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ABSTRACT: Electron transfer (ET) is widely used for
driving the processes that underlie the chemistry of life.
However, our abilities to probe electron transfer
mechanisms in proteins and design redox enzymes are
limited, due to the lack of methods to site-specifically
insert electron acceptors into proteins in vivo. Here we
describe the synthesis and genetic incorporation of 4-
fluoro-3-nitrophenylalanine (FNO2Phe), which has similar
reduction potentials to NAD(P)H and ferredoxin, the
most important biological reductants. Through the genetic
incorporation of FNO2Phe into green fluorescent protein
(GFP) and femtosecond transient absorption measure-
ment, we show that photoinduced electron transfer (PET)
from the GFP chromophore to FNO2Phe occurs very fast
(within 11 ps), which is comparable to that of the first
electron transfer step in photosystem I, from P700* to A0.
This genetically encoded, low-reduction potential un-
natural amino acid (UAA) can significantly improve our
ability to investigate electron transfer mechanisms in
complex reductases and facilitate the design of miniature
proteins that mimic their functions.

The chemistry of life processes, most notably photosynthesis,
are driven largely through the directional movement of

electrons in proteins.1−18 While natural amino acids (such as
cysteine, tyrosine, and tryptophan) can serve as electron donors,
they are not known to be used as electron acceptors.19−24 To
facilitate efficient electron transfer in living systems, nature has
employed numerous metal-containing electron-accepting cofac-
tors such as iron−sulfur clusters, copper, and haem, which have
broadly tunable redox potentials (Scheme 1 and Figure
S1).1,25−33 For example, three iron−sulfur clusters are present
in photosystem I (PI), which together form a facile electron
accepting route to the photochemical reduction of NAD(P)+ to
produce NAD(P)H.25 However, the factors controlling the
redox potentials of metal cofactors are still poorly understood,
and it is difficult to introduce metal binding sites with desirable
redox potentials into proteins.34−36 Furthermore, themechanism
of metal-cofactor insertion into proteins in vivo is extremely
complicated and remains an important frontier of bioinorganic
chemistry.37

New methods for the genetic incorporation of metal-
independent redox probes with various reduction potentials
greatly expand our ability to investigate electron transfer
mechanism in proteins,38 design oxidases and reductases,39 and
construct photoinduced electron transfer (PET) fluorescent
sensors,40 in vivo and in vitro. In previous works, we and others
have reported the genetic incorporation of the unnatural amino
acids (UAA) 3,5-dichlorotyrosine (Cl2Y), 3,5-difluorotyrosine-
(F2Y),

38,40 and Dopa,39 which have redox potentials spanning
from 400 to 800 mV. While we have demonstrated that upon
Cu(II) binding the genetically encoded UAA 3-pyrazole-
tyrosine(pyTyr)41 can be used as an efficient electron acceptor,
the reduction potential of the pyTyr/Cu(II) complex (168 mV)
is much higher than NAD(P)H and therefore precludes the
design of reductases.42

In this work, we describe the facile synthesis and genetic
incorporation of 4-fluoro-3-nitrophenylalanine (FNO2Phe, or
FN) 1. The crystal structure of the Aequorea victoria green
fluorescent protein (GFP) bearing FNO2Phe at a specific site
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Scheme 1. Redox Potential Range of Various Metal Cofactors
(in Millivolts, versus the Standard Hydrogen Electrode) in
Proteins and Genetically Encoded Unnatural Amino Acidsa

aThe structure of 4-fluoro-3-nitrophenylalanine, which is reported in
this work, is highlighted in red.
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(Figure 2) reveals that the small size of the FNO2Phe does not
cause significant structural changes to GFP.
Through femtosecond transient absorption measurement, we

establish that electron transfer from the GFP chromophore to
FNO2Phe occurs very fast, within 11 ps, in a distance-dependent
manner. This rate is comparable to that of the first electron
transfer step in photosystem I, from P700* to A0, which occurs
within 10−30 ps after P700 photoexcitation43 (Figure S2). The
GFP mutants bearing FNO2Phe reported in this work
recapitulate two important properties of photosystem I: very
fast forward electron transfer rate and photoinduced production
of strongly reducing species. Further development along this
route may result in miniature protein systems, which recapitulate
the most important property of PS I, the photocatalytic
production of NAD(P)H.
The UAAs FNO2Phe and NO2Phe (Scheme S1)45−47 have

peak potentials comparable to that of the iron−sulfur clusters
and NAD(P)H at −310 and−470 mV, respectively, as shown by
cyclic voltammetry measurements (Figure S8).44 FNO2Phe was
synthesized in two steps using a previously reported method with
minor modifications (Scheme S1).48 To selectively incorporate
FNO2Phe at specific sites in proteins produced in E. coli, a mutant
Methanocaldococcus jannaschii tyrosyl amber suppressor tRNA
(MjtRNATyr

