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ABSTRACT. mFruits are second-generation monomeric red fluorescent proteins (MRFPs) that have improved
brightness and photostability compared to the first-generation mRFP1. The emission and excitation maxima
are distributed over the remarkably large ranges of about650 and 546-590 nm, respectively; however,

the variations in the spectra can be traced to a few key amino acids. Spectroscopic and atomic resolution
crystallographic analyses of three representatives, mOrange, mStrawberry, and mCherry, reveal that different
mechanisms operate to establish the excitation and emission maxima. Evidently, they all undergo the
second oxidation step to produce an acylimine linkage in the polypeptide backbone. In comparison to the
progenitor DsRed, direct covalent modification to this linkage (mOrange) and indirect modification of
the chromophore environment (mStrawberry and mCherry) produce strong blue- and red-shifted variants.
The blue shift of mOrange is induced by an unprecedented covalent modification of the protein backbone.
The electron-density map indicates the formation of a third heterocycle, 2-hydroxy-dihydrooxazole, upon
the reaction of Thr 66 © with the polypeptide backbone, which in turn reduces the conjugation of the
carbonyl at position 65 with the rest of the chromophore. In mStrawberry and mCherry, the movement of
charged Lys 70 and protonation of Glu 215 are proposed to modify the chromophore electron-density
distribution, inducing the red shift. pH-dependent spectral shifts of mCherry and mStrawberry appear to
result from the titration of Glu 215, although, for mStrawberry, partial cyclization of Thr 66 may contribute

at high pH.

Fluorescent proteins isolated from coral-reef organisins ( the visible range, yet they can be clearly divided into two
2) have absorption and emission spectra that span most ofclasses. The cyan3) and green-emitting4) members of
the family have chromophores that are chemically identical
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DsRed, the peptide bond immediately preceding the first
amino acid in the chromophore tripletX—Y—-G— is
oxidized to an acylimine, which delocalizes the chromophore

electron density over the polypeptide backbone and increased

both the excitation and emission maxima relative to GFP.
In two cases, additional covalent modifications have been
proposed to follow the formation of the acylimine (Scheme
1). The yellow fluorescent protein zFP538.{"® = 538
nm) undergoes a cyclization reaction in which thedfiLys
66 evidently attacks the acyliminecarbon to form a second
heterocycle 4). The resulting chain cleavage produces a
cyclic imine that is less effective than the acylimine in charge
delocalization, resulting in the yellow emission. The hy-
drolysis of the acylimine linkage can also lead to polypeptide
fragmentation as found in the “kindling fluorescent protein”
(KFP) (11, 12). The exact nature of the products of the
cleavage reaction within native KFP has not been completely
resolved 13). A model compound for the proposed chro-
mogenic core of KFP [2-acetyl-4{hydroxybenzylidene-1-
methyl-5-imidazolone)] has been synthesizéd)(In dim-
ethylformamide solution, this compound has spectroscopic

properties that closely match those of the native chromophore

(Aapd"™®~ 570 nm, in each case), arguing that it is an excellent
model for the chromophore. As a substituent at the 2 position
of the imidazolinone ring (Scheme 1), a carbonyl appears to
be more effective in delocalizing the electron density than

an imine (as found in zFP538), the intact acylimine linkage,

or an olefin [as in model compounds for the DsRed

chromophore 15)].

Small changes in the protein matrix can perturb absorption
and emission maxima by up t820 nm. For example, the
substitution T203Y in the yellow fluorescent mutant 10C
increaseslen™ from 508 to 527 nm X6). Likewise, the
K83M substitution in DsRed increasgés,™ from 583 to
602 nm B). The excitation maxima are also red-shifted but
by a smaller amount (5 and 8 nm for 10C and K83M,
respectively), implying differential interactions of the protein
matrix with the chromophore ground and excited states.

Shu et al.

