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ABSTRACT: When the nonfluorescent chromoprotein asFP595 fromAnemonia sulcatais subjected to
sufficiently intense illumination near the absorbance maximum (λabs

max ) 568 nm), it undergoes a
remarkable transition, termed “kindling”, to a long-lived fluorescent state (λem

max ) 595 nm). In the dark
recovery phase, the kindled state relaxes thermally on a time scale of seconds or can instantly be reverted
upon illumination at 450 nm. The kindling phenomenon is enhanced by the Ala143f Gly point mutation,
which slows the dark recovery time constant to 100 s at room temperature and increases the fluorescence
quantum yield. To investigate the chemical nature of the chromophore and the possible role of chromophore
isomerization in the kindling phenomenon, we determined the crystal structure of the “kindling fluorescent
protein” asFP595-A143G (KFP) in the dark-adapted state at 1.38 Å resolution and 100 K. The chromophore,
derived from the Met63-Tyr64-Gly65 tripeptide, closely resembles that of the nonfluorescent chromoprotein
Rtms5 in that the configuration is trans about the methylene bridge and there is substantial distortion
from planarity. Unlike in Rtms5, in the native protein the polypeptide backbone is cleaved between Cys62
and Met63. The size and shape of the chromophore pocket suggest that the cis isomer of the chromophore
could also be accommodated. Within the pocket, partially disordered His197 displays two conformations,
which may constitute a binary switch that stabilizes different chromophore configurations. The energy
barrier for thermal relaxation was found by Arrhenius plot analysis to be∼71 kJ/mol, somewhat higher
than the value of∼55 kJ/mol observed for cis-trans isomerization of a model chromophore in solution.

The use of green fluorescent protein (GFP) fromAequorea
Victoria and its red-shifted cousins as passive labels for
protein localization and gene expression has revolutionized
cell biology. The key properties are the autocatalytic forma-
tion of the chromophore, high molecular stability, and
efficient, apparently steady-state fluorescence. However,
when examined at extreme dilution, these proteins display
complex photophysical behavior that belies such simple
appearances. Aside from photobleaching, single-molecule
techniques (among other methods) have revealed emission
intensity variations, on-off blinking, and photoreversible
switching between light and dark states at time scales ranging
from microseconds to hours (1-7). This behavior has been
attributed to diverse processes such as dynamic fluctuations
in the protein matrix (1, 8), transient changes in chromophore
protonation states (2-4, 6), and different thermally equili-

brated or photoisomerizable ground states (7, 9, 10). For a
recent review, see ref11.

The reversible transitions between fluorescent and dark
states are of broad interest, as these properties may eventually
find use in single-bit information storage in macromolecules
or as active labels in biological systems. The photophysical
basis for such behavior is at present unknown, but it has
been observed in many fluorescent proteins. For example,
Dickson et al. (2) reported that single molecules of yellow-
emitting GFP mutants (S65G/S72A/T203F/Y) become semi-
permanently dark after emission of∼106 photons. Emission
could be restored by irradiation at 405 nm. They postulated
a dark state corresponding to a neutral form of the chro-
mophore that may be stabilized by an alternative hydrogen
bond pattern. While the structural details for the transition
have not been established, it is attractive to hypothesize that
the light and dark states are related by cis-trans isomeriza-
tion of the chromophore. In GFP, the chromophore config-
uration is cis and is found to be deeply embedded within
the rigid environment of an 11-strandâ-barrel. As this rigid
shell is generally held to be responsible for the high quantum
yield of fluorescence, it is difficult to envision how cis-
trans isomerization might be accommodated.

Ground-state isomerization for model compound 4-hy-
droxybenzylidene-1,2-dimethylimidazolinone (HBDI) was
investigated in solution by He et al. for different protonation
states (12; Scheme 1).
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These authors reported experimental free energy differ-
ences for cis-trans isomerization of 8.8 and 9.6 kJ/mol for
the neutral and anionic forms of HBDI, respectively. The
trans planar configuration is disfavored by steric clashes
between the aromatic Cδ2-H and the imidazolinone oxygen.
The activation energy barrier for isomerization was found
to be 54.8 kJ/mol in each case, substantially lower than that
predicted on theoretical grounds. The energy of visible
photons is more than sufficient to effect these transitions.
While the biological significance of light-dark transitions
in GFP is unclear, light-driven isomerization of a closely
related chromophore forms the basis for the activity of the
blue light photoreceptor photoactive yellow protein (PYP)
(briefly reviewed in ref13). Several groups have visualized
intermediates in the PYP photocycle by time-resolved
crystallography (e.g., see refs14-16), revealing complex
adjustments on the part of the chromophore and surrounding
side chains.

Among the GFP family proteins, there are both strongly
fluorescent proteins [e.g., DsRed fromDiscosomasp. (17)
or eqFP611 fromEntacmaea quadricolor(18)] and non-
fluorescent proteins with a blue or purple appearance [e.g.,
asFP595 fromAnemonia sulcata(19) or Rtms5 (20)]. The
crystal structures of several of these proteins have been
determined, revealing both cis [DsRed (21, 22)] and trans
[eqFP611 (23) and Rtms5 (20)] chromophore configurations.
Therefore, cis-trans isomerization per se cannot be solely
responsible for light-dark transitions in general. In the
chromoprotein Rtms5, the chromophore not only has the
trans configuration but also is significantly nonplanar as well
(24), suggesting that some combination of these properties
may be paramount in determining the emissive state.

asFP595 is a nonfluorescent member of a family of GFP-
like proteins isolated from Anthozoa (see reviews in refs17,
25, and 26), in this case from the tentacles of the Medi-
terranean sea anemoneA. sulcata(19). When this protein is
subjected to sufficiently intense illumination near its absor-
bance maximum (λabs

max ) 568 nm), it undergoes a remark-
able transition, termed “kindling”, to a long-lived fluorescent
state (λem

max ) 595 nm). This kindling property can be
enhanced by the A143G point mutation (27), giving rise to
a variant hereafter termed “kindling fluorescent protein”
(KFP).1 In the dark recovery phase, the brightly fluorescent
kindled state of KFP relaxes thermally with a time constant
of ∼100 s at room temperature, or can instantly be reverted
upon illumination at∼450 nm. In the kindled state, the
absorbance spectrum shows an increase at 450 nm and a
decrease at 568 nm, suggesting that in the light-activated
state, a change in the chromophore environment favors the

protonated neutral chromophore. Locations of mutations
(including A143G) on a hypothetical model of KFP led to
the suggestion that they could influence the ease of cis-
trans isomerization (28).

