
Biological Probes Hot Paper

A Genetically Encoded Two-Dimensional Infrared Probe for Enzyme
Active-Site Dynamics
Li Wang+, Jia Zhang+, Ming-Jie Han+, Lu Zhang+, Chao Chen+, Aiping Huang+, Ruipei Xie,
Guosheng Wang, Jiangrui Zhu, Yuchuan Wang, Xiaohong Liu,* Wei Zhuang,* Yunliang Li,*
and Jiangyun Wang*

Abstract: While two-dimensional infrared (2D-IR) spectros-
copy is uniquely suitable for monitoring femtosecond (fs) to
picosecond (ps) water dynamics around static protein struc-
tures, its utility for probing enzyme active-site dynamics is
limited due to the lack of site-specific 2D-IR probes. We
demonstrate the genetic incorporation of a novel 2D-IR probe,
m-azido-l-tyrosine (N3Y) in the active-site of DddK, an iron-
dependent enzyme that catalyzes the conversion of dimethyl-
sulfoniopropionate to dimethylsulphide. Our results show that
both the oxidation of active-site iron to FeIII, and the addition of
denaturation reagents, result in significant decrease in enzyme
activity and active-site water motion confinement. As tyrosine
residues play important roles, including as general acids and
bases, and electron transfer agents in many key enzymes, the
genetically encoded 2D-IR probe N3Y should be broadly
applicable to investigate how the enzyme active-site motions at
the fs–ps time scale direct reaction pathways to facilitating
specific chemical reactions.

Enzymes move on a large variety of time scales from
femtoseconds to seconds.[1] While much is known about how
slow motions (i.e., milliseconds to seconds) impact substrate
binding and product release, little is known about how fast
motions occurring on femtosecond (fs) to picosecond (ps)
time scale influence enzyme activity.[1b,c,2] It has been sug-
gested that the enzyme nanosecond time scale fast motion are

capable of directing large-scale slow motions and reactions
along the correct pathway, facilitating specific chemical
reactions.[1a,3] However, many aspects of this structure–
activity correlation, especially at fs–ps time scale, remain
unexplored. Since chemical reaction transition states occur in
fs timescale,[1c] the development of protein labelling and
spectroscopic tools to facilitate the observation of fs–ps
timescale dynamics in enzymes is especially important.
Tremendous effort has been dedicated to developing exper-
imental tools[4] for detecting these fast fluctuations at the
enzyme active-site. Among these methods, two-dimensional
infrared (2D-IR) spectroscopy has an intrinsic fast time
resolution[1c,5] uniquely suitable for monitoring fs–ps water
and ion dynamics, around static protein structures.[6]

Indeed, recent advancements in protein site-specific IR
probe greatly improved the spatial resolution of time-
resolved infrared technique, and pushed it towards a highly
informative tool for the protein dynamic studies. For example,
genetically encoded unnatural amino acids, such as p-azido-l-
phenylalanine (N3F)[7] and p-cyano-l-phenylalanine (CNF)[8]

(Figure 1a), have been used to track local electric field,
characterize protein folding kinetics and protein/protein
interactions.[2a,c] However, since phenylalanine sidechains
are mostly buried inside protein hydrophobic core, and
usually do not directly participate in enzyme catalysts, these
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genetically encoded phenylalanine analogues have limited
utility for probing enzyme active-site dynamics.

Tyrosine residues are ubiquitous in the actives-site of
many enzymes[9] 1) as a nucleophile, 2) as a general base for
proton abstraction, 3) as a general acid for leaving group
protonation, 4) they can participate in redox reactions,
5) form cation–pi interactions, and 6) coordinate with metal
ions.[1b] Tyrosine residues therefore play pivotal roles in
nucleic acid biosynthesis, DNA repair, dioxygen reduction by
cytochrome oxidase, water oxidation by PSII, and many other
biological processes.[3e] However, no tyrosine analogs have
been site-specifically introduced into proteins, as 2D-IR
probes.

