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ABSTRACT: Crystal structures of the tetrameric yellow-fluorescent protein zFP538 from the button polyp
Zoanthussp. and a green-emitting mutant (K66M) are presented. The atomic models have been refined
at 2.7 and 2.5 A resolution, with final crystallograpiRdactors of 0.206 Ryee = 0.255) and 0.190Ree

= 0.295), respectively, and have excellent stereochemistry. The fold of the protomer is very similar to
that of green (GFP) and red (DsRed) fluorescent proteins; however, evidence from crystallography and
mass spectrometry suggests that zFP538 contains a three-ring chromophore derived from that of GFP.
The yellow-emitting speciest{n™®* = 538 nm) is proposed to result from a transimination reaction in
which a transiently appearing DsRed-like acylimine is attacked by the terminal amino group of lysine 66
to form a new six-membered ring, cleaving the polypeptide backbone at th@ggposition. This extends

the chromophore conjugation by an additional double bond compared to GFP, lowering the absorption
and emission frequencies. Substitution of lysine 66 with aspartate or glutamate partially converts zFP538
into a red-fluorescent protein, providing additional support for an acylimine intermediate. The diverse
and unexpected roles of the side chain at position 66 give new insight into the chemistry of chromophore
maturation in the extended family of GFP-like proteins.

The remarkable diversity of coral reef coloration is in a closely related in amino acid sequence and their respective
large part due to the presence of fluorescent protdinar(d emission properties can be interconverted by a small number
nonfluorescent chromoprotein®—-4) that are distantly  of point mutations §—10).
related to the green-fluorescent protein (GRR)m Aequo- The reef fluorescent proteins have considerable potential
reavictoria. The light absorption and emission characteristics for biotechnology, for example, in multicolor labeling and
of these molecules span most of the visible spectrum, yetresonance energy-transfer applicatiod$. However, the
they can generally be grouped into four major emission naturally occurring variants suffer from serious disadvantages
classes, suggesting that the light-emitting species are chemisuch as their oligomeric composition and slow and incom-
cally distinct yet few in types §—7). From emission plete maturation. In one approach to solve these problems,
properties, these groupings generally comprise fluorescentCampbell et al. expended considerable effort to produce a
proteins with cyan, green (GFP-like), yellow, and red monomeric red-fluorescent protein from the tetrameric
emission, as well as nonfluorescent chromoproteins with DsRed (1). As an alternative, one could rationally modify
appearance ranging from blue to purple in color. The red- monomeric GFP to produce a wider range of emission colors.
emitting proteins and nonfluorescent chromoproteins are Despite recent advances in our understanding of the mech-
anism of GFP chromophore formatioft 13), the latter
T This work was supported by NSF MCB-0111053 (to S.J.R.), NIH approach will require a much more thorough comprehension
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and NIH postdoctoral fellowship 1F32GM19075 (to R.M.W.). reef chromoproteins, even the precise nature of the chro-
# Coordinates and structure factors have been deposited in the Proteifnmophore remains in most cases to be established.
Data Bank, access codes 1XAE (wild type) and 1XA9 (K66M). In DsRed, a multistep process first produces a GFP-like
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Crystal Structure of Yellow-Fluorescent zFP538

a. Steps in formation of acylimine chromophore in DsRed
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b. Proposed structure of KYGDR chromopeptide
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Ficure 1: (a) Steps outlining proposed chromophore formation in

DsRed assuming a neutral GFP-like intermediate, adapted from refs

15, 16, and 18. (b) Proposed structure of chromophore in wild-
type zFP538.

as well as in the nonfluorescent chromoproteins Rtr24}p (
and gtCP 22). The acylimine linkage is reactive, and when
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chromophore thus formed is intermediate to those of GFP

and DsRed, accounting for the yellow appearance of the
emission. The mechanistic role played by position 66 of the

chromophore triplet is unexpected but may be a rather general
phenomenon in the family of GFP-like proteins.

MATERIALS AND METHODS

Mutagenesis and Protein Expressidxpression vectors
in the pQE-30 (Qiagen, Chatsworth, CA) expression system
for wild-type zFP538 and K66M zFP538 containing an
N-terminal (His) purification tag were generously provided
by Clontech, Inc. (Palo Alto, CA).