The high-resolution crystallographic studies of the dark-
adapted state of KFP reveal, as in the case of Rtms5 (24), a
significantly nonplanar chromophore in the trans configu-
ration. Additionally, the model supports the hypothesis that
cis-trans isomerization is at least indirectly responsible for
the kindling phenomenon. The crystal structure confirms the
presence of a break in the polypeptide backbone within the
native protein immediately adjacent to the chromophore, as
previously proposed (29, 30). The results are discussed in
the context of recent studies on other members of this
intriguing family of proteins. Taken together, these consid-
erations lead to a proposal regarding the nature of the
kindling transition and an explanation for the slow return to
the nonfluorescent ground state.

MATERIALS AND METHODS

Protein Expression and Purification.KFP was overex-
pressed inEscherichia colistrain JM109 DE-3 using the
pQE-30 vector (Clontech), which also encodes an amino-
terminal six-histidine tag. Cells were grown at 37°C in a
fermenter containing 4 L of LB with 100 mg/L ampicillin
to anA600 of 0.6. Protein expression was induced with 0.5
mM IPTG overnight at 20°C. The cells were disrupted using
a French press at 10K psi. Purification was achieved using
Ni-NTA agarose (Qiagen) chromatography with a gradient
from 100 to 300 mM imidazole. Purified KFP was dialyzed
into 50 mM HEPES (pH 7.9), 0.3 M NaCl, and 1 mM
â-mercaptoethanol, and then concentrated to anA280 of 47.0
using centrifugal filters with a molecular mass cutoff of 30
kDa (Millipore).

Arrhenius Plot Analysis.The activation energy barrier for
thermal relaxation of the light-induced fluorescent state was
estimated by Arrhenius plot analysis, both in single crystals
of KFP and in solution. The experimental setup consisted
of a microspectrophotometer (4DX Systems, Uppsala, Swe-
den) using a weak incandescent white light source as a probe
and a 2 mW543.5 nm unfocused HeNe laser as an excitation
source. For the solution studies,∼2 mm3 samples of purified
KFP (A280 ) 0.2 for a path length of 1 mm) were placed
into a 1 mm diameter capillary tube sealed with paratone
oil. The temperature was measured at the sample using a
type T thermocouple microprobe sealed into the tube and
held at desired values using a dry air-stream cooler (FTS
Systems, Stone Ridge, NY). The laser did not induce
significant heating of the sample. After activation by the
HeNe laser for 2 min, absorbance spectra (400-800 nm)
were collected at 1-10 s intervals depending on temperature.
The absorbance at 568 nm was extracted by Gaussian
decomposition. Single-exponential curve fitting of the re-
laxation time course permitted the relaxation rate constant
as a function of temperature to be determined.

Crystallization and Data Collection.Crystals were grown
by hanging-drop vapor diffusion using a well solution
consisting of 26% PEG 1550, 0.14 M sodium citrate, and
0.1 M Tris (pH 9.5). Drops containing 3µL of concentrated
protein and 3µL of well solution were equilibrated with 1
mL of well solution at room temperature. Crystals appeared

1 Abbreviations: KFP, kindling fluorescent protein; BME,â-mer-
captoethanol; rms, root-mean-square; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.
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in 3-5 days and continued to grow to a size of 0.3-0.5
mm in 3-4 weeks. For data collection, crystals were
equilibrated briefly in well solution, passed through paratone
(Chevron), and then flash-frozen in a nitrogen cold stream
at 100 K. A preliminary 1.9 Å data set was collected on an
RAXIS-IV detector (MSC) using a rotating-anode source.
Diffraction data to 1.38 Å were measured subsequently on
beamline 14 BM-C at the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL) using a Quantum 4
detector (ADSC). Three hundred sixty images were collected
with an oscillation range of 0.5°, a detector distance of 120
mm, and an exposure time of 3 s. The images were processed
using theHKL2000suite (HKL Research).

Structure Determination and Refinement. The structure of
KFP was determined by molecular replacement against the
1.9 Å data set usingEPMR(31). The search model consisted
of a polyalanine skeleton derived from the coordinates of
the related protein DsRed (PDB entry 1G7K) (21). The
preliminary model was refined against the 1.38 Å data set
using torsion angle simulated annealing withCNS(32) at a
resolution of 2.0 Å, followed by conjugate direction mini-
mization withTNT (33) to a resolution of 1.6 Å. The final
rounds of refinement were carried out withSHELXL(34) to
permit inclusion of all data to the diffraction limit of 1.38 Å
with 5% of the data excluded to permit analysis ofRfree. This
also facilitated refinement of anisotropic displacement pa-
rameters, modeling of disordered residues, and addition of
riding hydrogen atoms. During the final refinement cycles,
no restraints other than bond distances were applied to the
chromophore. Between cycles of refinement, the model was
rebuilt usingO (35).

Modeling of KFP Mutants.To understand the effects of
the A143S and S158V mutants on the chromophore environ-
ment, the structures of these mutants were modeled using
the crystal structure of KFP. For the A143S mutant, the serine
side chain at position 143 was modeled in the most probable
conformation (ø1 ) 62°), a conformation that is similar to
that adopted by the side chain of Ser146 in DsRed (ø1 )
74°). Modeling the serine side chain in this position,
however, introduced a close contact (1.3 Å) with the
imidazole side chain of His197. To prevent this collision,
His197 was modeled in the lower-occupancy conformation
observed in the crystal structure. To model the structure of
the S158V mutant, substitutions were made at two sites. First,
to revert the structure of KFP (the A143G mutant of
asFP595) to that of wild-type asFP595, Câ from the side
chain of Ser143 (as modeled above) was used as the side
chain of Ala143. Again, as in the case of the A143V mutant,
a close contact with the side chain of His197 was avoided
by modeling this side chain in the lower-occupancy confor-
mation. Second, the side chain at position 158 was modeled
as the most probable rotamer, for whichø1 ) 174°. This
conformation is similar to that of Ile161 in DsRed, with the
Cγ atoms directed away from the chromophore.

Analysis of Chromophore Planarity.To analyze the
distortions from planarity of the chromophores observed in
the structures of GFP homologues, least-squares (“best”)
planes were calculated for the imidazolinone (including
atoms CR2, C2, N2, C1, N3, O2, CR1, CR3, and Câ2) and
p-hydroxybenzyl (including atoms Câ2, Cγ2, Cδ1, Cδ2, Cε1,
Cε2, Cú, and Oη) moieties usingGFPLANE(M. L. Quillin,
unpublished program). In addition to the determination of

an overall dihedral angle, the relative orientation of the two
planes was characterized further by calculating two ortho-
gonal components. The first component, tilt, is defined as
the sum of the angles between each plane and the line
through the centers of mass of the atoms within each ring
system. The second component, twist, is the dihedral angle
formed by the planes containing the line through the centers
of mass and perpendicular to the least-squares plane of each
ring system.