Here, we report the results of crystallographic investiga-
tions on the basis of spectral variation among a collection
of monomeric proteins derived from a common precursor,
monomeric red fluorescent protein 1 (mRFP1Y)( For a
comparison, the crystal structure of the DsRed mutant K83M,
the progenitor for mRFP1, is briefly described. The proteins,
collectively named mFruits for their monomeric nature and
variety of colors, were generated by a combination of random
mutagenesis and directed evolutiod8), The evolved
proteins are thus very closely related in amino acid sequence.
The excitation and emission maxima are grouped in the range
of 540—-590 and 556-610 nm, respectively. We chose three
representative members: mCherky "= 587 nm A,
= 610 nm), mStrawberryif " = 574 nm,Aen{"®* = 596
nm), and mOrangel{x™® = 548 nm len™® = 562 nm) for
detailed study. An unprecedented mechanism was found to
produce the striking blue shifts associated with mOrange and
possibly with mStrawberry at high pH.

MATERIALS AND METHODS

Mutagenesis, Protein Expression, and Crystallizatieor.
an amino acid sequence alignment of relevant mFruits, see
Figure S1 in the Supporting Information. The protein was
expressed ifEscherichia coliTop10 or JM-109 for DsRed
K83M variant) by use of the modified and original pBAD
B His-tagged expression systemi8). Mutagenesis was
erformed using the QuikChange method (Stratagene). The
protein was purified by Ni?-affinity chromatography over
Ni—NTA agarose (Qiagen, Chatsworth, CA) and then buffer-
exchanged with PD-10 Sephadex columns (Amersham Phar-
macia) into 50 mM N-2-hydroxyethylpiperazin®¥-2-
ethanesulfonic acid (HEPES) (pH 7.9). Crystals of mOrange
were obtained by hanging drop vapor diffusion:uP of
the protein solution (50 mM HEPES at pH 78, = 20.3)
with 2 uL of the well solution [200 mM MgG, 100 mM
Tris at pH 8.2, and 28% poly(ethylene glycol) (PEG) 1550]
after 1 week. mStrawberry was crystallized in 1.1 M
NaCitrate, 75 mM Glycine at pH 10.5, or 100 mM 3-(cy-
clohexylamino)-1-propanesulfonic acid (CAPS) at pH 11.5
after -2 months, and mCherry was crystallized in 100 mM
NaOAc, 100 mM Tris at pH 8.5, and 30% PEG 4000
overnight. Crystals of DsRed/K83M were also obtained by
hanging drop vapor diffusion: 2L of the protein solution
(300 mM NaCl for DsRed/K83M~Azgo = 15.0) with 2uL
of the well solution (100 mM HEPES at pH 6.5 and 45%
MPD) after 2 weeks. All crystals were fluorescent under UV
light.

SpectroscopyFluorescence spectra were taken with a
Perkin—Elmer LS-55 fluorometer. Protein samples were
diluted to 44ug/mL in 2 mL of 100 mM HEPES at pH 7.9
or 100 mM CAPS at pH 11.4. Absorbance spectra (460
mL protein in the same buffers) were recorded with a HP
8453 UV-vis spectrophotometer.

Data Collection and Structure SolutioBiffraction data
sets were collected from single flash-frozen crystals of
mOrange and mStrawberry (100 K) using the ADSC-Q315
detector on beam line 8.2.2 at the Advanced Light Source
(Berkeley, CA). Diffraction data for mCherry and DsRed/
K83M were collected on Q315 and Q210 detectors on beam
lines 14-BM-C and IMCA-CAT at the Advanced Photon
Source (Argonne, IL), respectively. Data were reduced using
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Ficure 1: Time- and pH-dependent spectral shifts in mCherry and mStrawberry. Absorbance spectra of (A) mCherry and (B) mStrawberry
at pH values shown in the inset. (C) Time-dependent absorbance spectra for mStrawberry upon the step increase from pH 7.9 to 10.5. (D)
Time course showing reversible pH-dependent spectral shifts in mStrawberry. Blue squares indicate the fraction reacted upon the step
increase in pH from 7.9 to 10.5, and red circles indicate the fraction reacted upon the step decrease in pH from 10.5 to 7.9. (Inset) Linear
fit of log(K) versus final pH. See the Results for details of analysis.