In this work, we demonstrate the genetic incorporation of
an 2D-IR probe (Figure 1b–d), m-azido-l-tyrosine (N3Y)
into a metalloenzyme DddK. DddK is a metalloenzyme which
converts one of the earth�s most abundant organosulfur
molecule dimethylsulfoniopropionate (DMSP) to dimethyl-
sulphide (DMS, a central molecule in the marine sulfur cycle
which is important in climate regulation)[10] and acrylate
(Ddd: DMSP dependence DMS releasing). Residue Tyr64 at
the active-site is proposed to play an important role[11] in
metal binding, and catalytic activity (Figure 2a,b). The
substitution of Tyr64 by N3Y, which added a small azido
group in the ortho-position of the tyrosine sidechain, caused
only small perturbation to the enzyme active-site, and the
enzyme remains active (Figure 2c). Importantly, the large
molar extinction coefficient of the azide stretching vibration
in N3Y (about 1000 M�1 cm�1) makes it an excellent sensor
for protein dynamics.[2c,3b, 10]

The unnatural amino acid N3Y was synthesized starting
from p-aminophenylalanine (Supporting Information, Figur-
es S1–S3), with an overall yield of 60%. To selectively
incorporate N3Y at defined sites of proteins in E. coli,
a mutant Methanococcus jannaschii tyrosyl amber suppressor
tRNA (MjRNATyr

CUA)/tyrosyl-tRNA synthetase (MjTyrRS)
pair was evolved that uniquely specified N3Y in response to
the TAG codon.[12] An N3Y-specific TyrRS mutant termed
N3YRS emerged after three rounds of positive selections and

two rounds of negative selections, which grew with
120 mgmL�1 of chloramphenicol in the presence of 1 mM
N3Y, but did not grow with 20 mgmL�1 of chloramphenicol in
its absence. Sequencing of this clone revealed the following
mutations: His70Ala, Asp158Ser, and Ile159Ser (Fig-
ure 1a,b). To further verify that the incorporation of N3Y
into the target protein has high efficiency and fidelity, the
amber stop codon TAG was substituted in the 66th position of
superfolder green fluorescent protein (sfGFP). Protein
expression and SDS-PAGE characterization results con-
firmed that the full-length sfGFP was expressed only in the
presence of N3Y (Figure 1a), indicating that N3YRS was
specifically active for N3Y but inactive for the natural amino
acids. The yield for the sfYFP Tyr66-N3Y mutant of sfGFP
was 20 mgL�1. LC-MS analysis of sfGFP-66N3Y gave an
observed average mass of 27750.27 Da, in agreement with the
calculated mass of sfGFP-66N3Y (27750 Da, Figure 1b).

We then over-expressed DddK-64N3Y protein, by co-
transforming pEVOL-N3YRS and pEt-DddK64TAG plas-
mids into BL21(DE3) Escherichia coli cells. In the presence of
1 mM N3Y, full-length DddK-64N3Y protein was overex-
pressed and obtained in 5 mg L�1 yield after His-tag affinity
column purification. The SDS-PAGE and mass spectrometric
analysis showed the successful incorporation of N3Y at the
desired position in DddK with approximately 100 % effi-
ciency after purification (Figure S4). The FeIII bound holo-
enzyme was obtained through the addition of ferric sulfate to
apo DddK, and the FeII bound DddK was obtained through
the reduction of the ferric state by the addition of 10 mM
sodium dithionite (Figure S5). The catalytic activity of DddK
enzymes was measured through an LC-MS assay.[11] Interest-
ingly, the catalytic activity of FeIII bound DddK (DddK-FeIII)
decreases for about ten folds in comparison to FeII bound
DddK (DddK-FeII) (Figure S2b). When Tyr64 was mutated to
phenylalanine, the catalytic activity of DddK was lost

Figure 1. Site-specific incorporation of N3Y into a protein. a) Chemical
structures of N3Y, Tyr, N3F, and CNF. b) The flow chart of incorpo-
ration of N3Y into protein. c) SDS-PAGE analysis of the purified sfGFP-
66N3Y. d) ESI-MS spectrum of the sfGFP-66N3Y. The expected molec-
ular weight is 27750 Da; experimental molecular weight is
27750.27 Da.