All possible variants of zFP538 at position 66 were
generated by PCR-based site-directed mutagenesis
(QuikChange, Stratagene) using the primers

5'-gacatattgtcagctggctttnnntacggagacaggattttcéactg-3

5'-cagtgaaaatcctgtctccgtannnaaagccagctgacaatatgtc-3

where n is any nucleotide. PCR was carried out, and products
were transformed int&scherichia coliJM-109(DE3) cells.
Approximately 10 colonies per PCR reaction were se-
guenced. Five PCR reactions were sufficient to generate 16
mutants, and specific primers were used to generate the
remaining three by conventional site-directed mutagenesis.
After sequence verification, mutant plasmids were trans-
formed into fresh JM-109(DE3) cells and cells were plated
onto 150 mm Petri plates for protein expression. Expression
plates consisted of a bottom layer s#40 mL of LB agar

subjected to harsh conditions, the polypeptide backbone is(7.5 g/L) with 90ug/mL carbenicillin and 1% lactose (to

hydrolyzed {5, 22). Thus, in other GFP-like proteins, the

provide induction) and a top layer of LB agar (15 g/L) with

acylimine could serve as an intermediate for further steps in 90 ug/mL carbenicillin.

the maturation process.
The yellow-fluorescent protein (zFP538,"® = 538 nm)
isolated from the button polypoanthug1) is an interesting

Protein was produced by one of two procedures, either
from 4 L cultures ofE. colistrain IM-109 with an induction
period d 6 h and purified over Ni-NTA agarose (Qiagen)

case because the emission maximum is approximatelyas previously described®) or by streaking out 20@L of
centered between those of GFP (508 nm) and DsRed (583a 5 mL overnight culture grown in LB plus ampicillin onto
nm). The amino acid sequence comprising the mature five 150 x 15 mm plates containing LB agar plus 1% lactose

chromophore of zFP538 is -Lys66-Tyr67-Gly68- (for se-

and 50ug/mL carbenicillin. The plates were kept in at 37

quence alignments, see Supplementary Table 1 in the°C for 48 h and then transferred to room temperature for

Supporting Information). Gurskaya et aR3j investigated

another 24 h. The yellowish orange lawn of bacteria was

factors that determine the emission color of zFP538 and scraped off the plates, and cells were suspended in 50 mM

concluded that Lys 66 is critical for yellow emission. More
recently, Zagranichny et al2§) described the behavior of

HEPES, 0.3 M NaCl, 10% glycerol, and 2 mM BME with
0.1 mM PMSF and disrupted by sonication. Purified protein

zFP538 under mildly denaturing conditions and subjected was dialyzed into 50 mM HEPES at pH 7.9, 0.3 M NacCl,
several proteolytically derived chromopeptides to extensive and 1 mMg-mercaptoethanol and concentrated by ultrafil-
analysis. They concluded that the polypeptide backbone wastration.

likely fragmented at the 6566 position within the intact

Fluorescence Maturation Assajfor quantitative time-

protein and that the chromophore contains an imino group course observations of protein maturation, 100 mL cultures

at the Lys 66 @ that is responsible for the red shift of

were induced with IPTG fo2 h and then immediately

zFP538 compared to GFP. The analysis is complicated, harvested by centrifugation and the pellets were frozen at
however, by reactions that the isolated chromopeptide may—20 °C overnight. Pellets were resuspended in 2.0 mL of
undergo in aqueous solution, especially at extreme pH valueslysis buffer (50 mM HEPES at pH 7.9, 300 mM NacCl, and
Here, we establish that yellow emission in zFP538 arises 10% glycerol) and lysed for 20 min on ice with lysozyme
from a novel three-ring chromophore in which the side chain (Sigma) and DNAse 1 (Roche). Lysates were cleared by

of Lys 66 cyclizes (Figure 1b) to form the third ring. The

centrifugation for 10 min, and the protein was purified using

cyclization reaction evidently results in cleavage of the main a Ni-NTA agarose column (Qiagen). PD-10 sepharose

chain within the folded protein. We propose that the ring
forms upon nucleophilic attack by the lysines Nipon a

columns (Pharmacia) were used to exchange samples into
50 mM HEPES at pH 7.9, 300 mM NaCl, and 100 mM

