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Fluorescent proteins isolated from coral reef organisms can be
roughly grouped into four color classes by emission, cyan, green,
yellow, and red. To gain insight into the structural basis for cyan
emission, the crystal structure of amFP486 (�em

max � 486 nm) was
determined by molecular replacement, and the model was refined
at 1.65-Å resolution. The electron density map reveals a chro-
mophore formed from the tripeptide sequence –K–Y–G– that is
indistinguishable from that of GFP (�em

max � 509 nm). However, the
chromophore environment closely parallels those of the yellow-
and red-shifted homologs zFP538, DsRed, and eqFP611. Mutagen-
esis was performed for Glu-150, Ala-165, His-199, and Glu-217,
which are immediately adjacent to the chromophore. His-199 and
Ala-165 are key side chains responsible for the blue shift, presum-
ably by localizing chromophore charge density on the phenolate
moiety. Furthermore, in the H199T mutant the fluorescence quan-
tum yield is reduced by a factor of �110. The crystal structures of
H199T (�em

max � 515 nm) and E150Q (�em
max � 506 nm) were deter-

mined. Remarkably, the H199T structure reveals that the stacking
interaction of His-199 with the chromophore also controls the
fluorescence efficiency, because the chromophore is statistically
distributed in a 1:1 ratio between cis (fluorescent) and trans
(nonfluorescent) conformations.
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The discovery in Anthozoa of an entire family of fluorescent
proteins (FPs) and nonfluorescent chromoproteins distantly

related to the green FP from Aequorea victoria (GFP) has
provided new tools that can serve as alternatives to or comple-
ment the existing uses of GFP (1–5). Based on absorbance and
emission spectra, the Anthozoa proteins can be roughly grouped
into five classes: cyan, green, yellow, red, and nonfluorescent
chromoproteins. The amino acid sequences are closely related,
and in all known cases, a tripeptide –X–Y–G–, where X is highly
variable, forms the precursor to the chromophore. The large
spectral diversity appears to arise from two causes, the most
important being differences in the extent of bond conjugation
arising from variations in the chemical structure of the chro-
mophore. For the yellow- and red-emitting FPs, the spectral
diversity results from oxidation of the polypeptide backbone to
form an acylimine linkage or variations thereof [e.g., DsRed
(6–8); eqFP611 (9), zFP538 (10), and the ‘‘kindling FP’’ KFP
(11, 12); for chromophore structures, see Fig. 6, which is
published as supporting information on the PNAS web site].
However, effects arising from the local environment of the
chromophore can have a significant influence on absorption and
emission maxima. Variations of up to �20 nm in either direction
have been achieved by means of single-site substitutions in GFP
(13, 14) and in DsRed (15).

Three cyan-emitting Anthozoa FPs (CFPs) [amFP486,
dsFP483. and cFP484 (1)] have been characterized in some
detail. Although the biological role of these proteins is unknown,
due to widespread appearance one may safely assume that cyan
fluorescence is important for the ecology of reef organisms.
amFP486, cloned from Anemonia majano, is a tetrameric protein

with subunit molecular mass of 25 kDa. It shows only 26%
identity in amino acid sequence to GFP but is much more similar
to DsRed and zFP538 (42% and 50% identity, respectively).
CFPs typically have broad emission [full width at half maxi-
mum � 50 nm (16)] but narrow Stokes shift. In the case of
amFP486, maximal excitation and emission occurs at 454 and
486 nm, respectively.

Although cyan or blue emission is not necessarily practical for
labeling in living cells, from the fundamental photophysical
perspective, it is important to understand how organisms are
able to tune the spectroscopic properties of FPs to meet specific
requirements. Such knowledge may have practical application in
extending the range of FP indicators. Gurskaya et al. (16)
investigated the basis for blue-shifted emission of CFPs by
comparing sequences of several FPs. They showed that position
165 (amFP486 numbering) is occupied by either an Ala or His
in the CFPs but is Ile or Met in most other FPs. The importance
of position 165 was tested in amFP486 by mutation of Ala-165
to Ile or Met and in zFP506 (a GFP from Zoanthus) by mutation
of Met-167 to Ala or His. The mutations yielded proteins with
fluorescence spectra that were intermediate between those of
CFPs and GFPs. This result confirmed the importance of
position 165 but suggested that other structural features must
also contribute to the blue-shift. Based on a homology model, it
was proposed that the small side chain of Ala-165 permits a water
molecule to interact with the chromophore phenolate, poten-
tially increasing the chromophore polarization and thereby
accounting for some of the 23-nm blue-shift relative to GFP (16).