Figure 2. The catalytic mechanism by which DddK cleaves DMSP.
a) The structure of the active-site in DddK (PDB: 5tg0). b) Mechanism
of DddK, which catalyzes DMSP cleavage. Tyr64 residue acts as a base
for proton abstraction from the DMSP substrate. c) The catalytic
activity of DddK mutants, coordinating with FeII or FeIII. d) The catalytic
activity of DddK-64N3Y-FeII in the presence of various concentrations
of GdnHCl.
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completely (Figure 2c), which confirmed the key role of
Tyr64 residue as a base for proton abstraction from the
substrate[11] (Figure 2a). The substitution of N3Y to Tyr64 led
to a threefold drop in DddK catalytic activity (Figure 2c).
This might be attributed in part to the electron-withdrawing
property of the azido functional group, decreasing N3Y�s
ability to extract a proton from DSMP substrate in compar-
ison to tyrosine.

We measured the one-dimensional Fourier-transform
infrared (1D-FTIR) spectra for both FeIII and FeII bound
states of DddK mutants (Figure 3a). The normalized and
background subtracted 1D-FTIR spectra of DddK mutants
have two well-separated peaks locate at 2119.2 cm�1/
2085.0 cm�1 for DddK-64N3Y-FeIII and 2120.7 cm�1/
2087.9 cm�1 for DddK-64N3Y-FeII, respectively. The peak
with higher intensity corresponds to the azido asymmetric
stretch vibration, while the lower intensity peak originates
from the Fermi Resonance.[1c,13] The wider FWHM (full width
at half maxima) of azido asymmetric stretch band in DddK-
64N3Y-FeII than in DddK-64N3Y-FeIII suggests a more inho-
mogeneous distribution of local environments in DddK-
64N3Y-FeII than DddK-64N3Y-FeIII.

The 2D-IR spectra of the DddK mutants were then
measured at various waiting times. Figure 3b displays the

2D-IR plots at T= 0 fs, 500 fs and 900 fs, respectively. The
positive (red) peaks in each spectrum correspond to ground
state bleach and stimulated emission, while the negative
(blue) peaks represent the excited-state absorption. At T=

0 fs, the detected frequency nicely correlates with the excited
frequency, giving rise to the elongated elliptic shape along the
diagonal line in the 2D plot. As waiting time increases, due to
the losses of frequency-frequency correlation caused by the
conformational fluctuation, the shape of 2D-IR spectra
becomes more circular.

To quantitatively extract and analyze the molecular
dynamics information near the enzyme active site around
the 64N3Y azide group, the frequency-frequency correlation
function (FFCF) was analyzed for both DddK-64N3Y-FeIII

and DddK-64N3Y-FeII by fitting the centerline slope (CLS;
Figure 3c).[1c,14] FFCF gives the insight on the molecular
details, such as the time scales, of the processes involved in
spectral diffusion within the inspected frequency windows.[15]

Previous studies revealed that the decay time constant of
FFCF for water hydrogen bond fluctuations in the bulk water
is � 170 fs, while those in the confined water vary from
several hundred femtoseconds to a few picoseconds depend-
ing on the confinements. For the protein conformational
fluctuations, on the other hand, the related FFCF decay with
the time constants ranging from several picosecond to several
nanosecond or even longer.[16] The fastest decay time constant
of FFCF for the DddK-64N3Y-FeIII is 150� 50 fs. This is
consistent with the time constant of unconfined water
dynamics in the bulk and much faster than the reported
timescales of protein conformational fluctuations. By con-
trast, the fastest time constant of FFCF for DddK-64N3Y-FeII

signal has a much larger time constant of 1050� 220 fs, which
is consistent with the more confined water motion[17] in
comparison to that of the DddK-64N3Y-FeIII complex. Since
high frequency localized vibrations such as the azido asym-
metric stretch tend to be sensitive to the processes happening
near the azido group at the active site, and a recent structural
and mutational analyses of DddK by Peng et al. indeed
revealed the existence of water near the active site,[18] it is
reasonable to deduce that the femtosecond FFCF decay time
constants observed reflect the water dynamics at the active
sites.

