A conserved interaction with the
chromophore of fluorescent proteins
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Abstract: The chromophore of fluorescent proteins, including the green fluorescent protein (GFP),
contains a highly conjugated imidazolidinone ring. In many fluorescent proteins, the carbonyl
group of the imidazolidinone ring engages in a hydrogen bond with the side chain of an arginine
residue. Prior studies have indicated that such an electrophilic carbonyl group in a protein often
accepts electron density from a main-chain oxygen. A survey of high-resolution structures of
fluorescent proteins indicates that electron lone pairs of a main-chain oxygen—Thr62 in
GFP—donate electron density into an antibonding orbital of the imidazolidinone carbonyl group.
This nﬁp* electron delocalization prevents structural distortion during chromophore excitation
that could otherwise lead to fluorescence quenching. In addition, this interaction is present in
on-pathway intermediates leading to the chromophore, and thus could direct its biogenesis.
Accordingly, this nﬁp* interaction merits inclusion in computational and photophysical analyses
of the chromophore, and in speculations about the molecular evolution of fluorescent proteins.
Keywords: green fluorescent protein; hyperconjugation; imidazolidinone; nﬁp* interaction;
stereoelectronic effect

Introduction
Fluorescent proteins, including the green fluorescent
protein (GFP) and its analogs, have revolutionized
biological imaging.1–7 At the heart of these fluorescent proteins lies a highly conjugated imidazolidinone
ring-based chromophore (Fig. 1). This chromophore
appears to have arisen first in an ancient Metazoan,
and it has since diverged considerably.6
The environment surrounding the chromophore
is vital to its spectroscopic properties. For example,
the side chain of a proximal arginine residue donates
a hydrogen bond to the imidazolidinone carbonyl
group. This hydrogen bond should make the imidazolidinone carbonyl group considerably electrophilic.
Additional supporting information may be found in the online
version of this article.
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Our prior work on hyperconjugative-type interactions
in protein structures suggests that such electrophilic
carbonyl groups often engage in a stabilizing interaction with a nucleophile.8 Such an interaction, which
we refer to as an ‘‘n!p* interaction,’’9–16 involves
delocalization of the electron lone pair (n) of the
nucleophilic donor into the antibonding orbital (p*) of
the carbonyl group acceptor. This interaction, which
is reminiscent of the Bürgi–Dunitz trajectory for
nucleophilic addition to a carbonyl group,17–19 induces
a short contact between the nucleophile and the
carbonyl carbon in which the van der Waals surfaces
of the nucleophile and carbon interpenetrate.10,12
This interaction has been identified in small molecules, such as c-aminobutyric acid20 and aspirin,21
and larger molecular systems, including peptides,16
peptoids,22,23 and proteins,8 and could have directed
the prebiotic genesis of ribonucleotides.24
We suspected that the electron-deficient carbonyl
carbon of the imidazolidinone ring could interact
with a proximal nucleophilic donor. Conversely, we
also realized that any such interaction would be
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Figure 1. Structure of the chromophores in nine fluorescent proteins. The gray circle indicates the carbon of the carbonyl
group that accepts an n!p* interaction. The gray arrow in the GFP chromophore indicates the CAC double bond that can
rotate to cause non-radiative decay of the excited state.38–41

Figure 2. Plot of OC¼
¼O distance (d) and angle (y) for fluorescent protein structures determined at different resolutions: (A)
<1.50 Å, (B) 1.501.99 Å, (C) 2.002.49 Å, and (D)  2.50 Å.
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antagonized by Pauli repulsion between the lone pair
of the nucleophilic donor and the p-orbitals of the
imidazolidinone ring system.14 In the context of this
landscape, we searched for nucleophilic donors that
could donate to the electron-deficient carbonyl carbon
in 200 imidazolidinone-containing fluorescent proteins of known three-dimensional structure in the
Protein Data Bank (PDB).25–27