CUA)/tyrosyl-tRNA synthetase (MjTyrRS) pair was
evolved to incorporate FNO2Phe in response to the TAG codon,
as previously reported.49 One MjTyrRS clone emerged after
three rounds of positive selection and two rounds of negative
selection. This clone was named FNO2PheRS (Table S1).
To determine whether FNO2PheRS can facilitate the

incorporation of FNO2Phe into proteins with high efficiency
and fidelity, an amber stop codon was substituted for residue
Ser4 in sperm whale myoglobin or Tyr151 in GFP. Protein
synthesis was carried out in E. coli in the presence of UAA specific
TyrRS mutants, MjtRNATyr

CUA and 1 mM UAA, or in the
absence of UAA as a negative control. Analysis of the purified
protein by SDS-PAGE showed that full-length myoglobin and
GFP expressed only in the presence of FNO2Phe (Figure 1),
indicating that FNO2PheRS was specifically active for FNO2Phe
but inactive for any natural amino acids. The yields of mutant
myoglobin and GFP were 10 and 20 mg/L, respectively. For

comparison, the yields of wild-type sperm whale myoglobin
(wtMb) and GFP were 50 and 100 mg/L, respectively. ESI-MS
analysis of FNO2Phe encoded mutant GFP (GFP151FNO2Phe)
gave average masses of 27 756 Da, in agreement with the
calculated mass (Figure 1C). The N-terminus methionine is
cleaved, one water molecule and two hydrogen atoms are lost
during chromophore maturation. Subsequent tryptic digestion
and tandem mass spectrometric analysis confirmed the presence
of FNO2Phe at position 151 of the GFP (Figure S4).The high-
resolution crystal structure of GFP151FNO2Phe shows that the
replacement of Tyr151 by FNO2Phe causes little perturbation to
the overall structure of GFP (Figure 2). The fluorine atom and

nitro group are coplanar with the benzene ring. The planar
structure of FNO2Phe should be favorable for minimizing
reorganization energy upon 1 electron reduction since the
nitrobenzene anion radical also has a planar structure.46

We then measured the relative fluorescence intensity of 5uM
wild-type GFP, GFP151FNO2Phe, and GFP151 NO2Phe. As
shown in Figure S6, GFP151FNO2Phe exhibited 66% quenching
compared to wild-type GFP. By contrast, GFP151NO2Phe
showed less than 5% quenching (see Figure S6). Since the
absorption spectrum of FNO2Phe does not overlap with the
emission spectrum of GFP (see Figure S7), the fluorescence
quenching is not caused by fluorescence resonance energy
transfer (FRET). The difference in quenching can be explained
by the difference in reduction potentials between FNO2Phe and
NO2Phe. The reduction potential of FNO2Phe is 160 mV lower
than that of NO2Phe, so there is a stronger driving force for PET
from the GFP chromophore to FNO2Phe, resulting in stronger
quenching than is observed for NO2Phe. We therefore chose
FNO2Phe for all our subsequent investigations.
To analyze the rate and distance-dependence of PET between

the GFP chromophore and the electron accepting FNO2Phe,
femtosecond transient absorption measurements of wtGFP and
GFP mutants were performed using a 400 nm pump laser.
FNO2Phe alone has no absorption at 400 nm (Figure S7). The
transient absorption spectrum of wtGFP fits well to a sequential
model (Scheme S2), with two components having decay times of
∼1.3 ps and ∼3.0 ns (Figure 3A and Table S2), consistent with
previous investigations.50−53 These results indicate that after
photoexcitation of the protonated neutral GFP chromophore
deprotonation occurs within 1.3 ps, resulting in the formation of
anionic I* with an excited-state absorption (ESA) around 440
nm and a stimulated emission (SE) around 509 nm.

Figure 1. Coomassie-stained SDS-PAGE of TAG4 mutants myoglobin
(A) or TAG151 mutants GFP (B) expressed in the presence or absence
of 1 mM UAA. (C) ESI-MS spectra of the GFP151FNO2Phe mutant.
The inset shows the deconvoluted spectrum. Expected mass, 27 756 Da;
observed mass, 27 756 Da.