transient acylimine intermediate formed from the peptide imidazole buffer, with the final protein concentration varying
bond between residues 65 and 66. The conjugation in thebetween 0.2 and 0.5 mg/mL. Time-dependent absorbance
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and fluorescence measurements were carried out 8&C15 S-mercaptoethanol (required) per 1 mL of well solution.
using a Shimadzu UV-2101PC spectrophotometer and aCrystals were extremely difficult to obtain, with only two
Perkin—Elmer LS-55 fluorometer. Scans were collected 0.5 useful examples appearing after 88 months at 153C. For
h after the onset of purification and thereafter every hour data collection, a single crystat0.4 mm in each dimension)
for 60—100 h. Emission intensity was scanned from 400 to was passed quickly through a drop of 1.7 M AmS04, 50
700 nm (ex = 280 nm). mM CHES at pH 9.0, and 25% glycerol and flash frozen at
Gel AnalysisSodium dodecyl sulfatepolyacrylamide gel 100 K. Data were collected using an R-axis IV (Molecular
electrophoresis (SDSPAGE) gel analysis was carried out  Structure Corporation) image plate detector on a conventional
on zFP538 and DsRed to compare fragmentation behaviorgenerator. Images were indexed and processed with the HKL
as a function of boiling time (624 min) and as a function  suite @7).
of acid or base denaturation. The acid-denaturation protocol  Structure Solution, Model Building, and Refinement.

involved adding 1uL of 10 M HCI to 10 uL of protein  Ke6M zFP538 crystallized in spacegrod,22 with cell
solution followed by immediate addition of 14 of 2x dimensionsa = 108.4 andc = 84.9 A, with one molecule
SDS sample buffer. The sample was then neutralized by per asymmetric unit (packing coefficielt, = 2.7 A¥Da).
immediate addition of &L of 1.0 M NaOH and loaded onto  The protomer is adjacent to a position with 222 point

the gel In the base-denaturation prOtOCOl, the addition of Symmetry, forming the expected tetramer. The structure of
NaOH and HCI was reversed, with identical concentrations K66M zFP538 was solved via molecular rep|acement with
and quantities. EPMR (28) using the DsRed A chain (PDB ID code 1G7K)
Mass Spectrometry (MSReptides containing the chro- (18) as a search model. Rigid-body refinement was per-
mophore were isolated by the following procedure. Purified, formed using TNT 29), followed by model building with
His-tagged zFP538 at 5 mg/mL was combined in a 1:2 ratio O (30). The electron density map permitted modeling of
with 8 M urea in 50 mM HEPES at pH 7.9, 0.3 M NaCl, residues 4230. Cys 87 was modeled with a disulfide linkage
and 20 mM methylamine and heated to T@for 2.5 min. o a molecule of3-mercaptoethanol as suggested by strong
The denatured protein was reapplied to a Ni-NTA column, electron density peaks adjacent to the sulfur atom. Several
and the flow-through was diluted to a final urea concentration other cysteines appeared to be oxidized and were modeled
of 1.7 M. The protein was concentrated to 0.8 mg/mL by as cysteic acid. Positional arHactor refinements were
ultrafiltration (Centricon). Trypsin was then added in a 1:20 performed using CNS3() and TNT for all data (n@ or F
(w/w) ratio, and the digest was carried out at& for 24 cutoffs) in the resolution range of 6.0 A or higher. Water
h. The chromopeptide was isolated by high-performance molecules were modeled into strong difference density peaks
liquid chromatography (HPLC) on a Vydac C18 column, 2.1 that were within hydrogen-bonding distance to appropriate
x 250 mm, with a 6-100% acetonitrile gradient in 0.1%  partners. The fre® factor was estimated from 10% of the
trifluoroacetic acid. Two peptide peaks with absorbance at data after simulated annealing against 90% of the data using

380 nm were collected and analyzed by MS. The chro- CNS and/or TNT to eliminate model memory from the test
mopeptide was diluted 1:10 (v/v) in matrix solution consist- set (estimate of fre® a posterior) (32).

ing of 0.5 mg/mL of a-cyano-4-hydroxycinnamic acid Cr ; ; ;

: : : X . ystals of wild-type zFP538 were obtained in space group
(Sigma-Aldrich Chemical Co., St. Louis, MO) dissolved P3,21, witha = 121.16 A anct = 111.69 A. The diffraction