We then analyzed how guanidinium hydrochloride
(GdnHCl), a well-known protein denaturing reagent,[19]

modulates DddK enzyme activity and active-site dynamics.
As Figure 2 d shows, Dddk-64N3Y-FeII enzyme activity begins
to decrease in the presence of low concentration GdnHCl,
and is lost completely in the presence of 0.5 M GdnHCl.
Under these conditions, no significant change in DddK
intrinsic tryptophan fluorescence was observed (Figure S6),
indicating that there is no significant change in the overall
DddK structure. These observations are consistent with the
results of previous studies that in the presence of a low
concentration of denaturing reagents, the enzyme activity is
lost before protein denaturation.[20]

The effect of GdnHCl on DddK-64N3Y-FeII active-site
dynamics was then investigated by 1D and 2D-IR spectro-
scopy. Upon the addition of 0.5 M GdnHCl, the FTIR
spectrum (Figure 3 d) of DddK-64N3Y-FeII undergoes

Figure 3. a) Normalized FTIR spectra of DddK-64N3Y-FeIII and DddK-
64N3Y-FeII. b) 2D-IR spectra of DddK-64N3Y-FeIII (top) and DddK-
64N3Y-FeII (bottom) with the waiting time increasing from 0 fs to
900 fs. c) FFCF dynamics of the azido asymmetric stretch vibration of
DddK-64N3Y-FeIII and DddK-64N3Y-FeII. d) Normalized FTIR spectra of
DddK-64N3Y-FeII in the absence or presence of 0.5 M GdnHCl. e) 2D-
IR spectra of DddK-64N3Y-FeII with the waiting time increasing from
0 fs to 500 fs, in the presence of 0.5 mM (top) and 1 M GdnHCl
(bottom). f) FFCF dynamics of the azido asymmetric stretch vibration
of DddK-64N3Y-FeII in the presence of various concentrations of
GdnHCl.
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a minor frequency shift, which suggests an insignificant
variation of local electrostatic environment in the active-
site. The CLS decay time constant of the 2D-IR spectra
(Figure 3 f) of DddK-64N3Y-FeII is 1050� 220 fs in the
absence of GdnHCl, consistent with confined water in
DddK active-site. The CLS decay time constant decreases
to 410� 104 fs in the presence of 0.5 M GdnHCl, and to 310�
50 fs in 1 M GdnHCl, respectively. Addition of GdnHCl
therefore speeds up the decay of CLS, consistent with less
confined water in DddK active-site.

To further understand the molecular mechanism of the
observed variations in the FFCF relaxation, we carried out
200 ns molecular dynamics simulations for 1) solvated DddK-
64N3Y-FeII, 2) solvated DddK-64N3Y-FeIII as well as 3)
DddK-64N3Y-FeII in the aqueous solution of 1 M GdnHCl
(for details, see the Supporting Information, Figures S7–S9).
For all the three systems, we then calculated the instantaneous
frequency wtotal(t) of azido asymmetric stretch vibration for
each of the 1000 000 MD snapshots along the trajectory, using
an ab initio map connecting the instantaneous azido fre-
quency to the electric field imposed by the environment (for
details, see the Supporting Information). The distributions
and time correlation functions of wtotal(t) for all the three
systems are presented in Figure 4a,b. Due to the additive
nature of the electric field, wtotal(t) can be decomposed into
the contributions of protein electric field wprotein(t) and water
electric field wwater(t). Their distributions and time correlation
functions are presented in Figure 4c–f.