Figure 2. Crystal structure of the GFP151FNO2Phe complex (pdb
code: 4ON8). The GFP chromophore and residues 151, 149, 95, and 17
are shown as sticks.
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The ESA and SE of GFP151FNO2Phe show a fast decay
compared to the wtGFP (Figure 3), indicating efficient electron
transfer from the GFP chromophore to FNO2Phe. To extract the
electron transfer rate, a kinetic scheme shown in Scheme S2 is
proposed, which indicates electron transfer from I* to FNO2Phe
to yield the FNO2Phe anion radical (FN−).
A target global fitting procedure based on the proposed kinetic

model combined with singular value decomposition (SVD)50−54

was then employed to extract the time-dependent concentrations
of transient species and species associated difference spectra
(SADS)50−54 from the transient data as shown in Figure 3. The
fitted time constants of wtGFP and GFP mutants are listed in
Table S2. Besides the 1.8 ps excited state deprotonation reaction
from A* to I* and a 3.2 ns decay from I* to ground state, a new
decay process with a time-constant of 73 ps was obtained,
resulting from the electron transfer from the GFP chromophore
to FNO2Phe. Our SADS data (Figure 3B) suggests the formation
of the FNO2Phe anion radical since a new peak around 470 nm
appeared in GFP151FNO2Phe, but not in wtGFP. This is
consistent with previous electrochemical studies, which have
reported that the nitrobenzene anion radical has absorbance
maxima around 470 nm.55 Furthermore, the similar transient
absorption spectra of GFP149FNO2Phe, GFP95FNO2Phe, and
GFP17FNO2Phe are given in Figure S9, and the time-dependent
concentrations of transient species and species associated
difference spectra (SADS) are also extracted based on the
same kinetic model as shown in Scheme S2. The fitted time
constants of these GFP mutants are also listed in Table S2. In
order to show the quality of fitting, kinetics at several selected
wavelengths are plotted together with a global fit of all the
collected time traces (Figure S10).
Based on the electron transfer time constants (τET) of GFP-

FNO2Phe mutants obtained from the fitting procedure (see

Figure S10 and Table 1), we are able to calculate the electron
transfer rate from the GFP chromophore to FNO2Phe (kET = 1/

τET).
56 GFP149FNO2Phe gives the shortest electron transfer

time constant of 11 ps, which corresponds to an electron transfer
rate constant of 9.09 × 1010 s−1. The ET rate constants of
GFP151FNO2Phe, GFP17FNO2Phe, and GFP95FNO2Phe
were slower, at 1.37 × 1010, 5.46 × 109, and 3.95 × 109 s−1,
respectively. The edge-to-edge distance from the GFP
chromophore to residue FNO2Phe 151 was 10.3 Å, according
to the GFP151FNO2Phe structure (Figure 2). Edge-to-edge
distances from the GFP chromophore to residues FNO2Phe149,
FNO2Phe17, and FNO2Phe95 were estimated by measuring the
shortest distance between the GFP chromophore and the β-
carbons of residues Asn149, Glu17, and Glu95, respectively
(Figure 2).57−60 Taken together these results demonstrate that
PET from the GFP chromophore to FNO2Phe can occur and
that the rate of PET decreases exponentially as distance increases
(Table 1).57 The distance decay factor (β = 0.9 Å−1) is close to
that of a single-step tunneling reaction (Figure S11).58,59

In conclusion, we have demonstrated the genetic incorpo-
ration of FNO2Phe as an efficient electron accepting probe,
which has reduction potential similar to that of iron−sulfur
clusters and NAD(P)H. This new probe is well-suited for
investigating electron transfer mechanism for reductases, such as
photosystem I, hydrogenase, sulfite (nitrite) reductase, and
nitrogenase, thus facilitating the design of miniature proteins
mimicking their functions. In these complex enzymes, multistep
electron hopping through iron−sulfur clusters is employed to
optimize electron transfer rates. Since it is difficult to incorporate
iron−sulfur cluster in designedmetalloenzymes,61 the genetically
coded FNO2Phe may provide a suitable alternative for designing
complex metalloeznymes. The fluorine atom on FNO2Phe
should also be helpful for EPR and NMR assignments for
electron transfer studies.
Using this new method and femtosecond transient absorption

measurement, we demonstrated that photoinduced electron
transfer (PET) between green fluorescent protein (GFP)
chromophore and protein-bound electron acceptor can occur
rapidly, within 11 ps, suggesting that GFP may be optimized for
PET reaction.
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Figure 3. (A) Evolution of the transient absorption spectra of wtGFP
and GFP151FNO2Phe. The spectra are obtained at different delay times
(pump at 400 nm). The inset shows the kinetic traces at specific
wavelengths. (B) Species associated difference spectra (SADS) and (C)
time-dependent concentrations of transient species obtained from target
global fitting combined with singular value decomposition (SVD).

Table 1. Distance-Dependent Electron Transfer Rate of
wtGFP and Mutants

mutant τET (ps) distance (Å) kET (s
−1)

GFP149FNO2Phe 11 ± 0.55 8.8 (9.09 ± 0.45) × 1010

GFP151FNO2Phe 73 ± 3.5 10.3 (1.37 ± 0.07) × 1010

GFP95FNO2Phe 183 ± 11 11.7 (5.46 ± 0.33) × 109

GFP17FNO2Phe 253 ± 13 12.9 (3.95 ± 0.20) × 109
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