Modeling of AlternatiVe Coplanar Chromophore Confor-
mations.We investigated the potential effects of the protein
environment on coplanar chromophore configurations. An
idealized starting model based on the crystallographic
coordinates was obtained using the following protocol, as
implemented inGFPLANE. First, the coordinates for each
of the atoms that comprise the respective planes were
projected onto the best plane, producing a flattened chro-
mophore structure. The Câ2 atom, which serves as a pivot
for both planes, was projected onto the line formed by the
intersection of the two planes. In proteins with very small
angles between planes (GFP and DsRed), the original
coordinates for the Câ2 atom were retained to prevent large
positional shifts resulting from uncertainty in the line of
intersection. To obtain idealized cis conformations for each
protein, theφ1 andφ2 torsion angles that describe the relative
orientation of the planes (Figure 1) were fixed at 0°. For the
trans conformation, theφ1 andφ2 angles were fixed at 180°
and 0°, respectively.

Calculation of CaVity Surfaces and Volumes.Cavity
calculations were performed withMSP (36) using default
atomic radii and a probe radius of 1.4 Å. For display
purposes, the output file containing polyhedral data was
converted into a format that could be interpreted byMOL-
SCRIPT(37).

RESULTS

Arrhenius Plot Analysis.The thermally activated decay
of the fluorescent state was monitored by the increase in
absorbance at 568 nm, following sample activation by 543.5
nm laser illumination. At temperatures above 15°C, the
decay could be accurately fit by a single exponential, but
below that temperature, the decay was biphasic (data not
shown). Although the decay at lower temperatures could be
accurately modeled, the amplitudes and time constants of
the two components differed by factors of only 2-3 and so
were not well determined by the fitting process. Conse-

FIGURE 1: Schematic diagram of chromophore stereochemistry. The
chromophore is shown in the trans configuration. Bond angles are
shown as black arrows; torsion angles are shown as white arrows,
and contact distances are shown as dotted lines. See Table 3 for a
description of each angle.
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quently, single-exponential fits were used to estimate the
first-order rate constants as a function of temperature. The
results are satisfactory and are displayed as an Arrhenius
plot (Figure 2). From this analysis, the energy barrier for
thermal relaxation from the fluorescent state to the nonfluo-
rescent ground state was estimated to be 71 kJ/mol, which
is somewhat higher than the values of∼55 kJ/mol reported
for cis-trans isomerization of a model chromophore in
solution (12). However, if cis-trans isomerization is occur-
ring within the protein, the higher value is likely due to
interactions with or rearrangements of the surrounding
protein.

Determination of the Structure of KFP.Crystals of KFP
grow in space groupC2221 with the following unit cell
dimensions:a ) 76.52 Å,b ) 125.46 Å, andc ) 92.75 Å.
Although these crystals clearly diffract to higher resolution
as shown by the lowRmergeand high signal-to-noise ratio in
the highest-resolution shell (Table 1), the detector configu-
ration limited the resolution to 1.38 Å. The resulting data
set was very complete with a greater than 7-fold redundancy.
A preliminary model of KFP was obtained by molecular
replacement using the structure of the homologous protein
DsRed [PDB entry 1G7K (21)] as the search model. Initial
refinement of this model inTNTgave anR-factor of 20.8%
to 1.6 Å resolution. Further refinement to 1.38 Å resolution
using SHELXLgave values of 22.6 and 26.6% forR and
Rfree, respectively, before anisotropicB-factor refinement.
Incorporation of anisotropicB-factors into the model gave
R values of 15.1 and 20.3% for the working and test sets,
respectively. Addition of riding hydrogen atoms gave an
R-factor of 13.9% and anRfree of 19.1%. Further refinement
after combining working and test sets gave a final model
with an R-factor of 14.0% with acceptable deviations from
ideal stereochemistry (Table 1). Ramachandran analysis of
main chain dihedral angles using PROCHECK (38) shows
that, of the 372 non-proline, non-glycine residues observed
in the structure, 339 (91.1%) are in most favored regions,
32 (8.6%) are in additional allowed regions, and only one
(Asp151 of chain A) is in a disallowed region.

Description of the OVerall Structure of KFP.As expected
from the high degree of sequence homology (Supporting
Information Figure S1), the overall fold of KFP closely

resembles that of GFP and related proteins (Table 2). Even
though the structure of DsRed proved to be sufficiently
similar to serve as a search model for molecular replacement,
KFP is most similar to the red fluorescent protein eqFP611,
both in sequence and in structure. The tertiary structure of
KFP consists of an 11-strandâ-barrel with a centralR-helix
parallel to the barrel axis, commonly called a “â-can” fold
(39). The two protomers in the asymmetric unit are related
to the remaining protomers in the intact tetramer by a

FIGURE 2: Arrhenius plot analysis for thermally driven relaxation
from the activated fluorescent state of KFP to the nonfluorescent
ground state. Open circles denote individual determinations of the
relaxation rate constant at a given temperature (at least three per
measurement).

Table 1: Crystallographic Statistics for KFP

data collection
space group C2221

unit cell dimensions (Å) a ) 76.52,b ) 125.46,c ) 92.75
no. of observations

total 653351
unique 89428

resolution (Å) 50.00-1.38 (1.43-1.38)a

completeness (%) 97.5 (97.9)a

I/σ(I) 49.1 (8.4)a

Rmerge(%) 4.4 (16.6)a

refinement
no. of non-hydrogen atoms

protein 3728
chromophore 46
â-mercaptoethanol 28
water 463

R-factor (%)b

working 13.9 (84670)
test 19.1 (4745)
final 14.0 (89415)

rms deviations from target valuesc

bond lengths (Å) 0.012 (3941)
bond angles (Å) 0.031 (5276)
zero chiral volumes (Å3) 0.070 (583)
non-zero chiral volumes (Å3) 0.076 (558)
planarity (Å) 0.424 (1258)
antibumping distances (Å) 0.024 (209)
through-bond ADPs (Å2) 0.004 (9253)
through-space ADPs (Å2) 0.035 (24732)
isotropic ADPs for solvent (Å2) 0.090 (2778)

a Numbers in parentheses correspond to values for the highest-
resolution shell.b Numbers in parentheses are the numbers of reflections
within each set.c Numbers in parentheses are the numbers of occur-
rences of each type of restraint.