To test the hypotheses of Gurskaya et al. (16), we determined
the crystal structure of a representative CFP. Here, we present
high-resolution crystal structures of amFP486 from A. majano.
Structural comparisons of amFP486 with other Anthozoa FPs
provided a starting point for identification of additional features
that are responsible for cyan fluorescence. We focused our
attention on the following four positions: Ala-165 (see above),
Lys-68, His-122, and a conserved salt bridge network associated
with His-199. The results of the study suggest that in amFP486,
cyan emission arises from a GFP-like chromophore, the charge
distribution of which is shifted toward the phenolate end of the
chromophore by polar and electrostatic influences of the im-
mediate environment. Furthermore, the crystal structures give
insight into the structural features responsible for efficient
fluorescence.

Materials and Methods
Protein Expression, Mutagenesis, Purification, and Characterization.
A pQE-30 expression system in Escherichia coli (JM-109 DE3)
was used to express amFP486 containing an N-terminal
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MRGS(H)6GS tag (Clontech). Site-directed mutagenesis was
carried out by the PCR method (QuikChange, Stratagene) using
the following IDT primers: 5�-catgtggtggaaactcgcattgcgaggaccg-
3��5�-cggtcctcgcaatgcgagtttccaccacatg-3� (H199T), 5�-gggac-
ccatcttttcagaaaatgactgtctgcg-3��5�-cgcagacagtcattttctgaaaagat-
gggtccc-3� (E150Q), and 5�-gtgcaacagcgtgctgcgtcagctgaac-3��5�-
ggcaactgctttgagcaaaaatccacgtttcatgg-3� (E217Q).

PCR was followed by transformation into JM-109, and cells
were grown on expression plates as described in ref. 10. Purifi-
cation over Ni-NTA agarose columns (Qiagen, Valencia, CA)
was followed by dialysis against 50 mM Hepes (pH 7.9) and then
buffer exchange (PD-10 Sephadex columns, Amersham Phar-
macia) into 20 mM Hepes (pH 7.9) and 2 mM 2-mercaptoethanol
(2-ME). Protein concentrations were determined by using the-
oretical molar extinction coefficients (17) at 280 nm.

Spectroscopy. Absorption and fluorescence spectra for amFP486
and variants were collected at 25°C in 20 mM Hepes (pH 7.9) and
2 mM 2-ME by using a Shimadzu UV-2101PC spectrophotom-
eter and a PerkinElmer LS-55 fluorometer. For the mutant
H199T, the absorbance spectra are pH-dependent and were
recorded in 100 mM buffers of citrate, acetate, or Tris as
appropriate. Fluorescence quantum yields (�F) were deter-
mined relative to fluorescein in 0.1 M NaOH (18) by adjusting
the absorbance of each sample to be equal at the excitation
wavelength of 470 nm. Integrated emission curves were cor-
rected for detector response by using the manufacturer-supplied
software.

Crystallization and Data Collection. Tetragonal crystals of wild-
type (WT) amFP486, H199T, and E150Q were obtained in 1–2
days by hanging drop vapor diffusion. Setups consisted of 4-�l
drops containing one part protein solution (A280 � 20) in 20
mM Hepes (pH 7.9), 2 mM 2-ME, and one part well solution.
Crystals of WT and H199T protein grew overnight in well
solutions of 1.0 M Na/K tartrate�0.16 M Li2SO4�0.1 M 2-(N-
cyclohexylamino)ethanesulfonic acid (CHES) (pH 9.3), and
0.6 M Na/K tartrate�40 mM Li2SO4�0.1 M CHES (pH 9.7),
respectively. Crystals of the E150Q mutant grew in 2 days in
well solution containing 0.74 M Na�K tartrate, 40 mM Li2SO4,
and 0.1 M CHES (pH 9.4), with 1 �l of 2-ME per ml of well
solution. Single crystals were swept through paratone oil and
then f lash frozen at 100 K before diffraction data collection.

WT and the H199T variant data sets were collected by using
a MarCCD 165 detector at the Advanced Photon Source
(Argonne, IL) on beamline 14 ID-B. Data for the E150Q
mutant was collected by using an R-axis IV image plate
detector (Molecular Structure, The Woodlands, TX) on a
rotating anode generator.