Consistent with the observations in the 1D FTIR experi-
ments (Figure 3), the distribution of wtotal(t) in DddK-64N3Y-
FeIII and DddK-64N3Y-FeII-1M GdnHCl are red-shifted with
respect to that in DddK-64N3Y-FeII. And this shift is mainly
caused by the protein contribution wprotein(t) Consistent with
the experimental results, the computed FFCF wtotal(t) for
DddK-64N3Y-FeII decays slower than that of DddK-64N3Y-
FeIII. The addition of guanidine (DddK-64N3Y-FeII-1 M
GdnHCl) accelerates the decay of FFCF. Furthermore,
FFCFs of wprotein(t) are nearly-identical in all the three
systems, while the FFCFs of wwater(t) are significantly differ-
ent. Our simulation therefore supports the picture that the
aforementioned changes of FFCF decay behavior in the
experiments are indeed caused by the differences of water
hydrogen bond dynamics in DddK active-site.

In summary, we have shown that the genetically encoded
unnatural amino acid N3Y is an excellent 2D-IR probe for the
investigation of enzyme active-site dynamics at the fs–ps
timescale. Our 2D-IR measurements provide direct evidence
that the redox state change of the central iron atom in DddK
strongly influences the fs–ps timescale water dynamics,
indicating that N3Y is an environmentally sensitive 2D-IR
probe. The addition of a low concentration of denaturation
reagent also strongly influences DddK active-site water
dynamics, without causing overall protein structural change.
In both cases, our results show that less confined water in the
DddK active-site is correlated with a decrease in enzyme
activity.

With the structural characterization and mutational
analyses of DddK, Peng et al. found that a Tyr64 residue
forms a hydrogen bond with an active site water molecule,

with the distance of 2.6 �.[18] Their work indicated that during
the catalytic cycle of DddK, a water molecule activates Tyr64
for deprotonation, and therefore Tyr64 gain the ability to be
a catalytic base. This work provides strong support on the
connection between active site waters and DddK catalysis.[18]

Three decades ago, Chen-Lu Tsou made the first and
important observation that the addition of a low concentra-
tion of protein denaturation reagents lead to the complete
loss of enzyme activity, while the overall protein structure
remained intact. Based on these observations, he put forth an
important theory that the conformational flexibility of
enzyme active sites is important in dictating enzyme activi-
ty.[20a] Our results provide new insight on how a low concen-
tration of protein denaturation significantly decreases water
confinement in an enzyme active-site, which might provide
a mechanistic basis for why a low concentration of protein
denaturation reagent is capable of abolishing enzyme activity
without causing overall protein structural change. In future
work, a large number of enzymes might be tested using the
N3Y 2D-IR probe to verify this model. As 2D-IR is uniquely
suited for characterizing protein dynamics in fs–ps time scale,
and N3Y is an excellent environmental 2D-IR probe that can
be used to replace tyrosine residues in an enzyme active-site
while causing minimal perturbation to enzyme activity, our
new method should be broadly applicable for studying
tyrosine�s diverse functions, and investigating how fs–ps
time scale enzyme active-site dynamics influences enzyme
selectivity and activity. In addition, we notice that two
tyrosine residues (Tyr78 and Tyr82) are present in close

Figure 4. a) Distributions of the frequency shift induced by the com-
plete system, c) only protein residues, and e) only the water molecules;
calculated based on the molecular dynamics simulations. b) FFCF
computed by including the complete system, d) only protein residues,
and f) only water molecules; calculated based on the molecular
dynamics simulations. Result key: DddK-64N3Y-FeIII (purple), DddK-
64N3Y-FeII (yellow), and DddK-64N3Y-FeII-1M GdnHCl (green).
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proximity to the potassium binding site of the K+ ion channel
structure (pdb code 1k4c).[21] The incorporation of N3Y in
these sites may provide new insight into the K+ ion channel
mechanism and function.
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