Table 2: Structural and Sequence Similarity among GFP
Homologues

Sequence Similarity (%)a

GFP DsRed Rtms5 eqFP611 KFP

GFP - 26.7/50.2 28.4/50.0 25.0/46.9 23.1/43.1
DsRed - 63.1/74.7 51.2/69.1 46.1/62.7
Rtms5 - 28.4/50.0 46.8/64.7
eqFP611 - 58.9/71.9
KFP -

Structural Similarity (Å)b

GFP DsRed Rtms5 eqFP611 KFP

GFP -(225) 1.33 (208) 1.50 (211) 1.50 (212) 1.47 (209)
DsRed -(217) 0.62 (217) 0.82 (217) 0.94 (214)
Rtms5 -(218) 0.91 (218) 0.93 (214)
eqFP611 -(224) 0.69 (217)
KFP -(224)

a Sequences were aligned using the Needleman-Wunsch algorithm
as implemented in LSQMAN (55). Values before and after the slash
are percent identity and percent similarity, respectively.b For each pair
of structures,R-carbon atoms in chain A were structurally aligned using
LSQMAN (55). The values correspond to rms deviations inR-carbon
position (angstroms). The numbers in parentheses are the numbers of
matched residues (total number of residues along the diagonal).

Structure of Dark-State KFP Biochemistry, Vol. 44, No. 15, 20055777



crystallographic 2-fold axis parallel to they-axis. Although
both protomers are very similar (rmsd of 0.29 Å for residues
6-232), large differences can be seen near the amino
terminus. In the first molecule (designated chain A), the
amino terminus is disordered prior to residue 4, while in the
second molecule (chain B), all amino-terminal residues in
the native protein as well as four residues in the polyhistidine
tag are clearly resolved. Residues 206 and 207 are completely
disordered in both protomers. In contrast, the carboxy-
terminal residues are well-ordered in both chains due to the
formation of a salt bridge between the carboxyl terminus
and Arg198 of an adjacent monomer. Sevenâ-mercapto-
ethanol molecules and 463 water molecules were modeled
in the structure. The BME molecules form disulfide bonds
with the side chains of cysteines 114, 164, and 222 in each
protomer in the asymmetric unit, as well as Cys210 of chain
B.

Alternate Conformations for Discretely Disordered Side
Chains.Electron density maps clearly indicated the presence
of alternate conformations for 41 side chains [including 12
found in both chains (Met9, Thr13, Glu16, Glu47, Lys71,
Thr95, Ile121, Thr144, Arg155, Lys181, His197, and Tyr211),
10 of which are only in chain A (Thr14, Lys25, Asn33,
Glu36, Glu40, Lys42, Lys120, Lys188, Glu195, and Glu215)
and seven of which are only in chain B (His22, Glu44,
Glu97, Ser109, Lys118, Val150, and Asp223)].

Two of the disordered side chains, His197 and presumed
catalytic Glu215, are highly conserved and are located near
the chromophore (Figure 3). His197 is found in two discrete
conformations (Figure 4). The predominant conformation

exhibits side chain dihedral anglesø1 of 57° and 59° andø2

of 88° and 87° in chains A and B, respectively, while the
minor conformation has dihedral anglesø1 of -4° and-59°
andø2 of 57° and-106°, respectively, for these chains. The
larger variability in dihedral angles for the minor conforma-
tion is presumably due to greater positional uncertainty of
the lower-occupancy conformation. When the sum of the
occupancies of these conformations is constrained to be unity,
the relative occupancies are 0.86 and 0.14 in chain A and
0.61 and 0.39 in chain B. The unconstrained occupancies
refined to values of 0.73 and 0.14 in chain A and 0.60 and
0.32 in chain B. In both molecules in the asymmetric unit,
two water molecules form close contacts with the minor
conformation and are presumably present only when the
His197 side chain adopts the major conformation. Although
it is likely that water molecules are similarly excluded by
the major conformation, they might not be observed due to
their low occupancy. The side chain of Glu215 is signifi-
cantly disordered only in the structure of chain A, with
relative proportions of 0.68 and 0.32 for the two modeled
conformations (unconstrained occupancy values were 0.73
and 0.32, respectively). The predominant conformation
differs from the lesser by 123° in ø3 (142° vs 19°), with
changes of only 20° in ø2 (163° vs -177°) and 10° in ø1

(179° vs -171°). The conformation of Glu215 in chain B is
nearly identical to that observed for the major conformation
in chain A, with the following side chain dihedral angles:
ø1 ) -174°, ø2 ) 170°, andø3 ) 133°. It is not clear why
the side chain of Glu215 appears to be disordered only in
one chain, but it may be related to the degree of disorder

FIGURE 3: Schematic diagram of the structure and environment of the KFP chromophore. The chromophore as well as the names of
conserved residues is shown in bold. Minor conformations of His197 and Glu215 are shown in gray. Water molecules are represented by
the letter W. Hydrogen bonds are shown as dashed lines with numbers indicating the distance in angstroms.
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present at position 197. Because of their proximity to the
chromophore, the conformational heterogeneity observed at
His197 and Glu215 may be central to the light-driven
changes in chromophore structure proposed herein (see the
Discussion).

Structure and EnVironment of the KFP Chromophore.As
might be expected from its deeply buried location, the
chromophore in KFP makes extensive contacts with neigh-
boring residues (Figure 3). Its trans, nonplanar configuration
is extremely well defined by the electron density map (Figure
5A). Most of the 45 contacts (defined as atoms within 3.5
Å of the chromophore) are with thep-hydroxybenzyl and
imidazolinone ring systems (16 and 17 contacts, respec-
tively), with the remaining contacts involving chromophore
atoms derived from either the methionine (eight contacts)
or glycine (five contacts) residues (Supporting Information
Table S1). Because of the many polar substituents on the
chromophore, it forms the nucleus of an extended network
of hydrogen bonds within the core of KFP. The phenolic
oxygen of thep-hydroxybenzyl moiety hydrogen bonds to
the side chain hydroxyl of Ser158 and to a nearby water
molecule. This water molecule interacts in turn with the side
chains of Thr176 and Glu145. Ser158 also accepts a
hydrogen bond from a water molecule that is hydrogen
bonded to the main chain carbonyl of Leu159 and the major
conformation of the His197 side chain. One of the carboxyl
oxygens from the side chain of Glu215 interacts through a
water molecule with Lys67, while the other forms a hydrogen
bond with a nitrogen atom in the imidazolinone ring. Another
water-mediated interaction joins the main chain carbonyl
oxygens of Ser61 and Gly65. The side chains of aromatic
residues Tyr178 and Trp90 make hydrogen bonds to the side

chains of Arg92 and Glu145, and to the carbonyl oxygen of
Gly65, respectively. Despite the relative abundance of
positively (Arg92 and Lys67) and negatively (Glu145 and
Glu215) charged residues, there is only one salt bridge near
the chromophore, involving Lys67 and Glu145. The second
positively charged residue, Arg92, interacts with the imida-
zolinone oxygen and the hydroxyl oxygens of Thr174 and
Tyr178, all of which are uncharged. Finally, the chromophore
carbonyl and the amide of Cys62 that are the remnants of
the hydrolyzed acylimine form a hydrogen bond in the
mature protein.