Structure Determination and Refinement. Diffraction images were
indexed and processed by using HKL2000 and the HKL suite (19).
The structure of WT amFP486 was solved by molecular replace-
ment with EPMR (20) by using the DsRed A chain [Protein Data
Bank ID code 1G7K (7)] as the search model. The H199T and
E150Q mutant structures were solved by using EPMR with the
refined WT amFP486 structure. Rigid body refinement at 50–
4.0 Å was performed with TNT (21). Model building was carried
out by using the O program (22). Positional and B-factor
refinement were performed with TNT by using all data (no sigma
or F cutoffs) in the resolution range of 6.0 Å or higher. The
model of amFP486 was constructed into the experimental
electron density map beginning with a polyalanine backbone of
DsRed. In the final stages, solvent molecules were modeled into
large positive difference electron density peaks that were within
hydrogen-bond distance of suitable partners. Before construc-

Fig. 1. Representative electron density maps. (A) WT amFP486 Fo � Fc

chromophore omit map contoured at 5 � with superimposed atomic model.
(B) Chromophore omit map for H199T amFP486 contoured at 2 �. The chro-
mophore is represented as a ball-and-stick model with carbon in green,
oxygen in red, and nitrogen in blue.

Table 1. Summary of crystallographic statistics

Statistic WT H199T E150Q

Total reflections 1,516,052 530,197 450,768
Unique reflections 31,584 27,044 18,458
Cell dimensions (a, b, c), Å 112.5, 112.5, 81.4 113.0, 113.0, 82.0 113.9, 113.9, 82.6
Resolution, Å 50–1.65 50–1.72 50.0–2.0
Highest resolution shell, Å 1.71–1.65 1.83–1.72 2.07–2.0
Completeness,* % 99.9 (99.5) 95.2 (97.7) 99.8 (100)
Average I��* 40.9 (5.8) 21.9 (2.4) 34.3 (2.6)
Rmerge*† 0.064 (0.340) 0.054 (0.288) 0.077 (0.731)
Rwork

‡ 0.165 0.169 0.18
Rfree 0.208 0.225 0.249
R factor (all data) 0.167 0.172 0.181
Average B factors, Å2 21.4 28.7 40.4
Protein atoms 20.4 28 40.3
Solvent 32.4 38 41.5
rmsd bond lengths, Å 0.01 0.008 0.006
rmsd bond angles, ° 2.59 2.4 2.11

*Values in parentheses indicate statistics for the highest-resolution shell.
†Rmerge � �i�j(Iij � �I�i)��i�j�I�i, where Iij is the amplitude of the jth observation of reflection i and �I�i is the mean
value of observations Iij.

‡R factor � ��Fo� � �Fc����Fo�, where Fo and Fc are the observed and calculated structure amplitudes.
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tion of the H199T and E150Q models, solvent molecules were
removed, as were the chromophore and side chains of residues
His-199, Glu-150, and Glu-217. Model analysis was carried out
by using PROCHECK (23), and figures were created with PYMOL
(24). The program PLATON (25) was used to calculate the
out-of-plane angles of the H199T amFP486 chromophores.

Results
Structural Analysis of WT and Mutant amFP486. Crystals of WT
amFP486 and the variants are isomorphous and have space
group I4122. The asymmetric unit contains one molecule with
packing coefficient Vm � 2.4–2.5 Å3�Da (26). Data collection
and refinement statistics, which are excellent, are presented in
Table 1. The final model of WT amFP486 (R � 0.167 (all data),
Rfree � 0.208, 1.65-Å resolution), contains residues 5–224, 170
water molecules, and 1 molecule of 2-ME forming a disulfide link
to Cys-120. The 1.72-Å resolution model of H199T contains
residues 5–224, 132 water molecules, and 1 2-ME. The E150Q
model was refined at 2.0-Å resolution and contains residues
5–224 (except for disordered loop residues 89–91), 73 solvent
molecules, and 3 2-ME. PROCHECK analysis of the models
indicates excellent stereochemistry. For WT, H199T, and
E150Q, 96.1%, 93.9%, and 92% of residues are found in the
‘‘most favored’’ regions, 3.9%, 6.1%, and 8% in are found in
‘‘additionally allowed’’ regions, and none are found in ‘‘gener-

ously allowed’’ or disallowed regions of the Ramachandran plot,
respectively.