HKL2000 (HKL Research). Molecular replacement was RESULTS
performed with EPMRX9) using the DsRed A chain (PDB o
entry 1G7K) as a search model, providing in all cases Absorbance and Emission Spectriabove pH 9, the
unambiguous identification of the space group and unique @bsorbance and emission spectra of mCherry and mStraw-
solutions to the rotation and translation problems. Rigid-body Perry are strongly pH-dependent, exhibiting blue shifts with
refinement was performed using TNTRQ), and model  increasing pH (parts A and B of Figure 1, respectively). Upon
building was conducted with O2() in several stages of the increase In pH from_7.9to 11.4, the absorbance maximum
increasing resolution. The chromophore entries for the TNT for mCherry is blue-shifted from 584 to 566 nm, while for
geometry library were derived using AM4 as describgd ( mStravyberry, the shift is from 574 to 548 nm. Spectralat in-
Shelx-97 2) was used in the final stages of refinement for termediate pH could be adequately decomposed using the
mFruits. Because of the ambiguity of the chemical linkage, €ndpoint spectra at pH 7.9 and 11.4, suggesting a two-state
the refinement with Shelx-97. curve, with a calculatediy, of 10.29+4 0.04 for mCherry

The chromophore of mOrange was first modeled using a @nd 9.75+ 0.04 for mStrawberry. Similar behavior was
modified peptide bond7) for the 65-66 linkage and the noted for excitation and emission spectra, and in fact, the
standard side chain for threonine at position 66. However, absorbance and excitation spectra are coincident. The emis-
density maps, indicating that this model was inappropriate. 7-9 to 594 nm at pH 11.4, while the blue shift for mStraw-
Geometric restraints were substantially loosened for thesePerry emission is more substantial, from 596 to 565 nm.
atoms, and upon refinement in Shelx-97 with Thr 66 and  Protein samples of mStrawberry were subjected to a step
Phe 65 unrestrained, the resulting geometry resembled thathange in pH from 7.9 to 9.4 or higher, and the time depen-
of a five-membered ring (2-hydroxy-dihydrooxazole, Scheme dence of the absorbance spectra (Figure 1C) suggested a very
1) comprised of the carbonyl carbon of Phe 65 and the main- slow transition. Spectra at intermediate time points could be
chain N, @, Cj, and O of Thr 66. decomposed on the basis of the endpoint spectra collected
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Table 1: Data Collection and Refinement Statistics

dsRED/K83M mOrange mStrawberry (pH 9.5) mStrawberry (pH 10.5) mCherry
data collection

space group P6s22 P21212; P2, P2, P2,
cell dimensions

ab,c (A) 93.1,93.1,430.5 59.3,67.4,107.8 48.6,43.4,61.4 48.7,44.2,61.2 48.8,42.9,61.1

S (deg) 112.3 106.0 112.31
resolution (A) 36-2.25 50-1.08 50-1.21 50-1.60 50-1.36

(2.37-2.25} (1.12-1.08) (1.25-1.21) (1.66-1.60) (1.41-1.36)
Rsym OF Rmerge (%) 8.2 (45.0) 5.5 (64.3) 4.1 (29.3) 7.6 (28.6) 4.6 (32.8)
1/a(1) 20.7 (2.4) 38.4 (1.6) 35.8 (2.6) 19.7 (2.8) 38.1(5.1)
completeness (%) 86.2 (84.3) 99.5 (96.3) 97.2 (88.2) 93.3 (64.0) 98.7 (93.8)
redundancy NA 6.6 (4.2) 3.3(2.4) 1.8 (1.5) 3.5(3.4)
refinement

resolution (A) 5.6-2.25 10-1.08 16-1.21 16-1.60 16-1.36
number of reflections 61 886 170 025 70 282 30663 47 050
Ruork/Riree 23.0/26.8 14.5/17.2 13.8/17.8 16.6/21.7 14.7/19.1
number of atoms

protein 7044 3854 1826 1787 1753

solvent 580 550 247 283 225
B factors (&)

protein 45.57 17.50 19.42 22.50 15.63

water 57.01 31.50 33.25 37.60 24.61
rms deviations

bond lengths S{&) 0.019 0.025 0.015 0.016 0.011

bond angles (A) 29 0.040 0.034 2.3 0.029

aThe values in parentheses indicate statistics for the highest resolution°st&ll= not available Ryee is estimated by simulated annealing.

