma-
Aldrich, and used to prepare the 0.1 M Tris buffer (pH 8.5, 9.0). NaHCO; and Na,CO; were purchased from
Sinopharm Chemical Reagent and used to prepare the 0.1 M NaHCO;-Na,COj; buffer (pH 9.5, 10.0). CaCl,,
ZnSQy4, CuSOy, FeSO,, FeCl;, and AI(NO;); were purchased from Sinopharm Chemical Reagent. MgSO,
was purchased from Shanghai Senhao Fine Chemical Co., Ltd. All chemicals were analytical grade. Ul-
trapure water with a high resistivity (>18.2 MQ/cm) was used in all the experiments. LUDOX(R) TMA col-
loidal silica (34 wt. % suspension in H,O) was purchased from Sigma-Aldrich and diluted to 0.34% to
measure the instrument response function (IRF).

The steady-state absorption spectra were obtained with a UV-Vis spectrometer TU1901 (Beijing Pur-
kinje General Instrument Co. Ltd.). The steady-state fluorescence spectra were characterized with a com-
mercial fluorometer FluoroMax-4 (Horiba). The picosecond resolved fluorescence decay profiles were
measured by a homemade TCSPC system, consisting of a 295 nm picosecond pulsed diode laser PDL 800-B
(PicoQuant) with a repetition rate of 10 MHz, a single photon counting PMT detector PMA-165 (PicoQuant,
Germany), and a standalone TCSPC electronics PicoHarp 300 (PicoQuant). The full width at half maximum
(FWHM) of the IRF curve obtained from the scattering of SiO, particles was 190 ps for the TCSPC system.
The details of this system have been described elsewhere [21, 22]. (20 uM) WAAS, WEAS, and WWAS
were selected to perform the optical measurements to avoid self-quenching or re-absorption.

Results and discussion. Steady-state fluorescence of tetrapeptides. We first studied the steady-state
fluorescence spectra of WAAS and WEAS in the physiological pH range as shown in Fig. 1. The fluores-
cence intensities of WAAS and WEAS increased by ca. 3.5-fold when the pH values were changed from 5.0
to 9.5 (Fig. 1, insets). The increased fluorescence intensity of both tetrapeptides as pH increased indicates
that it has a good pH response in the physiological pH range. The quantum yields of WAAS and WEAS
were measured under various pH values and compared with the previously studied WWAS [21]. The quan-
tum yield values shown in Fig. 2 were measured relatively to that of tryptophan, which was generally re-
garded as 0.13 at pH 7.0 [26]. It is clear in Fig. 2 that WAAS and WEAS have higher luminous efficiency
than WWAS in the physiological pH range. Under acid pH conditions, the quantum yields of WAAS and
WEAS were only slightly higher than that of WWAS. However, under basic pH conditions, the quantum
yields of WAAS and WEAS were much higher than that of WWAS. Because of the sharp increase of the
fluorescence intensity and higher quantum yields, pH sensitivities of WAAS and WEAS are higher than for
WWAS in the physiological pH range, which suggests that WAAS and WEAS are better pH indicators than
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WWAS. As illustrated by the processes 4 and B in scheme 1, the interactions between the fluorescent indole
group and its neighboring exposed amino group (-NH;") and the second amino acid residues (—X-) are pivo-
tal to the pH response of these pH probes. The group —NH;" rich in acid environments is an efficient
quencher to indole, while the group —NH, rich in basic environments is not. For individual Trp molecules,
the pKa of —-NH;" is ca. 9.5 (Fig. S1, supporting information). However, in these dipeptides the second
amino acid residues make the pKa of -NH; ™ move to the physiological pH range. The fluorescence of Trp
can also be influenced by its neighboring amino acids. For example, energy transfer exists between adjacent
Trp and Trp residues, which leads to lower fluorescence quantum yields and faster fluorescence decay [22].
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Scheme 1. Chemical structures and acronyms of the tetrapeptides WWAS, WAAS, and WEAS.
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Fig. 1. Steady-state fluorescence (Aex. =280 nm) spectra of WAAS (a) and WEAS (b) in buffers with pH 5.0 (1),
5.5(2),6.0(3),6.5(4),7.0(5),7.5(6),8.0(7),8.5(8),9.0(9), and 10 (10). The insets in (a) and (b) show
the dependence of the normalized fluorescence intensity on the pH values. The squares are experimental