As expected, the fold of amFP486 is the so-called ‘‘�-can’’
motif (27) with an �-helix coaxial with an 11-stranded �-barrel.
Crystallographic symmetry operations produce tightly packed
tetramers closely resembling those of other Anthozoa FPs
(7–10, 15). Within the subunits, superposition of �-carbon
positions of amFP486 with DsRed and zFP538 gives rms
deviations of 0.67 Å for 191 equivalences and 0.60 Å for 192
equivalences, respectively. The divergence from GFP is much
greater, because �-carbons superimpose to 1.46-Å rms for 195
equivalences. amFP486 contains an insertion in the loop
between �-strands 3 and 4 (residues 51–52) not found in
DsRed or zFP538. The structural studies showed that the
effects of point substitutions are generally confined to the
immediate region of the modification.

The Chromophore and Environment. The chromophore of WT
amFP486 forms from the tripeptide –K68–Y69–G70–. A 1.65-Å
(Fo � Fc) omit map (Fig. 1A) reveals the chromophore to be
cis-coplanar and, except for Lys instead of Ser at the first
position, it appears to be identical to that of GFP. The environ-
ment surrounding the amFP486 chromophore (Fig. 2) is very
polar as observed in DsRed (7, 8), eqFP611 (9), and zFP538 (10).
The similarity of amFP486 with yellow- and red-shifted FPs
zFP538 and eqFP611 is quite striking. Residues Arg-72, Glu-150,
His-199, Glu-217, and a water molecule form a quadrupole
network of salt bridge and hydrogen-bond interactions adjacent
to the chromophore in all three proteins (Figs. 2 and 3).
Although the overall charge on the network is probably zero, the
side chain of the conserved histidine stacks against the chro-
mophore phenolate and is presumably charged, as the imidazole
ring interacts with carboxylate oxygens of the conserved Glu
residues. From the opposite side of the �-barrel, the essential
Arg residue (97 in amFP486) forms hydrogen bonds with the
imidazolinone oxygen, Glu-150, and conserved Tyr-183.

As hypothesized by Gurskaya et al. (16), in amFP486 two
presumed water molecules are found within hydrogen-bonding
distance of the phenolate oxygen. Structural overlays indicate
that the small side chain of Ala-165 permits a solvent molecule
to occupy the space filled by a bulky hydrophobic group in other
FPs. It is interesting that this water is also the first member of an
unusual internal channel of water molecules connecting the
chromophores, i.e., connecting the phenolate oxygens of pro-
tomer A with C and B with D, forming a possible ‘‘wire’’ for
proton transfer between chromophores.

Two other potentially charged residues in the chromophore
environment (Lys-68 and His-122) are of particular interest

Fig. 2. Schematic diagram of the amFP486 chromophore environment.
Charged side chains are drawn in blue and red. Dashed lines represent
hydrogen bonds with distances indicated in angstroms.

Fig. 3. Stereo drawing of the amFP486 chromophore emphasizing the quadrupole salt bridge network associated with His-199. Hydrogen bonds are
represented by dashed lines. Oxygen atoms are drawn as red spheres, and nitrogen is shown in blue. W represents a bound solvent molecule.
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because of their demonstrated or suspected importance in other
FPs. Lys-68, the first position of the chromophore triplet,
autocatalytically forms a second heterocycle in the chromophore
of yellow fluorescent zFP538 (10). However, in amFP486, this
side chain is fully extended and forms a hydrogen bond with the
side chain of Ser-44 (Ile in zFP538). In amFP486, Ser-44 may be
important to prevent Lys-68 from undergoing a similar cycliza-
tion, although this hypothesis presupposes the prior formation of
a transient acylimine linkage (10). Second, among the FPs of
known structure, position 122 is either His or Tyr. In zFP538,
His-122 forms an internal salt bridge with Asp-69, an interaction
that is important, but not essential for development of yellow
fluorescence (16). In amFP486, His-122 is rotated away from the
corresponding Asn-71. This conformation, which is unique to
amFP486, locates the imidazole ring �1.0 Å closer to the
chromophore, but the ring presumably remains cationic, as it
forms hydrogen bonds with a buried solvent molecule and the
backbone carbonyl of residue 66.

Based on the structural analysis, we selected several of the
above identified sites for mutagenesis. In the following sections,
we report the spectroscopic and structural consequences of those
alterations.