Results and Discussion
To our surprise, we found that a main-chain oxygen
forms a short contact with the imidazolidinone carbonyl group in each fluorescent protein. Specifically,
the distance (d) between the oxygen of the donor
carbonyl group and the carbon of the imidazolidinone carbonyl group was less than the sum of the
van der Waals radii of oxygen and carbon (3.22 Å).
Upon examining the geometry of the n!p* interaction in four subsets of structures determined at
comparable resolutions (see: Supporting Information
Table S1), we found that the OC¼
¼O angle (y) formed
by the donor oxygen and the acceptor carbonyl group
is obtuse and aligned with the Bürgi–Dunitz trajectory (Fig. 2).12 This interaction between the mainchain oxygen and the imidazolidinone carbonyl group
was present regardless of the identity of the donor
residue (which is Thr62 in GFP). Moreover, the imidazolidinone carbonyl group acts as an acceptor despite
substantial diversity in the chemical structure of its
chromophore (Fig. 1).
To discern whether one or both of the lone pairs
is involved in electron donation to the electrophilic
acceptor carbonyl group, we measured the C0 ¼
¼OC
angle (n) formed by the donor carbonyl group and
the acceptor carbon. The electron lone pairs of the
donor oxygen are oriented either along the carbonyl
bond axis or orthogonal to that axis [Fig. 3(A,B)].28–30
The lone pair oriented along the C¼
¼O axis is s-rich,
whereas the other lone pair is primarily p-rich. Both
of these lone pairs can donate their electron density to
an empty p* orbital. If the angle between the donor
carbonyl group and the acceptor carbon is 180 ,
then the electron donation is primarily from the
s-rich lone pair. In contrast, if the angle is 90 , then
the electron donation is mainly from the p-rich lone
pair. Angles between these two extremes are indicative of electron donation from both of the lone pairs.
We found that this angle has a mean and median of
n ¼ 143 (Fig. 4, Supporting Information Table S1),
indicating that substantial electron donation originates from both of the lone pairs. This origin
contrasts with that for the n!p* interaction between
the main-chain carbonyl groups of adjacent residues
in an a-helix, which stems almost exclusively from
the p-rich lone pair.8,16
Next, we resorted to Natural Bond Orbital
(NBO)31–33 analysis to estimate the strength of the
n!p* electronic delocalization. The coordinates of
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Figure 3. Lone pairs of an amide oxygen. (A) s-Rich lone
pair, ns. (B) p-Rich lone pair, np. (C) Two fragments of GFP
derived from a structure determined at 0.9-Å resolution
(PDB entry 2wur)34 and used in computational analyses. (D)
Overlap of ns of the main-chain oxygen of Thr62. (E)
Overlap of np of the main-chain oxygen of Thr62.

the key functional groups were extracted from a highresolution structure.34 NBO analysis revealed that
both lone pairs are poised to interact with the antibonding orbital (p*) of the acceptor carbonyl group
[Fig. 3(C–E)]. In addition, second-order perturbation
theory estimated the strength of the n!p* interaction
in this structure to be En!p* ¼ 0.84 kcal/mol, which
is greater than that estimated for a typical n!p*
interaction between adjacent residues in an a-helix
(En!p*  0.5 kcal/mol).8
Is there an experimental signature for the n!p*
interaction with the chromophore of fluorescent
proteins? Such an interaction should lower the frequency of the stretching vibration of the acceptor
carbonyl group. In accord with this anticipation,
infrared spectroscopy studies indicate that this
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Figure 4. C0 ¼OC angle (n) for fluorescent protein structures determined at different resolutions: (A) <1.50 Å, (B) 1.501.99 Å,
(C) 2.002.49 Å, and (D)  2.50 Å. The horizontal axis serves merely to distribute the data.