data, and the curves show the fitting by a sigmoidal function y=a+b/(1 +e

HPH =)y The parameters

(a, b, c, and k) are 0.97, 2.42, 7.57, 2.26 for panel (a) and 0.94, 2.63, 7.71, 1.83 for panel (b), respectively.
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Fig. 2. The quantum yields of WAAS (=), WEAS (o), and WWAS (4) under various pH buffer solutions.
The quantum yield values were determined relatively to that of tryptophan (0.13 at pH 7.0) [26].
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When the second Trp residue was substituted by some other residues, such as Ala or Glu, the process of
energy transfer from the first Trp residue was hindered to a certain degree, which promotes radiative transi-
tion and leads to higher fluorescence quantum yields.

Time-resolved fluorescence of tetrapeptides. The time-resolved fluorescence spectra of WAAS and
WEAS were also measured under various pH conditions. Figure 3 show the time-resolved fluorescence de-
cay curves of WAAS and WEAS measured in buffers with various pH values. A tri-exponential decay model

) = Zle o; (M)e™"% ) was used to fit the decay curves, where o, is the fractional amplitude, and 1; is the

respective lifetime. The average fluorescence lifetime was obtained through 1 = Z?:l o, T / Z?:l o;7; . The in-

sets in Fig. 3 show that the average fluorescence lifetimes of WAAS and WEAS increased with pH values as
well. A sigmoidal function y = a + b/(1 + ¢ "™ ~9) could be used to describe the dependence of fluorescence
lifetimes on pH values. By comparing the fluorescence lifetimes of WAAS and WEAS with that of WWAS,
an obvious difference was noticed. At pH 9.5, the average fluorescence lifetimes were 5.0 ns for WAAS and
WEAS, but 2.8 ns for WWAS. At pH 5.0, the average fluorescence lifetimes of WAAS, WEAS, and WWAS
were 1.4, 1.3, and 1.4 ns, respectively. The fluorescence lifetimes of WAAS and WEAS also gave higher pH
sensitivity than WWAS. When the pH values were increased from 5.0 to 9.5, the fluorescence lifetime of
WAAS and WEAS increased by 3.8 fold but by 2 fold for WWAS. One advantage of the time-resolved fluo-
rescence measurement is that the fluorescence lifetime is stable over the variation of many experimental fac-
tors, such as the fluctuation of excitation power, concentration of fluorophore, and the detection efficiency of
the optical—electronic system. Thus, the pH values could be quantitatively determined from the lifetimes of
the WAAS/WEAS and the sigmoidal function.
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Fig. 3. Time-resolved fluorescence decay curves of WAAS (a) and WEAS (b) in buffers with pH 5.0 (1),

5.5(2),6.0(3),6.5(4),7.0(5),7.5(6),8.0(7),8.5(8), 9.0 (9), and 10 (10). The insets in (a) and (b) show

the dependence of the average fluorescence lifetimes on the pH values. The squares are experimental fluo-

rescence lifetimes. They are 1.4, 1.5, 1.8, 2.5, 3.4,4.3,4.5,4.7,4.8, 5.0, 4.8 ns for WAAS (panel a) and 1.3,
1.4,1.6,2.2,3.1,4.0,4.4,4.6,4.7, 5.0, 4.8 ns for WEAS (panel b) for the pH values increased from 5.0 to

10.0 with a step of 0.5. The experimental fluorescence lifetime values may be fitted by a sigmoidal function
y=a+b/(l+ eﬁk(prc)). The parameters (a, b, ¢, and k) are 1.24, 3.57, 6.97, 2.18 for panel (a) and 1.32,

3.54, 6.82, 2.19 for panel (b), respectively. Aee = 298 nm and A4 = 350 nm.