Spectroscopic Properties of amFP486 Variants. Position 199. The
substitution of His-199 with Thr (Thr 203 in GFP), Ser (Ser 197

in DsRed), Ala, Gln, and Asn has dramatic effects on both the
structure (see below) and fluorescence emission of amFP486
(see Table 2). Purified samples of each mutant protein appear
orange under room lighting, as opposed to the yellow-green
appearance of WT amFP486. All His-199 variants exhibit mark-
edly decreased fluorescence quantum yields (�F) and signifi-
cantly red-shifted absorption and emission maxima (see Table 4,
which is published as supporting information on the PNAS web
site).

The absorbance spectra typically display two peaks, depending
on pH, as follows: ‘‘A’’ in the range 390–405 nm and ‘‘B’’ in the
range 470–500 nm, indicative of a mixed population of phenol
and phenolate chromophores (see Fig. 7, which is published as
supporting information on the PNAS web site). The H199T
mutant is of particular interest because its absorbance extends
beyond 500 nm (Fig. 4A) and is best modeled, by using least-
squares Gaussian decomposition, by a summation of four com-
ponents with absorbance maxima at �398, 420, 473, and 501 nm
(Table 3). Unlike WT, the absorbance spectrum of H199T is pH
sensitive. At low pH, the peak at �398 nm, which presumably
corresponds to the neutral chromophore, dominates the absor-
bance. As the pH is increased, peaks at �473 and �501 nm,
presumably corresponding to the anionic chromophore, become
more prominent (see Fig. 8, which is published as supporting
information on the PNAS web site).

A comparison of the WT and H199T fluorescence spectra is
shown in Fig. 4B. The quantum yield of H199T is �110-fold less
than WT, and the emission maximum is red-shifted by 29 nm to
515 nm. The decrease in �F is underscored by the fact that
excitation at 280 nm gives rises to readily detectable Trp
fluorescence at 337 nm (data not shown). The highly conserved
His-199 is thus important for both the blue shift and for efficient
fluorescence. Furthermore, the fluorescence excitation spec-
trum of H199T reveals that only the putative anionic forms of the
chromophore are fluorescent, with a surprisingly narrow Stokes
shift of 15 nm. Maximal excitation is at 500 nm with a broad
shoulder near 475 nm. The 500-nm excitation peak and 475-nm
shoulder (Fig. 4A) correlate well with two of the peaks found in
the absorbance spectrum.
Positions 150 and 217. Because His-199 is involved in a salt bridge
with Glu-150 and Glu-217, the mutations E150Q, E217Q, and
the double mutant were made to address the effect of the
presumed positive charge on the imidazole ring. Protein yields
for E150Q and E217Q were reduced relative to WT, whereas the
E150Q�E217Q double mutant yielded nonfluorescent protein.
�F for E150Q and E217Q is reduced by factors of �1.1 and �9,
and emission maxima are 506 and 495 nm, respectively (Fig. 4B).
Assuming that His-199 is uncharged in these mutants, the results

Fig. 4. Spectroscopy of amFP486 and variants. (A) Comparison of the
amFP486�H199T absorbance spectrum (red) and excitation spectra giving rise
to emission at 515 nm (black). (B) Comparison of fluorescence excitation
(dashed lines) and emission (solid lines) spectra for WT (black) and variants
H199T (red), E150Q (green), and E217Q (blue). Protein concentrations were
8.5 �g�ml for WT, E150Q, and E217Q and 1.7 mg�ml for H199T.

Table 2. Spectroscopic properties of amFP486 and mutants

Protein �abs�max, nm �em�max, nm �ex�max, nm �F

WT 454 486 450 0.71
H199T 470 515 500 0.006
E150Q 485 506 483 0.67
E217Q 469 495 467 0.08

Table 3. Gaussian parameters for peaks in decomposed
amFP486�H199T absorbance spectrum

Peak Amplitude �max, nm �, nm

1 0.067 	 0.014 397.9 	 2.0 22.6 	 4.3
2 0.308 	 0.013 420.4 	 2.4 68.6 	 2.9
3 0.205 	 0.014 473.0 	 0.6 18.2 	 1.3
4 0.125 	 0.013 501.2 	 0.8 10.1 	 1.3
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support the suspected role of this charge in blue-shifting both the
absorbance and emission of WT amFP486.
Positions 68, 122, and 165. Substitution of Lys-68 in the chromophore
triplet with Glu, Asp, Gln, Asn, Arg, Gly, Ala, Ser, Thr, or Met
resulted in highly fluorescent proteins that expressed well but
showed only small changes in absorbance and fluorescence maxima
(data not shown). This result is not surprising because Lys-68 is not
conserved among CFPs (16). Position 122, which is highly con-
served among Anthozoa FPs and is usually His or Tyr, was changed
to Gln or Asn. Again, the resulting proteins expressed well and were
highly fluorescent; however, their spectra were essentially identical
to that of WT (data not shown). This position may be conserved
because of its importance for efficiency of maturation, which was
not investigated. Finally, substitutions of Ala-165 with Met or Ile
resulted in amFP486 variants with emission maxima intermediate
between those of WT and GFPs (data not shown), in agreement
with Gurskaya et al. (16).