) 0 ,

in 50% acetonewater. A total of 1ul was spotted on @ ya13 are weak and of rather low quality as judged from
sample plate and exam|_ned by MALBion trap MS using mergingR factors, which may be attributed to loose packing
a Masstech (Burtonsville, M.D)_atmosphenc pressure (Vm = 4.2 A¥Da), protein oxidation, and other processes
MALDI source and a ThermoFinnigan (SanlJose,. CA) L(.:Q taking place during the extended crystal growth period (up
Deca XP Plus mass spectrometer operating with an ion-.y 15 years). However, the 8-fold redundancy of data

transfer cap;lléa(r))é tempseratulre Off3ﬁa and _maIX|mum 10N collection helped to produce a usable data set. There are two
Injecttime o ms. Samples of the matrix alone were run protomers (an AB dimer) in the asymmetric unit. The

as the controls in all of the expenments. structure was solved by molecular replacement with the
Crystal Growth and Data CollectiorHexagonal crystals  efineq K66M model and refined using the procedures
of KB6M zFP538 were grown by vapor diffusion in-8  iined above. In the early stages, electron density maps
uL of hanging drops containing equal volumes of protein \ere averaged about the local 2-fold axis and the model was
solution (g0 = 47 in 50 mM HEPES at pH 7.9 and 300 ofineq using strict NCS restraints. The chromophore was
mM NacCl) and reservoir solution (2 M ammonium sulfate, not modeled into the electron density maps until the

25-30% ethylene glycol, and 100 mM PIPES at pH 6.5). ¢y giajlographicR factor was lowered to about 0.25 for 2.7
The crystals grew at room temperature over a period of 1 g ‘4atq using tight NCS restraints. At this poinEo(— Fo)

month and were typically O.% 0.3 x 0.4 mm. Diffraction and (F. — Fc) omit electron density maps (Figure 2) were
data were collected from a single flash-frozen crystal at 100 very similar for the two independent monomers in the

K at the Stanford Synchrotron R’;diation Laboratory, beam asymmetric unit, and each clearly revealed the internal chain
line 7-1, at a wavelength of 1.08 A on a Mar345 image plate. peay The maps could be readily interpreted in terms of the

The diffraction data were integrated using MOSFLEbY novel structure; therefore, the NCS restraints were removed
and scaled and merged to 2.5 A resolution using SCALA and the model was refined to convergence.

(26).
Crystals of wild-type zFP538 were obtained using hanging- ReSULTS AND DISCUSSION
drop vapor diffusion with 4.L drops of protein fzgo = 17
in standard buffer) added toi4d of a well solution (50 mM Atomic Models.Crystallographic analyses of wild-type
CHES at pH 9.0 and 1.8 M AmS{ plus 1 uL of zFP538 and a green mutant K66M have been performed at
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Ficure 2: Portions ofF, — F¢ omit electron density maps contoured at®fOr wild-type zFP538, molecule A (top), and the green mutant

K66M zFP538 (bottom). Phases were calculated after omission of the chromophore and the atoms associated with the Phe 65 backbone
linkage, followed by 20 cycles of crystallographic refinement. The ring of Phe 65 was included in the phase calculation as a control. The
final refined atomic models are superimposed in ball-and-stick representation with oxygen, red; nitrogen, blue; and sulfur, yellow.

nominal resolutions of 2.7 and 2.5 A, respectively, in two (rms) deviation~0.36 A fora-carbon superposition], except
different crystal forms. The final crystallographic statistics for minor differences immediately adjacent to the chro-
(Table 1) are satisfactory, and the models have excellentmophore that result from the K66M substitution.
stereochemistry. PROCHECRJ) reports overalG values As expected, the folds of zFP538 and DsRed are very
per monomer to be in the range ©0.02 to 0.01. There are  similar (Figure 3). The polypeptide backbone of zFP538
no residues in either the disallowed or “generously allowed” comprises 231 residues, 6 residues longer than DsRed, with
regions of the Ramachandran diagram. However, only weakinsertions in loop regions connecting tfestrands. Super-
electron density is present for residues 2203, indicating position ofa. carbons results in rms deviation of 0.9 A for
disorder; therefore, coordinates for these atoms must be210 equivalent positions with DsRed. Consistent with greater
regarded as unreliable. sequence divergence (23% identity) compared to GFP, the
In each crystal, the protomer forms a close-packed tetramerbackbone superposition leads to rms deviation of 1.35 A for
similar to DsRed 18, 19). The three monomers in the 190 equivalent positions, with large differences in surface
asymmetric units of the two crystal forms are identical within loop configurations. Within the zFP538 tetramer, as com-
the error of the structure determination [root-mean-square pared to DsRed, there are rotations and translations of
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Table 1: Crystallographic Statistics for Wild-Type and K66M zFP538