atpH 7.9 and 11.4. The fractiof(t), whereXis the fraction that of DsRed, which is somewhat surprising considering
of the pH 7.9 baseline (blue squares in Figure 1D), could be the dramatic change in quaternary structure: from tetrameric
fit to a single exponential (blue dashed line) and a rate to monomeric.
constant extracted. The log of rate constants was linearly |n mOrange, maturation is incomplete, which complicates
dependent upon the final pH (red line in the inset of Figure the crystallographic analysis. Upon excitation at 470 nm, an
1D); however, a linear fit of the rate constants to the final emission peak from a presumably GFP-like chromophore at
pH is also satisfactory. The extracted rate constants range510 nm is readily detectable (data not shown) and the
from 0.056 mir* at pH 9.4 to 0.142 min* at pH 11.2. The  electron-density maps are consistent with partial occupancy
spectral shifts were fully reversible upon reduction of pH. of a GFP-like chromophore. Both the structural results and
Atomic Models and Chromophore Hronment. Data spectra suggest that the percentage of immature mOrange
collection and refinement statistics for the atomic models in the samples is less than 20%. In mCherry and mStraw-
are presented in Table 1. The crystal structure of DsRed/berry, maturation to the acylimine is essentially complete
K83M was determined at moderate resolution, yet it con- as Met 66 @ and Thr 66 @ clearly adopt spgeometry.
tained sufficient information to serve as a useful reference The peptide bond between residues 65 and 66 is in the cis
point with which to compare the high-resolution models of conformation and oxidized to an acylimine as in DsRg&d (
the mFruits. The asymmetric unit for the crystal of DsRed/  Schematic diagrams (parts— of Figure 2) of chro-
K83M contains two half-tetramers; however, crystal sym- mophore environments found in mCherry, mStrawberry, and
metry operators generate tetramers that are essentiallynOrange show that the environments are, in each case,
identical to that described for wild-type DsRed).(The substantially more hydrophobic than in DsRed [compare to
mutation Lys83— Met results in minor side-chain rear- Figure 3C of Yarbrough et al7)] because of the replacement
rangements in the immediate vicinity of the chromophore. of the internal polar side chains Lys 83 and Lys 163 with
The red shifts in absorption and emission can be rationalizedbulky nonpolar groups. The substitutions K163Q (mCherry)
in terms of these rearrangements as described below. or K163M (mStrawberry and mOrange) lead to a loss of
In contrast to DsRed, the crystals of mFruits provided no hydrogen-bonding opportunities for the phenolate oxygen of
evidence for oligomer formation. No electron density is the chromophore and presumably lead to a net shift of
apparent for residues—6 of mOrange and mCherry or for electron density toward the imidazolinone moiety. Common
residue 1 of mStrawberry, indicating disorder. Density at the to all of these structures is the mutation of Lys 83
C terminus is also weak for mOrange 22236, mCherry  hydrophobic (K83L in mCherry and mStrawberry; K83F in
228-236, and mStrawberry 231236. The electron density mOrange). In all cases, the primary effect of this substitution
for loop residues 168170 of chain A in mOrange suggests is that the terminal N of conserved Lys 70 is observed to
multiple backbone conformations. PROCHECK3)reveals =~ move away (by about 2.7 A) from its position over the
that there are no residues in either the disallowed or methylene bridge of the chromophore in DsRed (parts A and
“generously allowed” regions of the Ramachandran diagram. B of Figure 3). Its new position is stabilized through the
Root-mean-square (rms) deviations of 0.35, 0.40, and 0.46interaction with Glu 148. The 2.25 A resolution crystal
A are observed for mCherry, mStrawberry, and mOrange structure of the DsRed variant K83M shows similar move-
upon superposition of. carbons with the A subunit of the  ment of Lys 70 (Figure 3A).
parent protein DsRed, respectively. The models of mCherry, All fluorescent proteins contain the internal conserved side
mStrawberry, and mOrange are thus remarkably similar to chain Glu 215, which in mFruits adopts different conforma-
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Unusual Caalent Chromophore Modificationg.he (,
— Fc) omit map of mOrange, contoured at thel8vel (green
in Figure 4A), reveals unprecedented covalent modifications
to the protein backbone. The side-chaip & Thr 66 forms
a covalent bond with the carbonyl carbon of Phe 65 to form
2-hydroxy-dihydrooxazole (Scheme 1 and Figure 4A).
However, after automated refinement, the apparentOC
bond length is unusually longy1.55 A averaged over chains
A and B. We interpret this apparently long bond to be a
consequence of partial maturation and the presence in the
crystal of a statistical mixture of reacted and unreacted
chromophore species (see the Discussion).