Interference experiments. The interference of metal ions on the WAAS and WEAS pH indicators was
also studied by the steady-state and time-resolved fluorescence techniques under the physiological condi-
tions (PBS buffer, pH 7.4, 10 mM). In the presence of some metal ions, such as Mg2+, AlP ° Ca2+, Fezt Fe’ ’
Cu*’, and Zn*", fluctuation of fluorescence intensity can be observed for WAAS (Fig. 4a) and WEAS (Fig. 4c).
Especially, in the presence of Fe’" and Cu®", an obvious fluorescence quenching was observed. However,
even in the presence of various metal ions, the time resolved fluorescence decay curves overlapped well with
the control curves (Fig. 4b,d), and no remarkable changes in the fluorescence lifetime were observed, which
implies that the fluorescence lifetimes of WAAS and WEAS could be used to quantitively measure the pH
values without interference of metal ions. These phenomena indicate that the fluorescence of WAAS and
WEAS may be quenched by metal ions through static quenching. Especially Fe*" and Cu®" may combine
with the WAAS and WEAS tetrapeptides and form some complexes with non-radiative processes [27].
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Fig. 4. Relative variations of steady-state fluorescence (Aexc = 280 nm) intensity of WAAS (a) and WEAS (c¢)

in the presence of various metal ions, and time-resolved fluorescence decay curves of WAAS (b) and WEAS

(d) in the presence of various metal ions, Ay, = 298 nm and Ag4e. = 350 nm. The ratio of tetrapeptides to metal
ions was 1:1. All these experiments were performed in PBS buffers (pH 7.4, 10 mM).

Conclusion. N-terminal Trp-Trp has been demonstrated as a genetically encoded pH indicator in the
physiological pH range, and the N-terminal Trp was found pivotal for the pH response. In this paper, we
substituted the second Trp with Ala and Glu, and studied the influence of the second amino acid. Compared
with the WWAS, the two new tetrapeptides, Trp-Ala-Ala-Ser (WAAS) and Trp-Glu-Ala-Ser (WEAS), have
higher fluorescence quantum yields, longer fluorescence lifetimes, and more sensitive pH responses. At pH
9.5, the fluorescence quantum yields were found to be 0.24 for WAAS and 0.22 for WAES, but only 0.1 for
WWAS. The fluorescence lifetimes were 5.0 ns for WAAS and WAES but 3.0 ns for WWAS at pH 9.5.
When pH values were changed from 5.0 to 9.5, the fluorescence intensities were increased by ca. 3.5-fold for
WAAS and WEAS but by 2-fold for WWAS. The fluorescence lifetime of WAAS and WEAS was increased
by 3.8-fold but by 2 fold for WWAS. These results indicate that the second amino acid can influence the
optical properties of the genetically encoded N-terminal Trp-X pH indicators. Although the absorption in the
UV range limits its applications in cells, this research affords two novel genetically encoded pH indicators,
the N-terminal Trp—Ala and Trp—Glu. They could be fused to proteins for monitoring the environmental pH
values during the studies of functional proteins.

This work was supported by the Science and Technology Commission of Shanghai Municipality
(15520711500, 15ZR1411700, 15ZR1410100), the Program of Introducing Talents of Discipline to Univer-
sities (B12024), Joint Research Institute for Science and Society (JoRISS), and the visiting scholarship of
The Key Laboratory for Ultrafine Materials of The Ministry of Education, East China University of Science
and Technology.

The authors declare that they have no conflict of interest.