Main Chain Fragmentation in KFP.One of the chief
differences between the chromophore structure as observed
in KFP and in related proteins is the presence of a main
chain break immediately preceding the chromophore. Samples
of KFP used for crystallization exhibited greater than 90%
cleavage as determined by SDS-PAGE (data not shown),
confirming previous reports of chain fragmentation in KFP
(29, 30). Furthermore, absorbance spectra of purified KFP
show no evidence for partial maturation, such as a green-
emitting GFP-like chromophore. In agreement with these
results, electron density maps revealed no significant density
for the main chain between Cys62 and Met63, the first amino
acid in the chromophore triplet (Figure 5B). We assume that
the fragmentation can be attributed to hydrolysis of an
acylimine moiety that forms during chromophore maturation,
as in other reef GFPs [e.g., DsRed (40)] upon harsh treatment
such as boiling. In modeling the chromophore structure, it
was assumed that hydrolysis generates a carboxamide group
on Cys62 and a carbonyl on the CR1 atom of Met63 of the
chromophore (see Figure 3), although even at 1.38 Å
resolution, nitrogen and oxygen atoms cannot be distin-

FIGURE 4: Stereo images of the electron density surrounding the alternate conformations of His197 in both molecules in the asymmetric
unit, designated chains A and B. The omit map calculated after removal of atoms of the histidine side chain is contoured at 2.5σ. The side
chain of His197 is colored cyan, while the chromophore is colored magenta. Water molecules that are mutually exclusive from either
conformation are colored pale red. This figure was created using BOBSCRIPT (57) and RASTER3D (58).
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guished unambiguously. The presumptive amide nitrogen
does appear to form a hydrogen bond with the O1 atom of
the chromophore. Similarly, the carbonyl oxygen appears to
form a hydrogen bond with the side chain hydroxyl of Thr13.

Chromophore Conformation.In the ideal case, the double
bond present between the imidazolinone andp-hydroxy-
benzyl rings (Figure 1) requires that the chromophore adopt
a conformation that is either cis or trans. GFP homologues
with cis chromophores include GFP and DsRed, while those
with trans isomers include Rtms5, eqFP611, and KFP. In
the trans conformation, there is an internal collision between
the O2 and Cδ2-H atoms of the chromophore (Figure 1) that
results in distortions of the chromophore geometry from ideal
bond lengths and angles. One such distortion is an increase
in the bond angles that sequentially connect these atoms
(Table 3A). The most significant changes occur between the
C2-CR2-Câ2 (θ2) and CR2-Câ2-Cγ2 (θ3) angles, with
average increases of 12° and 4°, respectively. These changes,
combined with smaller increases in the remaining angles,
give rise to an overall increase of 20° in the bond angles
joining the O2 and Cδ2 atoms in the trans compared to the
cis conformation. When comparing cis and trans chro-
mophores, one might expect to find similar distortions in
the torsion angles that relate the O2 and Cδ2 atomic
positions; however, no clear trends in these angles were
observed (Table 3A). In the cis chromophore found in DsRed
(21), both torsion angles are small, reflecting the coplanarity

of the ring systems. In contrast, the angles observed in the
cis chromophore present in GFP (41) are much larger despite
the absence of an internal steric clash. Similarly, the torsion
angles observed among chromophores in the trans conforma-
tion exhibit considerable variability. For eqFP611 and KFP,
values ofø1 are approximately 10° out of plane, in contrast
to the 40° deviation seen in Rtms5. Values forø2 are around
5° in eqFP611 with 2- and 3-fold greater values observed in
Rtms5 and KFP, respectively. Given the large variability in
torsion angles among structures with either geometric isomer,
the close contact present in the trans planar conformation
does not appear to affect these angles in a consistent manner.

Chromophore Planarity.A simple measure of chro-
mophore planarity can be obtained by determining the
dihedral angles between the least-squares planes of the
imidazolinone andp-hydroxybenzyl rings. In proteins with
cis chromophores, the ring systems that comprise the
chromophore are in general more coplanar than in proteins
with trans chromophores (Figure 6 and Table 3B). In the
DsRed tetramer (21), for instance, all four chromophores
have dihedral angles (and consequently, tilt and twist angles)
of less than 1°. Similarly, in GFP (41) the dihedral angle
between the ring systems is nearly 4°, due almost entirely
to a tilting of the planes. In contrast, the dihedral angles of
chromophores in the trans conformation are much less
coplanar (Table 3B). The first prominent example of non-
planarity was seen in Rtms5 (24), which has an overall

FIGURE 5: Stereo images of the omit electron density map surrounding the KFP chromophore. (A) Views perpendicular (top) and parallel
(bottom) to the approximate plane of the chromophore. (B) Close-up of the chain break (dotted line). The omit map calculated after removal
of chromophore and main chain atoms near the chain break is contoured at 4σ in panel A and at 3σ in panel B. This figure was created
using BOBSCRIPT (57) and RASTER3D (58).
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dihedral angle of 35° and correspondingly large tilt and twist
components. Likewise, the KFP chromophore has large
dihedral angles, with values of 20° in both protomers in the
asymmetric unit. While the magnitude and direction of the
tilt component are similar in both KFP and Rtms5, the
magnitude of the twist component is much larger in Rtms5
than in KFP (31° vs 4°, respectively). Because a large tilt
component is coupled with a small twist component in KFP,
the chromophore in this structure appears to be bowed along
its long axis (Figure 5A). Interestingly, the structure of
fluorescent eqFP611 (23) provides an important exception
to the trend in dihedral angles seen in trans chromophores.
The overall dihedral angle in this protein is 4°, a value much
closer to those seen among the cis homologues. eqFP611 is
the only known example of a fluorescent protein with a trans
chromophore conformation, leading us to suggest that it is
the degree of planarity rather than the geometric isomer that
determines the fluorescent properties.