frequency is 15 cm–1 lower in GFP than in a model
imidazolidinone in a nonprotein environment.35
The close proximity of a main-chain carbonyl
group to the chromophore could play a key role in
the manifestation of its fluorescence. The chromophores of model compounds have low quantum
yields (U < 4  10–4) compared to that of GFP (U ¼
0.8).36,37 The basis for such low quantum yields has
been attributed to the facile rotation about the exocyclic carbon–carbon double bond (Fig. 1), which
causes nonradiative decay of the excited state.38–41
In these model compounds, the excited state can
adopt a twisted conformation in which fluorescence
quenching can occur through nonadiabatic crossing.
We hypothesize that the oxygen of the donor carbonyl group restrains the imidazolidinone ring of the
chromophore in the rigid state that is necessary for
its unusual photophysical properties, deterring the
attainment of the deleterious twisted conformation.
A high-resolution structure of GFP reveals
another intimate interaction between residue 62 and
the aromatic ring of the chromophore. In this structure,42 a Cc2–H of Thr62 is situated over the phenolic ring so as to form a CAHp interaction (Fig. 5).
Like the n!p* interaction and other packing interactions, this CAHp interaction could serve to
maintain the rigidity of the chromophore. We speculate that analogous interactions operate in RNA
mimics of GFP.43
The biogenesis of the GFP chromophore has
been studied and debated intensely.44,45 Although
the mechanistic pathway for the maturation of the
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Figure 5. n!p* and C–Hp interactions in a structure
of GFP determined at a resolution of a 0.9 Å (PDB
entry 2wur).34 (A) Ball-and-stick image. (B) Space-filling
image.
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chromophore is controversial, some evidence is
attainable from the crystal structures of on-pathway
intermediates in GFP variants with reduced rates of
chromophore maturation (Fig. 6).46–51 A number of
crystal structures are known for the conformation
of the precyclized state, and these structures are of
two distinct types.
In one type of precyclized structure, an n!p*
interaction exists between the main-chain carbonyl
group of residue 62 and the chromophore [d ¼ 3.0 Å,
y ¼ 97 ; Fig. 7(A)].46 The main-chain residues are
preorganized for the cyclization reaction,46,45 and we
postulate that the n!p* interaction assists in this
preorganization. In addition, the n!p* interaction
likely disturbs the amidic resonance of the mainchain amide that contains the nucleophilic nitrogen,
making that nitrogen more like one in an amino
group and endowing it with greater nucleophilicity.
In the other type of precyclized structure, the carbonyl group that is destined to be part of the imidazolidinone is involved in an n!p* interaction with that
of an adjacent residue rather than with the carbonyl
group of residue 62 [Fig. 7(B)].48,49 This n!p* interaction disturbs the amidic resonance of the nucleophilic
nitrogen [as in Fig. 7(A)] but also drains electron
density from the donor carbonyl group, facilitating
attack by that nitrogen. In other words, this n!p*
interaction [Fig. 7(B)] could make the electrophilic
and nucleophilic centers more reactive simultaneously. Two other on-pathway intermediates, namely
the cyclized47 and dehydrated structures,51 have
considerable n!p* interaction between the donor
carbonyl group of residue 62 and the acceptor carbonyl group of the imidazolidinone ring [Figs. 7(C,D),
Supporting Information Table S2].
The relative position of the donor carbonyl
group with respect to the acceptor carbonyl group is
unclear in the excited state.52–54 Nonetheless, infrared spectroscopy suggests that the acceptor carbonyl
stretching mode is preserved in the excited state,
even though deprotonation of the phenolic oxygen
has taken place.35 If significant structural changes
do not occur in the excited state, then the n!p*
interaction could persist there. Accordingly, we
encourage the inclusion of this interaction in compu-

Figure 7. Intermediates in chromophore biogenesis in
GFP. In panels A and B, the arrows indicate electron flow
to form the cyclized intermediate. (A) Precyclized
intermediate with n!p* interaction between residue 62 and
the incipient chromophore (PDB entry 1qyo).46 (B)
Precyclized intermediate with n!p* interaction between
adjacent residues in the incipient chromophore (PDB entry
1qy3).46 (C) Cyclized intermediate (PDB entry 1s6z).47 (D)
Dehydrated intermediate (PDB entry 3lvc).51

tational and photophysical analyses of the chromophore, as well as in speculations about the molecular
evolution of fluorescent proteins.

Conclusion
Our database and computational analyses have
revealed the existence of an n!p* interaction
between a main-chain oxygen and the chromophore of
fluorescent proteins. This interaction could contribute
to the biogenesis and photophysical properties of the
chromophore.

Methods
PDB analyses
We collected the atomic coordinates of fluorescent
proteins that had been deposited in the Protein Data
Bank (RCSB PDB) by March 1, 2011, and we
grouped the datasets according to their resolution.
The distance and angle between the donor and
acceptor groups were measured with the program
PyMOL (Schrödinger, Portland, OR). The measured
distances and angles can be found in the Supporting
Information.

Computational analyses
Figure 6. Putative mechanism of chromophore biogenesis
in GFP.46,47,51
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We used Natural Bond Orbital (NBO) analyses to
estimate the strength of the n!p* electronic
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delocalization.31–33 The coordinates of the key functional groups were extracted from a structure determined to atomic resolution (PDB entry 2wur) and
capping groups were installed at N- and C-termini to
give the two GFP fragments shown in Figure 3(C).
Natural bond orbital analyses on these fragments
were performed at the B3LYP/6-311þG(2d,p) level of
theory. The NBO method deconstructs a calculated
wavefunction into a localized form, which corresponds
to the lone pair and bond elements of the Lewis
structure. (For additional details, see: http://
www.chem.wisc.edu/nbo5/web_nbo.htm.) The stabilization afforded by the n!p* electronic delocalization, En!p*, was estimated by using second-order perturbation theory as implemented in NBO 5.0. Orbital
depictions were generated with the program
NBOView 1.1.
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