REFERENCES

1. S. Ohkuma, B. Poole, Proc. Natl. Acad. Sci. USA, 75, 3327 (1978).

2. Atsushi Abiko, Satoru Masamune, Tetrahedron Lett., 37, 1081 (1996).

3. M. Schindler, S. Grabski, E. Hoff, S. M. Simon, Biochemistry, 35, 2811 (1996).

4. C. Balut, M. van de Ven, S. Despa, I. Lambrichts, M. Ameloot, P. Steels, I. Smets, Kidney Int., 73, 226
(2008).

5. J. Llopis, J. M. McCaffery, A. Miyawaki, M. G. Farquhar, R. Y. Tsien, Proc. Natl. Acad. Sci. USA, 95,
6803 (1998).

6. D. Perez-Sala, D. Collado-Escobar, F. Mollinedo, J. Biol. Chem., 270, 6235 (1995).



FLUORESCENCE DYNAMICS OF N-TERMINAL TRYPTOFAN-X RESIDUES 615

7. Adiba Ishaque, Mohamed Al-Rubeai, J. Immunol. Methods, 221, 43 (1998).

8. M. Miksa, H. Kornura, R. Q. Wu, K. G. Shah, P. Wang, J. Immunol. Methods, 342, 71 (2009).

9. S. Simon, D. Roy, M. Schindler, Proc. Natl. Acad. Sci. USA, 91, 1128 (1994).

10. R. A. Gottlieb, J. Nordberg, E. Skowronski, B. M. Babior, Proc. Natl. Acad. Sci. USA, 93, 654 (1996).
11. M. Lakadamyali, M. J. Rust, H. P. Babcock, X. Zhuang, Proc. Natl. Acad. Sci. USA, 100, 9280 (2003).
12. E. J. Adie, S. Kalinka, L. Smith, M. J. Francis, A. Marenghi, M. E. Cooper, M. Briggs, N. P. Michael,
G. Milligan, S. Game, Biotechniques, 33, 1152 (2002).

13. Min Hee Lee, Ji Hye Han, Jae Hong Lee, Nayoung Park, Rajesh Kumar, Chulhun Kang, Jong Seung
Kim, Angew. Chem. Int. Ed., 52, 6206 (2013).

14. Rui Wang, Chunwei Yu, Fabiao Yu, Lingxin Chen, Chunwei Yu, 774C Trend. Anal. Chem., 29,1004 (2010).
15. F. Qu, N. B. Li, H. Q. Luo, Langmuir, 29, 1199 (2013).

16. Xiaoqing Liao, Ruiyi Li, Xiaohuan Long, Zaijun Li, RSC Adv., 5, 48835 (2015).

17. Yanling Feng, Yufei Liu, Chen Su, Xinghu Ji, Zhike He, Sensor. Actuat. B: Chem., 203, 795 (2014).

18. Ranieri Bizzarri, Michela Serresi, Stefano Luin, Fabio Beltram, Anal. Bioanal. Chem., 393, 1107 (2009).
19. W. B. De Lauder, P. Wahl, Biochemistry, 9, 2750 (1970).

20. David M. Jameson, Gregorio Weber, J. Phys. Chem., 85, 953 (1981).

21. L. Li, H. Yi, M. F. Chang, X. D. Cao, Z. N. Zhou, C. F. Qin, S. J. Zhang, H. F. Pan, Y. Chen, J. H. Xu,
Sci. Bull., 60,2129 (2015).

22. Menghui Jia, Hua Yi, Mengfang Chang, Xiaodan Cao, Lei Li, Zhongneng Zhou, Haifeng Pan, Yan
Chen, Sanjun Zhang, Jianhua Xu, J. Photochem. Photobiol. B: Biology, 149, 243 (2015).

23.J. H. Xu, J. R. Knutson, J. Phys. Chem. B, 113, 12084 (2009).

24. Peter Wiget, Pier Luigi Luisi, Biopolymers, 17, 167 (1978).

25. R. F. Chen, J. R. Knutson, H. Ziffer, D. Porter, Biochemistry, 30, 5184 (1991).

26. R. F. Chen, 4nal. Lett., 1, 35 (1967).

27.]. R. Lakowicz, Principles of Fluorescence Spectroscopy, 34ed., Springer, New York (2006).