Results of Crystallographic Analysis. Position 199. The most striking
structural feature of the weakly fluorescent H199T variant is that
the chromophore is statistically distributed among both cis and
trans conformational states. This feature is clearly shown in a (Fo �
Fc) omit map (Fig. 1B). After careful inspection of difference
electron density maps calculated for various partial models, the
superposed cis and trans conformations were assigned equal occu-
pancy (0.5) and subjected to further positional refinement. This
model proved adequate, as indicated by a relatively featureless final
(Fo � Fc) difference electron density map. The (Fo � Fc) omit map
also suggested a noncoplanar arrangement of the five- and six-
membered rings; so during the last cycles of crystallographic
refinement, coplanarity restraints were removed. In the final atomic
model of H199T, both the cis and trans chromophores are nonco-
planar, with calculated angles between the planes defined by the
imidazolinone and p-hydroxybenzyl rings of 22.9° and 30.3° for cis
and trans, respectively. These parameters are poorly determined
and should be treated with caution.

The H199T substitution also results in dramatic changes in the
network of charged residues surrounding the chromophore. Arg-72
moves to a more extended conformation where it partially occupies
the space created by the substitution. As shown in Fig. 5, Arg-72
forms a hydrogen bond with the O� of Thr-199 and a salt bridge to
Glu-150. The salt bridge interaction between Arg-72 and Glu-217
found in WT is replaced by a water-meditated hydrogen bond in the
H199T variant. The Glu-217 side chain, inferred by the hydrogen
bond pattern to be uncharged, moves in to form a hydrogen bond
with N2 of the imidazolinone ring. On the opposite end, the
phenol(ate) oxygen of the chromophore (in either configuration)
participates in a hydrogen bond with O� of Ser-148. The pheno-
l(ate) moiety of the cis chromophore appears to accept hydrogen

bonds from two water molecules; by contrast, in the trans chro-
mophore this oxygen has no other hydrogen bond partners and may
be protonated.
Position 150. Comparison of the structure of the E150Q mutant
with WT reveals only one significant difference in the vicinity of
the chromophore. This difference involves the movement of a
single presumed water molecule, which in WT forms hydrogen
bonds with the side chains of Glu-150, Tyr-183, and Arg-72 and
the imidazolinone oxygen of the chromophore. The substitution
appears to force the water molecule away from the side-chain
oxygen of residue 150, increasing the hydrogen bond distance
from �2.7 to �3.2 Å. However, the same water now makes a
better hydrogen bond (�2.8 Å compared with �3.2 Å in WT)
with the carbonyl oxygen of the imidazolinone ring. We think
that the changes in the hydrogen bond pattern are less important
than the change in the charge distribution, so that the red shift
in absorbance and emission can be attributed to the neutraliza-
tion of residues 150 and 199. The overall hydrogen-bond network
remains neutral, but now contains a dipole consisting of the
Arg-72–Glu-217 interaction.

Discussion
Structural Basis for Cyan Fluorescence. Gurskyaya et al. (16) used
site-directed mutagenesis based on a homology model to dem-
onstrate that the size and polarity of the residue at position 165
could account for a portion of the blue shift observed in CFPs,
compared with GFP. The structural studies confirm that the
small side chain of Ala-165 allows a water molecule to occupy
space that is usually filled by bulky, hydrophobic side chains Ile
or Met in other FPs. In turn, this arrangement suggests that the
polar interaction causes a shift in electron density toward the
phenolate end of the chromophore. However, additional effects
attributed to the presence of the presumably cationic His-199
side chain have a more profound influence. Substitution of
His-199 with T, S, A, Q, or N results in dramatic red shifts in both
absorbance and emission maxima and also decreases the fluo-
rescence efficiency. To test whether the presumed positive
charge on His-199 was important, we mutated nearby Glu-150
and Glu-217 to Gln. These isosteric substitutions also resulted in
large red shifts in fluorescence emission suggesting neutraliza-
tion of the His-199 side chain.