data collection wild type K66M

space grou P3:21 P6,22

cella, b, c (A) 121.16, 121.16, 111.69 108.4, 108.4, 84.9

total observations 223 486 74 416

unique reflections 29 648 10677

completene$g%) (shell) 99.9 (99.5) 100 (100)

1/o(1) (shell) 10.8 (1.7) 7.8(1.8)

Rmergs (%) (shell) 17.0 (71.0) 7.6 (40.1)

resolution (A) 2.70 2.50
atomic model statistics

resolution (A) 6.0-2.7 6.0-2.5

number of reflections 23882 9808

crystalRicior (all data) 0.206 0.190

Ruwork (Riree) 0.205 (0.255) 0.176 (0.295)

protein atoms 3529 1802

solvent atoms 79 2 pMCH 116+ 158MC

averageB factor (A2) 45.0 40.7

average chromophore B A 60.0 (A), 53.0 (B) 32.0

bond length deviations (A) 0.006 0.008

bond angle deviations (deg) 1.6 1.8

B factor restraints (A 2.7 3.2

a Some refinement and model adjustments were made after the atomic models were deposited in the Protein Data Bank. Those depositions will
be updated® Completeness is the ratio of the number of obseived0 divided by the theoretically possible number of intensities. Shell refers to
the highest of 10 resolution shellsRnerge= Y |Inn — OOVY 0, wherellis the average of the individual measurementk,@f -mercaptoethanol
covalently attached to a cysteine residue.

consequence, subunits C and D rotate in concert by about
neis R _ 4° relative to their arrangement in the reduced K66M
tetramer. The tetramer interface characteristics are discussed
in more detail and summarized in parts a and b of
Supplementary Table 2 in the Supporting Information.

Chromophore and Exronment.Although the diffraction
is of medium resolution, the electron density maps were of
high enough quality to allow straightforward interpretation
of the chromophore and its environment. The electron density
maps have a very similar appearance for each of the two
independent subunits of the wild-type crystal. Each view
leads to the conclusion that in wild-type zFP538, Lys 66
has cyclized to form a second heterocyclic ring. The
approximate plane of this ring is nearly parallel with that of
the rest of the chromophore (no planarity or aromatic
restraints were imposed on the third ring during refinement),
consistent with conjugation of the proposed g hetero-
cyclic double bond with the rest of the chromophore.
Furthermore, the backbone is cleaved between residues 65
and 66, resulting in a presumptive carboxamide terminal
group at residue 65. The electron density maps suggest that
the new terminus forms hydrogen bonds with the remnant
of Lys 66 and the carbonyl oxygen of the remnant of Gly
68 (Figures 2 and 4). In contrast, the chromophore of the
Ficure 3: Schematic ribbon drawing of backbone superposition K66M variant is indistinguishable from that of GFP, and
of DsRed (red) and wild-type zFP538 (yellow). Loops with the continuity of the backbone preceding the chromophore

divergent sequences are labeled with the sequence numbering o ; ; ;
zFP538. The wild-type zFP538 chromophore is represented as aTs clear (Figure 2). The 6566 peptide bond of K6E6M is a

ball-and-stick model. Cys 149 (indicated) forms an intermolecular normal _trgns _peptlde bond, u_nllke t_he situation f‘?f DsR_ed
disulfide bridge within the tetramer, as described in the text. where it is cis, but substantially distorted from ideal cis
peptide geometry by conjugation with the rest of the
individual subunits by 1612° combined with translations ~ chromophore 18, 19).
of 1-2 A. There are also small but significant differences  The zFP538 chromophore environment includes a number
in the tetrameric arrangement in the K66M and wild-type of buried charges that form a network of salt-bridge and
crystals. This can clearly be attributed to the oxidative hydrogen-bond interactions (Figures 4 and 5), as previously
formation of two intermolecular disulfide linkages per observed in DsRed1g, 19). DsRed and zFP538 have a
tetramer in the wild-type crystals. In each subunit, Cys 149 similar number of positive and negative charges in the
pairs with a symmetry counterpart across the@or B—D vicinity of the chromophore, including a positively charged
interface (chain identifiers as assigned in DsRé®).(As a group (residue 70) placed near the methylene, bridging the