In mStrawberry at pH 9.5, Thr 66/0may also react with
the carbonyl carbon of Phe 65 although to a lower extent.

B mStrawberry (pH 9.5) The distance between these atoms refined to be 2.8 A, which
N is approximately the sum of van der Waals radii. However,
_ '33\ R9S at pH 10.5, this distance is refined to be 2.5 A, which, as in
264/ S q, - HaN7T N the case of mOrange, we interpret to be a superposition of
28} "0 (J o238 29 partially occupied structures containing either a normal
\'v-;-j;‘-‘:rﬂf 5o covalent C-O bond (1.43 A) or a nonbonded contact. The
L199/ /ﬁ:\;ﬁ;-ﬁ N (2F, — Fo) electron-density map (Figure 4B) can be
_N‘-“—‘-” \ 2-:}'“ N={ HN adequately modeled using these two conformations by setting
N :)v‘}_-?@)\/; u}*\‘l-{ﬁfj j>zN the occupancy as 80% for the model containing the covalent
A S )\ bond and 20% for the noncovalent interaction. Bhealues
>E,1440 6" \ H"Lm e were restrained to be 15*Asimilar to those of nearby atoms.
)Sm E215 - After 10 cycles of TNT refinement, the distance for the
nonbon'ged € O contact, which is not restrained, refined to
be 3.1 A.
Nonplanar Chromophore Geometryhe chromophores
C mOrange N of all mFruits show significant deviations from planarity,
h ros 1 which is adequately modeled by allowing the two torsion
viss, K7 )\ angles associated with the linkage between the five- and six-
267g O L"-‘i‘g“__J J o o™ membered rings to deviate from 18@2) (Figure 4C). The
' -..‘"i.'tf'"l“‘ N . 129 twist and tilt angles describing the distortion are significantly
L199 _ 3-”-.%‘ H\/z |° larger than those of the fluorescent proteins of the highest
—N 5, /a{\::q AV A, guantum yields such as DsRed and GEPB) (Table 2) but
\ S N less than those of the nonfluorescent chromoproteins KFP
=N\ on (12) and Rtms5 10).

e ;’ i “.
‘0 Wiy /1/ § Noew
} 126 o

=0 2.6 Q.
B 9 ]__”tzf»“ N\ DISCUSSION
8146 ) ”
) In fluorescent proteins, changes within the chromophore

FIGURE 2: Schematic diagram of chromophore environment of cavity have been observed to cause shifts in excitation and
mFruits. (A) mCherry, (B) mStrawberry at pH 9.5, and (C) = emission maxima by up to 20 nm. Baird et a) drew
mOrange. Hydrogen bonds are shown in dashed lines, labeled with . . : L
approximate lengths in angstroms. attention to the importance of the K83M mutation in DsRed,
which increases the emission (excitation) maximum from 583
tions that seem to be related to its protonation state. In (558) to 602 (564) nm. Structural studies of DsRed/K83M

t 2.25 A resolution suggested that the primary effect of the
mCherry and mStrawberry, Glu 215 appears to be protonatea"j1 . e "
at pH < 10, while in mOrange, Glu 215 is probably mutation was a shift in the position of the charged Lys 70

d 4 A id for th . di Ne away from the chromophore. Emission shifts of similar
eprotonated. As evidence for the protonation state an Inmagnitude were observed in GFP resulting from the substitu-