The structural and spectroscopic studies of amFP486 variants
H199T, E150Q, and E217Q led us to conclude that the positive
charge on H199 is the most important determinant of the
blue-shifted excitation and emission of the chromophore. One
effect, of course, is to stabilize the anionic form of the chro-
mophore. The second effect may be to reduce the extent of
charge transfer in the excited state. The results of several
theoretical calculations (28–31) performed on the anionic form

Fig. 5. Stereo drawing of the superimposed refined partial models for the amFP486�H199T chromophore. Oxygen atoms are drawn as red spheres and nitrogen
as blue. The trans conformation is shown in purple.
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of the GFP chromophore led to the conclusion that absorption
of a photon results in partial charge transfer from the p-
hydroxybenzyl ring to the imidazolinone ring. In amFP486, the
placement of a positive charge on His-199 near the phenolate
moiety is expected to reduce the extent of charge delocalization,
thus reducing both excitation and emission wavelengths. These
conclusions are well supported by spectroscopic data obtained
from model GFP chromophores in dioxane (32). In that study,
it was found that placement of an electron accepting group at the
position of the phenolate oxygen leads to blue shifts in absor-
bance and emission maxima. Conversely, placement of an elec-
tron donating group leads to red shifts in absorbance and
emission (see derivatives I-3, I-19, and I-22 in table 1 of ref. 32).
We propose that stabilization of the charge density distribution
on the p-hydroxybenzyl ring of the chromophore is a general
means by which to achieve blue shifts in absorbance and emission
in FPs.

Unexpected Consequences of the H199T Substitution. Substitution of
conserved His-199 revealed that this side chain has multiple
roles. The substitution had the unanticipated consequence of
dramatically lowering the quantum yield of fluorescence (�F)
and increasing the disorder in the chromophore. There is little
doubt that these phenomena are interrelated. The structural and
spectroscopic studies of the H199T variant suggest that the
chromophore exists as a statistical distribution of four states,
protonated, anionic, cis, and trans. In accord with this result, the
absorbance spectrum is adequately modeled by superposition of
four Gaussian peaks (Table 3). However, the fluorescence
excitation spectra of the H199T (Fig. 4A) suggest that only one
species (anionic and presumably cis) is primarily responsible for
the excitation and emission properties of this variant. We suggest
that in WT amFP486, His-199 stabilizes the fluorescent state by
‘‘locking’’ the chromophore into the cis-planar state and lower-
ing the pKa so that the anionic state is predominant. The
replacement of His-199 allows the chromophore to occupy both

cis and trans noncoplanar conformations. In turn, noncoplanar-
ity presumably results in decreased �F due to increased vibra-
tional degrees of freedom and additional opportunities for
nonradiative modes of excitation decay.

There are very interesting structural parallels between the
weakly fluorescent H199T variant of amFP486 and the nonfluo-
rescent chromoproteins Rtms5 (33) and the kindling FP, KFP-1
(11, 12, 34–36). Superposition of the amFP486 H199T and
Rtms5 structures reveal that the guanidinium groups of Arg-72
(as relocated in the H199T variant) and Arg-197 (Rtms5) occupy
essentially the same spatial location adjacent to the chro-
mophore, except that the side chains originate from different
positions in the backbone. Strikingly, Arg-197 of Rtms5 corre-
sponds to the conserved His found in amFP486 (His-199) and
other strongly FPs. This finding suggests that in Rtms5, one
function of Arg-197 is to destabilize the planar (and presumably
fluorescent) forms of the chromophore. In contrast, KFP-1
contains His-197 (equivalent to His-199 in amFP486), but the
chromophore is trans and noncoplanar. This chromoprotein
becomes transiently f luorescent (‘‘kindles’’) when exposed to
intense green light (35, 36). The structure of KFP-1 in the dark
state was recently published (11, 12). His-197 was found to be
statistically distributed among two different conformers (11),
one of which corresponds to the stacking interaction seen in
strongly fluorescent proteins such as amFP486. His-197 was
proposed to play a key role in the kindling phenomenon and to
act as a binary switch to stabilize the fluorescent chromophore
state of KFP-1 (11). The structure of the H199T variant of
amFP486, reported here, clearly demonstrates the importance of
this stacking interaction for efficient fluorescence.
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