154-160
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Ficure 4: Stereoview of the ball-and-stick model of the chromophore environment in wild-type (top) and K66M (bottom) zFP538. Carbon,
white; nitrogen, blue; oxygen, red; and sulfur, yellow. Dashed lines indicate hydrogen bonds or salt bridges. W* is a conserved water
molecule, found in all fluorescent proteins, that may be a product of chromophore formation.

phenolate and the imidazolinone moieties (Figure 5). In unaltered in the green-emitting K66M mutant and therefore
zFP538, the network includes His 202, Glu 221, Arg 70, a cannot be held responsible for the yellow emission observed
conserved water molecule, and Glu 150, in an approximately for wild-type zFP538. The imidazole nitrogens of His 202
planar configuration against one side of the chromophore. are within hydrogen-bonding distance to glutamic acids Glu
The opposite face of the chromophore packs against a221 and Glu 150, implying that the imidazole is cationic.
hydrophobic surface. A solvent molecule (assumed to be This presumed charge is consistent with the anionic state of
water and labeled W* in Figures 4 and 5), coordinated by the chromophore and helps explain the observed 8w p
conserved Glu 221, is found centered upon the imidazolinonevalues of the chromophore in wild-type zFP538 (4479.04)
ring. A solvent molecule is found at this position in all and K66M (4.52+ 0.03, data not shown). The substitution
fluorescent protein structures, as well as in histidine ammonia of methionine for lysine does not have a large effect on the
lyase @4), suggesting that it is a product of the ring- dissociation constant of the chromophore, suggesting that
formation reaction. in the wild type, Lys 66 (or its derivative) is uncharged. In
Interestingly, the imidazole ring of His202 is-stacked DsRed, the chromophore phenolate forms a salt bridge with
against the chromophore phenol moiety (Figure 4), reminis- Lys 163 (8) (equivalent to Met 167 in zFP538), which is
cent of the engineered yellow-fluorescent protein (YF®).( thought to be responsible for its similarly lovKp(16).
In YFP, a similar stacking interaction with the introduced Results from MSVIS was used to verify the chromophore
Tyr 203 results in an emission shift from 508 to 527 nm structure as deduced from the electron density map. The
(36). In zFP538, however, the interaction with His 202 is atmospheric pressure MALBiion trap mass spectrum of
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al. (24). Fragmentation of the 599rfVz peak (Supplementary
Figure 1b in the Supporting Information) generated peaks
at 310.1, 290.3, and 17510z assigned to a BN3Os3Hj6
chromophore b1 ion, an Asp-Arg y2 ion, and an Arg y1 ion,
respectively (Table 2). Fragmentation of the 310niz
chromophore peak (Supplementary Figure 1c in the Sup-
porting Information) generated peaks at 282.0, 254.2, and
227.9m/z, consistent with the loss of CO, NGEO, and

the 2,3,4,5-tetrahydropyridine ring, respectively. The 599.1
m/z peak is thus consistent with a structure of the form
chromophore-Asp-Arg, where the chromophore is assumed
to be in the mature form found by crystallographic analysis
in the intact protein (Table 2 and Supplementary Figure 3
in the Supporting Information). From additional fragmenta-
tion studies (Table 2), the 601.4Vz peak represents a
structure identical to that for the 5999z peak, except for

a reduced double bond. The 619.2 and 612 peaks
represent hydrolysis products of the 601.4 and 5984
peaks, with the chromophores containing hydrolyzed imino
rings with and without double-bond reduction. Hydrolysis
may be acid-catalyzed in the low pH (p+4) matrix during

the laser desorption process. These data are fully consistent
with the proposed chromopeptide structure shown in Figure
1b. Interestingly, Zagranichny et al24) identified the
tricyclic species in their preparations but considered it to be
an artifact.