Volume of the Chromophore CaVity. In all GFP homo-
logues whose crystal structures have been determined thus
far, thep-hydroxybenzyl ring of the chromophore is enclosed
in a relatively large, partially hydrated cavity. To determine
the volume available for possible cis-trans isomerization,
cavity volumes were calculated after omission of thep-
hydroxybenzyl group (Table 4). The resulting cavities have
volumes ranging from 120 to 180 Å3 (for comparison, a water
molecule has a volume of 21 Å3 and thep-hydroxybenzyl
ring has a volume of 110 Å3). In KFP, the disordered

Table 3: Chromophore Geometry in KFP and Other GFP Homologues

(A) Angles

bond angles (deg)a torsion angles (deg)b

structure chain θ1 θ2 θ3 θ4 ∑(θ) dCδ2-O2 ø1 ø2

Proteins with Cis Chromophores
GFP - 125 125 127 117 493 - -13 18
DsRed a 131 120 134 124 509 - 4 0

b 132 119 137 123 511 - -2 1
c 131 119 136 124 510 - -1 1
d 132 120 136 124 511 - -1 2

Proteins with Trans Chromophores
Rtms5 - 130 130 139 121 520 3.3 -137 -11
eqFP611 a 130 133 138 128 529 3.2 -173 -4

b 130 133 138 128 529 3.2 -173 -5
KFP a 136 133 141 116 526 3.1 -171 -17

b 138 132 134 125 529 3.1 -172 -15

(B) Planes

structure chain dihedral angle (deg)c twist tiltd

Proteins with Cis Chromophores
GFP - 3.7 0.0 -3.7
DsRed a 0.6 -0.5 -0.4

b 0.3 -0.3 0.2
c 0.1 -0.1 0.1
d 0.7 -0.7 0.0

Proteins with Trans Chromophores
Rtms5 - 35.1 -30.7 -17.4
eqFP611 a 4.4 -2.5 -3.6

b 4.3 -1.7 -3.9
KFP a 19.6 -5.1 -18.9

b 20.2 -6.1 -19.2
a The atoms that form each bond angle are as follows:θ1, O2-C2-CR2; θ2, C2-CR2-Câ2; θ3, CR2-Câ2-Cγ2; θ4, Câ2-Cγ2-Cδ2. ∑(θ)

is the sum of all bond angles. See Figure 1.b The atoms that form each torsion angle are as follows:ø1, C2-CR2-Câ2-Cγ2; ø2, CR2-Câ2-
Cγ2-Cδ2. See Figure 1.c The overall dihedral angle is the angle between the planes of the imidazolinone (defined by atoms CR2, C2, N2, C1, N3,
O2, CR1, CR3, and Câ2) andp-hydroxybenzyl (defined by atoms Câ2, Cγ2, Cδ1, Cδ2, Cε1, Cε2, Cú, and Oη) moieties.d These angles are
orthogonal components of the overall dihedral angle as described in the text.

FIGURE 6: Overlay of chromophore structures found in GFP
homologues. The chromophores included in the comparison are
from GFP (green; PDB entry 1EMA), DsRed (red; PDB entry
1G7K), eqFP611 (magenta; PDB entry 1UIS), Rtms5 (gray; PDB
entry 1MOU), and KFP (purple). The structures were superposed
using nine atoms within and adjacent to the imidazolinone ring.
This figure was created using MOLSCRIPT (37) and RASTER3D
(58).
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conformers of His197 and Glu215 form part of the cavity
wall. Because each side chain was modeled with two
conformations, there are four possible combinations of cavity
volumes. The observed volumes (Table 4) suggest that
variability in the conformation of Glu215 does not substan-
tially affect the volume of the cavity in KFP. However, the
conformation chosen for the side chain of His197 has a
dramatic effect on the volume accessible to the chromophore.
With His197 in the predominant conformation, the volume
of the cavity is approximately 120 Å3 while the minor
conformation gives a volume of 155 Å3 (Figure 7). Although
slight rearrangements of the chromophore and surrounding
side chains might be necessary, it appears that the cis form
of the chromophore could be readily accommodated within
this cavity.

DISCUSSION

Chromophore Structure.As in all chromoproteins in the
GFP family, KFP undergoes an autocatalytic cyclization
reaction involving three residues (Met-Tyr-Gly) in the central
R-helix followed by oxidation to form the mature chro-
mophore. In red-emitting proteins such as DsRed, a second
oxidation step follows the cyclization/oxidation reaction to
generate an acylimine bond between theR-carbon and
nitrogen of the first residue of the chromophore tripeptide
(40, 42). We assume that this reaction occurs in KFP as well,
but in this case, the acylimine bond is subsequently cleaved,
producing a break in the main chain immediately preceding
the chromophore (29, 30; see below). Zagranichny et al. have
studied chromopeptides isolated from KFP and, on the basis
of NMR and spectroscopic studies, have proposed that the
cleavage reaction results in an N-unsubstituted ketimine
instead of a carbonyl oxygen on the chromophore (30).
However, no direct evidence for the existence of the ketimine
in either the intact protein or the isolated peptides was
presented. We chose to model the chromophore as resulting
from hydrolysis of an acylimine linkage, which would most
likely result in a carboxamide terminus on Cys62 and a
carbonyl oxygen on the chromophore (Figure 3). In the
following paper (43), the complete synthesis of 2-acetyl-4-
(p-hydroxybenzylidene)-1-methyl-5-imidazolone, the pro-
posed chromogenic core of KFP, is presented. As described
therein, the absorbance and fluorescence emission spectra
of this compound in dimethylformamide solution closely
match those of KFP, which argues that this compound
accurately represents the chromophore state within intact
KFP. As noted in that paper, the free chromophore in solution

is approximately one order of magnitude more fluorescent
than the bound state within the protein. This suggests that
the protein shell induces a conformation that favors non-
radiative energy dissipation.

Structural Basis for Fluorescent BehaVior. There are three
distinctive features of the KFP chromophore that may give
rise to the observed lack of fluorescence and the unique
kindling behavior. First, the chromophore in KFP adopts a
trans conformation about the bond between the imidazolinone
andp-hydroxybenzyl moieties. Second, the chromophore is
detached at one end from the polypeptide backbone as a
result of the main chain cleavage. Third, the chromophore
configuration is substantially distorted from planarity. Draw-
ing from the literature, one can arrive at some tentative
conclusions about the relative importance of these observa-
tions and their possible consequences.

(1) Stabilization of the Trans Isomer. On the basis of small-
molecule crystal structures (44, 45), quantum mechanical
calculations (46), and recent NMR results (12), the preferred
conformation of the chromophore is thought to be planar
with thep-hydroxybenzyl group in the cis conformation. This
preference for the cis over the trans isomer can be attributed

Table 4: Volumes of Cavities Enclosing thep-Hydroxybenzyl Ring
in GFP Homologues

protein cavity volume (Å3)

DsRed 151
Rmts5 140
Rtms5 H146S mutant 153
eqFP611 169
KFP (197a, 215a)a 118
KFP (197a, 215b)a 118
KFP (197b, 215a)a 156
KFP (197b, 215b)a 153
KFP A148S mutant (modeled) 164
KFP S158V mutant (modeled) 178

a The a and b designations refer to the major and minor conforma-
tions of the disordered side chains, respectively.