contrast to DsRed, in mCherry, Glu 215 forms a hydrogen ion" 1203y, The introduced aromatic side chain stacks
bgnd (2.7 A) with the imidazolinone ring nitrogen (N2., against the chromophore, producing the popular yellow
Figure 3B). In mStrawberry at pH 9.5, the electron-density fyorescent protein YFPLE). In each case, the substitutions
map suggests disorder of Glu 215 with two conformations: are presumed to alter the electron-density distribution of the
in conformation A, it is hydrogen-bonded to the N2 (2.7 A)  chromophore in such a way as to increase both emission
as in mCherry, while in conformation B, it is further away and excitation wavelengths, although to different extents.
from N2 (3.7 A), as in mOrange (data not shown). In  On the other hand, excitation and emission maxima
mStrawberry at pH 10.5, Glu 215 has only one conformation exhibited by mFruits span a remarkably large range {540
(4.0 A from N2) and appears to be hydrated by several water590 nm for excitation and 556650 nm for emission),
molecules. We take this observation as evidence that thesuggesting that more than one effect, including additional
chromophore N2 is uncharged, as is commonly assumed. covalent modifications to the chromophore, may be operative.
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Ficure 3: Chromophore environment detailing the configuration of conserved residues Glu 215 and Lys 70. (A) DsRed/K83M (cyan) is
compared with DsRed (green). (B) Disposition of Glu 215 and Lys 70 in mCherry (cyan) and mOrange (magenta). A presumed hydrogen
bond is indicated by the dashed line, with the indicated length in angstroms.

In mFruits, the crystal structures and spectral properties of mStrawberry at pH 9.5, which is near the transitiort&l p
unequivocally establish that both environmental effects and ~ 9.8, suggests that one of the two conformations of Glu
covalent chromophore modifications are required to explain 215 is similar to that in mCherry. The proposition that
the observed excitation and emission spectra. protonation of Glu 215 may be linked to the red shifts is

Structural Basis for Red Shifts of mCherry/mStrawberry. supported by the following analysis of pH-dependent spectral
Excitation and emission in mCherry and mStrawberry are shifts in both proteins.
substantially red-shifted with respect to the progenitor DsRed. Novel Five-Membered Ring and Blue Shifts in mOrange.
Two linked changes in the chromophore environment appearThe observation of a novel chromophore modification,
to be responsible. First, all mFruits contain a substitution of cyclization of Thr 66 in mOrange to form an oxazole ring,
the form K83— large nonpolar side chain. mCherry and explains the large blue shift in emission relative to the
mStrawberry both contain the K83L substitution, and the progenitor, DsRed. This modification reduces the order of
emission maxima 609 and 596 nm are close to that (602 the main chain €O from two to one, thus eliminating the
nm) of DsRed/K83M. A comparison of the location of Lys conjugation between the carbonyl and the chromophore. This
70 in both structures shows that they all reflect 27 A observation provides strong experimental evidence that, in
shift in position observed for DsRed/K83M (Figure 3A). red fluorescent proteins, the carbonyl of residue 65 is indeed
Thus, it is reasonable to assume that this positional shift couldconjugated with the chromophore despite the fact that it is
be due to the loss of an electrostatic interaction with residue almost perpendicular to the chromophore plane, a result
83 resulting from the K83L mutation and that this accounts consistent with previous theoretical calculatior®y. (A
for some portion of the red shift. Attempts to test this reduction in the extent of charge delocalization over the
proposition by reversion to the original Lys 83 failed, because polypeptide backbone reduces the effective size of the
the substitution appears to be required for proper folding of chromophore, thus reducing excitation and emission wave-
mFruits (data not shown). In both structures, Lys 70 interacts lengths. This proposal is consistent with previous explana-
with Glu 148, which, in the absence of the former AC dimer tions for the excitation and emission spectrum of yellow
interface found in the parent tetramer, may be required for zFP538, in which a similar tricyclic chromophore, formed
proper folding (7). by cyclization of Lys 66, was observed)(

A second effect may also be linked to protonation of Glu  However, in the refined model of mOrange, the carbonyl
215. In contrast to DsRed, the structure of mCherry reveals carbon-Oy bond appears to be unusually long (1.55 A). We
Glu 215 to be hydrogen-bonded to the imidazolinone ring considered the possibility that this bond is a partial bond, as
nitrogen, suggesting that Glu 215 is protonated. The structureoriginally proposed in the classic work by Burgi and Dunitz
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A mOrange

B mStrawberry

®

Ficure 4: Electron-density maps in stereo showing chromophore details in mOrange and mStrawberry. (A) Omit (green cohtmnuals, 8
final (F, — F.) difference electron-density maps (blue contours), i the vicinity of Thr 66 in mOrange. See the text for discussion. (B
and C) (F, — F.) electron-density map of mStrawberry at pH 10.5, with the contour leved.atfie final refined models of the cyclized
and open forms of Thr 66 are superimposed. (C) Chromophore nonplanarity revealed for mStrawberry at pH 9.5.