FIGURE 7: Cavity occupied by thep-hydroxybenzyl moiety in KFP.
Cavities were calculated with the disordered side chain of His197
(shown in pale colors) in either the major (A) or minor (B)
conformation. In Figures 7-9, the observed conformations of the
chromophore are depicted in magenta, while the canonical cis
(worst-case model) and trans isomers are colored yellow and cyan,
respectively. Figures 7-9 were created using MSP (36),
MOLSCRIPT (37), and RASTER3D (58).
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to a steric collision between the O2 and Cδ2-H atoms in the
trans form (Figure 1). Although in solution the cis conforma-
tion predominates, the energetic difference between geo-
metric isomers of the chromophore is small [3.3-9.6 kJ/
mol (12)], so interactions with the local protein environment
could lead to preferential stabilization of either conformation.
Among native GFP homologues, the trans isomer has been
observed in only Rtms5 (24) and eqFP611 (23) and, as
described here, KFP. As pointed out previously, both cis and
trans configurations can give rise to strongly fluorescent
proteins.

We investigated the structural basis for the selective
stabilization of the trans isomer in KFP by modeling the KFP
chromophore in the cis configuration. In the worst-case (and
very unlikely) scenario, this is accomplished by a 180°
change in the torsion angle associated with the bridging
double bond, holding the five-membered ring fixed. Of
course, cis-trans isomerization could result from a more
complex motion [such as a “hula twist” involving torsional
motions of the methylene bridge (46)]. This would conserve
the approximate positions of both the five- and six-membered
rings and would be much more readily accommodated than
the following worst-case scenario suggests. Nevertheless, the
exercise is instructive. The simple torsional rotation described
above results in large movements of the phenol moiety;
however, it is surprising how few unfavorable steric clashes
are observed (Figure 7A; Supporting Information Table S1).
The worst violations involve the major conformation of the
His197 side chain. Modeling this side chain in the minor
conformation (see above) eliminates these clashes (Figure
7B) and in addition creates a favorable stacking interaction
between imidazole and thep-hydroxybenzyl ring. Precisely
such a stacking interaction is found in zFP538 (42) and
eqFP611 (23), as well as in the engineered YFP (47). In
Rtms5, thep-hydroxybenzyl ring stacks against the guani-
dinium moiety of Arg197, which replaces His197 in KFP.

Other steric collisions involving the chromophore in the
cis conformation include the terminal side chain atoms of
Ile199 and Glu215. Because, as in the case of His197, the
side chain of Glu215 exhibits multiple conformations, this
residue must be relatively unconstrained by the protein
environment and, consequently, might be able to reorient to
minimize the steric clash. By comparison, the side chain of
Ile199 is not as flexible and may be an important determinant
of chromophore selectivity in KFP (see below).

A second mechanism through which one isomer might be
selectively stabilized is through the gain or loss of hydrogen
bonds. This possibility is especially intriguing since the
energy differences between cis and trans forms in solution
are on the order of the energy of a single hydrogen bond
(12). The modeled cis conformation results in the loss of
two hydrogen bonds to the chromophore hydroxyl, one to
the side chain of Ser158 and the other to a bound water
molecule. The large number of water molecules within the
chromophore cavity makes the prediction of hydrogen bond
networks uncertain at best. In conclusion, although it is
difficult to clearly identify the packing or hydrogen bond
interactions that stabilize the observed trans configuration
in the ground state, the exercise makes it clear that cis-
trans isomerization could be readily accommodated within
the chromophore cavity.

(2) Main Chain Break.A remarkable feature present in
KFP that might contribute to its fluorescent properties is the
main chain break adjacent to the chromophore. This break
would clearly confer additional conformational flexibility to
the chromophore. By comparison with other red-shifted
fluorescent proteins, we assume that the break is the result
of hydrolysis of an acylimine bond that is formed between
the main chain amide nitrogen and theR-carbon of Met63
during chromophore maturation. To date, such fragmentation
has been observed in only one other native fluorescent protein
structure, that of zFP538 (42, 48). In zFP538, the main chain
cleavage apparently results from an autocatalytic cyclization
reaction in which theε-amino group of Lys66 attacks an
acylimine formed from the backbone between residues 65
and 66, forming a three-ring chromophore. A similar break
is induced in DsRed (40) and gtCP (49) upon boiling
(highlighting the reactivity of the acylimine linkage) and in
Kaede upon exposure to ultraviolet light (50). In the cases
of KFP and zFP538, the fragmentation reaction must be
autocatalytic. Although the catalytic residues that are in-
volved in acylimine hydrolysis in KFP are not known,
differences in the amino acid sequence between KFP and
other fluorescent homologues near the site of bond cleavage
point to groups that may be responsible. Candidates for
catalytic groups include Thr13 (Val16 in GFP), which is only
found in chromoproteins fromA. sulcata, and Cys62 (Phe64
in GFP) and Ser66 (Val68 in GFP), which are commonly
observed among other members of the class Anthozoa (51).
Which, if any, of these residues are important for the
presumed hydrolysis reaction will not be known until further
mutagenesis studies have been performed. Given that both
zFP538 and Kaede are strongly fluorescent proteins, it seems
unlikely that the main chain break in KFP is centrally
important in determining the fluorescent properties.

(3) Chromophore Planarity.A most remarkable feature
of KFP is the pronounced distortion of the chromophore from
planarity (Figure 5A). Similar “bowing” has been observed
in the carotenoid ligand bound withinâ-crustacyanin and
has been proposed to be one source of the bathochromic shift
seen in the visible spectrum of this protein (52, 53). To
determine which of the surrounding residues are responsible
for the lack of planarity, contact distances were analyzed
for a model structure containing a hypothetical planar
chromophore. It was again surprising that serious clashes
were formed between the chromophore and the side chains
of only two residues: His197 (∼2.6 Å, minor conformation)
and Glu145 (∼2.0 Å). Both sets of interactions could
presumably be relieved by minor adjustments in side chain
conformations or in the protein matrix. A similar analysis
was conducted on Rtms5, but similarly, this effort failed to
reveal steric collisions that could convincingly be argued to
prevent the chromophore from adopting a planar conforma-
tion. Although new contacts are formed with the side chains
of Glu148 and Arg197 upon flattening, none of these contacts
is closer than 3 Å.

These observations suggest that the energy required to
distort the chromophore from planarity is small. Nevertheless,
significant nonplanarity is observed only in the chromophores
within the nonfluorescent proteins Rtms5 and KFP. For this
reason, it seems very likely that the nonplanar configuration
is largely responsible for the nonfluorescent state. Further-
more, the large volume of the chromophore cavity, evident
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from the packing study discussed in subsection 1 above, may
permit vibrational degrees of freedom not accessible to a
more tightly packed chromophore. Nonradiative pathways
for energy dissipation may be accelerated in an active site
that accommodates such distortions, thereby accounting for
the lack of fluorescence. In solution, there is no reason to
suppose that such large distortions would be found, and
indeed, in solution the quantum yield for fluorescence of
the KFP chromophore is 1 order of magnitude higher than
of the native protein (43).

Proposed Conformational Switch for Fluorescence.The
kindling phenomenon cannot with confidence be attributed
to any of the three unusual characteristics of KFP discussed
above (trans conformation, chain break, or chromophore
nonplanarity). Nevertheless, an attractive scenario draws
upon all three features and includes a conformational switch,
the side chain configuration of His197. It is clear that in the
trans form present in the dark state, the KFP chromophore
is nonplanar and nonfluorescent, so that nonradiative path-
ways of energy dissipation predominate. However, absorption
of a photon of appropriate energy will induce an excited-
state configuration that facilitates trans-cis isomerization of
the chromophore (28). As described above, the most serious
clash discovered by the modeling exercise results from an
interaction of the chromophore cis-phenol with the major
conformation of the His197 side chain. If the isomerization
were to be accompanied by rearrangement of His197 to the
minor conformation, the resulting stacking interaction may
act to stabilize a planar, fluorescent configuration of the
chromophore (either cis or trans). Assuming that the meta-
stable state is cis, thermally driven recovery to the more
stable trans nonplanar isomer should be slow with a high
energy barrier, because it would require the concomitant
rearrangement of His197. The break in the polypeptide
backbone presumably increases the flexibility of the chro-
mophore and may lower the activation energy for the process.
Given such a combination of unusual features, one might
expect kindling to be a rare phenomenon.

Structural information from observed and modeled chro-
mophore environments in GFP homologues, as well as data
from mutational analyses (28), provides evidence in support
of this hypothesis. In Figure 8, the results of modeling KFP
mutants A143S and S158V are illustrated. In Figure 9, the
chromophore cavities within DsRed, eqFP611, and Rtms5
are compared. From the structural studies, the conformation
of the chromophore appears to be largely determined by the
nature of the amino acid side chains at positions 143, 158,
and 199 (KFP numbering) as well as the conformation of
His197. With the correlation of the residues at these positions
with the observed orientation of the chromophore and the
corresponding fluorescent properties, a simple scheme that
predicts chromophore conformation can be developed.

Position 143.The residue at position 143 is highly variable
among GFP homologues (Supporting Information Figure S1).
The A143S mutation renders asFP595 strongly and perma-
nently fluorescent, while the A143G (KFP) and A143T
mutations result in weakly fluorescent proteins that can be
further kindled (28, 54). In DsRed, the corresponding Ser146
hydroxyl forms a hydrogen bond with the chromophore
hydroxyl group, stabilizing the observed cis form of the
chromophore (Figure 9A). In both asFP595 and Rtms5,
serine residues modeled at this position (positions 143 and

146, respectively) can act to stabilize the cis isomer through
a similar mechanism (Figures 8A and 9D), explaining the
observed increases in fluorescence in both proteins. Presum-
ably, the A143G mutation enlarges the cavity, favoring the
cis configuration of the chromophore. In the ground state,
the major conformation of His197 occupies the void. We
assume that His197 must rearrange to the minor conformation
to accommodate the cis chromophore. Interestingly, the
residues occupying positions analogous to Gly143 in KFP
are His146 in Rtms5 and Asp143 in eqFP611. In Rtms5,
the imidazole of His146 (Figure 9C) adopts a conformation
that is parallel to, but displaced from, the plane of the
chromophore and would not appear to favor either cis or
trans forms. Finally, Asn143 in eqFP611 should be able to
hydrogen bond equally well with both isomers, again leading
to no net stabilization of either configuration.

Position 158.In contrast to positions 143 and 199, the
amino acid at position 158 interacts exclusively with the trans
isomer of the chromophore, providing it with significant
influence in determining the favored configuration. When
the residue at this position is capable of hydrogen bonding
to the chromophore hydroxyl, as in asFP595 and eqFP611
(Ser158 in both cases; Figures 7 and 9B), and in Rtms5
(Asn161; Figure 9C and D), the trans isomer is stabilized.
In contrast, the incorporation of large apolar residues at this
position leads to a net destabilization of the trans conforma-

FIGURE 8: Cavities occupied by thep-hydroxybenzyl moeity in
modeled chromophore conformations in the permanently fluorescent
A143S (A) and S158V (B) mutants of asFP595. See the legend of
Figure 7 for additional details.
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tion due to repulsive steric interactions. This is clearly the
case in DsRed with an isoleucine at this position (Figure
9A) as well as in GFP with a corresponding phenylalanine
(not shown). While the structure of the S158V mutant of
asFP595 is not known, modeling the smaller apolar residue
valine at this position favors the cis isomer due to the loss
of a hydrogen bond without the introduction of a steric
collision (Figure 8B). Accordingly, the S158V single mutant
(as well as all known double mutants containing this
mutation) is constitutively fluorescent (28, 54).

Position 199.While the choice of amino acid at positions
143 and 158 can give rise to both positive and negative
interactions, the interactions of the chromophore with the
amino acid at position 199 appear to be exclusively repulsive.
In all structures of GFP-related proteins, this amino acid is
a branched chain aliphatic residue. In KFP, this residue is
an isoleucine, while in the remaining proteins, it is a leucine.
When leucine occupies this position, the aliphatic side chain
is directed away from the chromophore (Figure 9). In KFP,
however, the isoleucine at this position is too bulky to adopt
the same orientation (Figure 7). In this case, the Cδ atom of
Ile199 assumes a position that would result in a steric clash
with the chromophore in the cis conformation and is
presumably the basis for stabilization of the trans isomer in
KFP.

There are many potential applications for a photoswitch-
able fluorescent label in biotechnology (27). In addition, the

mechanism underlying the transition between fluorescent and
nonfluorescent states is of fundamental interest to spectros-
copists. The crystal structure of the dark state of KFP
described in this report gives clear indications for the
structural basis for the kindling phenomenon and points the
way for future investigations. Site-directed mutagenesis
combined with crystal structure analysis of the light-activated
state of KFP, currently underway, should provide very
valuable insight into the structural basis for this most unusual
phenomenon.

NOTE ADDDED IN PROOF

Recently a 2.1-Å resolution structure of KFP in a different
crystal form appeared (PDB entry 1XQM) (59). Aside from
minor differences in the conformations of surface residues,
the models are very similar (rmsd 0.46 Å for residues 4-232).
An important exception is that His197 was modeled in what
we have identified as the minor conformation. The signifi-
cance of this is unclear as the deposited model reveals a void
where the alternate conformation of His197 would be located.
We could not assess the possibility that His197 is partially
disordered in this structure as the observed structure factors
were not deposited.
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