Table 2: Summary of the Quantum Yield and Deviations from mediate stage of r_]UdeOphi”C_N: addition by ring strain
Chromophore Planarity in mFruits or other geometric effects. The compounds methadone,
model ov wist tilte cIi_vor_ine, and protopine are often cited as _ex_amples of this
principle 26). It has been proposed that similar-€Cc=0
‘I’D"ts'g‘gdp %‘7799 %‘% %72 interactions might be observed; however, no evidence for
mREP 0.25 NA NAd O---C contacts in the range of 2.5 A has been reported,
mOrange 0.69 1.5 10.3 which these authors attributed to the reduced nucleophilicity
mStraWberry (pH 95) 0.31 5.9 17.9 Of oxygen Compared to nitrogen_
mStrawberry (pH 10.5) 0.36 0.4 4.6 .
mCherry 0.22 11.3 13.7 A search of the Cambridge Structural Database [CSD) (
@ For the definition of twist and tilt angles, see &2 ° Quantum revealed that compounds containing Qxazole rings are rare.
yield data are from ref8. ¢ Angles are in degree$NA = not available. Among the dozen or so examples discovered, none were

found to contain an abnormal -€0 bond. Indeed, no
examples of an ©-C=0 approach in the range of 2.5
(24, 25). These authors discussed several small-molecule® Were found among the-335 000 entries in the CSD,
crystal structures in which #C=0 interactions are ob-  Substantiating the 1974 studg4).

served within the range of 1-2.0 A. Such interactions In a test refinement with no geometric restraints on the
were characterized as partial bonds, arrested in an inter-atoms of Phe 65 and the chromophorda-a F) difference
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map (Figure 4A) exhibits positive peaks exceediagar In conclusion, these studies confirm that, in fluorescent
the carbonyl of Phe 65 and side chain of Thr 66. This proteins, simple rearrangements in the chromophore cavity,
indicates that no single atom model can satisfactorily accountin this case, the position of charged groups, can lead to
for the electron density. This result is consistent with significant but limited spectral perturbations. Larger pertur-
statistical contamination of mature mOrange by a small bations, such as the blue shift of mOrange relative to DsRed,
fraction of immature mOrange containing a GFP-like chro- will most likely require covalent modifications to the
mophore as recently described for DsRed/K7@8) (Model- chromophore itself. Evidently, the reactivity of the acylimine
building experiments suggest that the electron density canlinkage can lead to novel covalent rearrangements; however,
be explained by such a mixture; however, automated the structural features that control both the formation of this
refinement of mixed models failed to converge, most likely linkage and its subsequent reactivity remain to be deter-
because of the low percentage of the immature form. mined.

Nevertheless, both the electron-density maps and the spec-

troscopic results are consistent with a superposition of ACKNOWLEDGMENT
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approximately 1.4 A) and a nonbonded-O contact. for helpful discussions and Karen Kallio, Alaine Garrett, and
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observed in this study is an artifact of incomplete maturation. a Howard Hughes Predoctoral Fellow.

Structural Basis for pH-Dependent Spectral Shifts of
mCherry/mStrawberryThe absorbance and emission spectra SUPPORTING INFORMATION AVAILABLE

of both mCherry and mStrawberry exhibit pH-dependent blue  Figure S1, amino acid sequence alignment of DsRed,
shifts as the pH is increased. In the case of mStrawberry,mCherry, mStrawberry, and mOrange. This material is
the crystal structures at pH 9.5 and 10.5 show the movementavailable free of charge via the Internet at http://pubs.acs.org.
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case of mCherry, blue shifts in excitation and emission REFERENCES
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