A Green Intermediate in zFP538 Maturatiomfe matura-
tion kinetics of wild-type zFP538 were investigated by
inducing 100 mL cultures for 2 h, rapidly purifying the
expressed fluorescent protein within 0.5 h, and collecting
absorbance and fluorescence scans every hour thereafter.
Maturation is essentially complete by 24 h (parts A and B
of Figure 6). Fluorescence spectra showed a minor compo-
nent with green fluorescencd (™ = 506 nm), which
apparently converts to the yellow-emitting specigg,
= 538 nm) during a few hours. The isosbestic point at 519
nm indicates contributions from only two species. However,
analysis of absorbance spectra casts doubt on whether the
green species, presumed to be a GFP-like chromophore, is
an actual intermediate in the reaction producing the yellow
product (Figure 6B). Indeed, peak intensities at 496 nm
(green form) and 528 nm (yellow form) were found to grow
throughout the experiment. No decrease was observed in the
amount of the green form as would be expected for the case
of an intermediate compound. These data clearly indicate
that the green form is a dead-end product, most likely very
similar in structure to the GFP chromophore but not an
intermediate form, as might be concluded from fluorescence
development. Apparently, the partial conversion of green
fluorescence into yellow during zFP538 maturation is
explained by efficient fluorescence resonance energy transfer
(FRET) between green and yellow monomers within zFP538
tetramers.

Similar spectral behavior was observed by Verkhusha et
al. for the maturation of DsRed and several variaifg.(
These authors suggested that the chromophore in DsRed and
related proteins results from a transformation of the proto-

the smaller tryptic chromopeptide contained four major peaks nated (blue-absorbing) form of a GFP-like chromophore.

with +1 charges at 619.2, 617.2, 601.4, and 598V%

During zFP538 maturation, we did not detect any intermedi-

(Supplementary Figure 1a in the Supporting Information) that ate forms by spectral methods. However, the chemical
were not present in the matrix-alone controls. These arestructure of the yellow chromophore implies the existence
essentially the same fragments observed by Zagranichny eof GFP-like and DsRed-like intermediates that must absorb
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Table 2: Principle Peaks in the Chromopeptide Mass Spectrum and Structural Interptetation

m/z (observed) m/z (calculated) ion type structure/comment
599.2 599.3 parent 1, chromopeptide as isolated.
601.4 601.3 parent 2, reduced chromopeptide
617.2 617.3 parent 3, oxidized and hydrolyzed chromopeptide
619.2 619.3 parent 4, reduced and hydrolyzed chromopeptide
310.1 310.1 blion fragment (chromophore), see
311.9 312.1 blion fragment (reduced chromophore)2see
290.3 290.1 y2ion Asp-Arg
282.0 282.1 fragment loss of CO from chromophore
254.2 254.1 fragment loss of NGEIO from chromophore
227.9 228.1 fragment loss o&EsN ring from chromophore
175.0 175.1 peptide Arg

aSee Supplementary Figure 1 in the Supporting Information for representative mass spectra and Supplementary Figure 2 in the Supporting

Information for a structural interpretation of compourigs4. The hydrolysis of the chromopeptide accounting for peaks 3 and 4 and corresponding
fragments is assumed to have taken place in the acidified matrix-@Hduring laser desorptiofi.For y and b ions, see reflL

A 10 o ZFP538 wt KEEM
208 538 a.MWw‘tEMAHWQ.ABHiBH
300 4 N\ §§06 7.4 [
[\ 506 662 -
L ggoa ¢ 45 -
1\ %20z 4 31 -
T - - -_— ——
%200' f \ 03 sTm ;5 20 215 ..:- 8 - -
8 ime, 14.4 -
E T — —
5 \ N —
/ % FiIGURE 7: (a) SDS-PAGE analysis of wild-type and variant forms
o — of zFP538 under denaturing conditions (samples were boiled for 1
0 T T ——T——T—— - min). The labels above the individual lanes are MW (standards),
480 500 520 540 560 580 600 620 wt (wild type), or indicate by the single-letter code the substitution

Wavelength, nm for lysine at position 66. (b) Comparison of different denaturation
protocols used in SDSPAGE analysis of chain cleavage in wild-
type and K66M zFP538. Samples were either boiled for 1 min (H),
B 04 acid-denatured (A), or base-denatured (B) as described in the
0.4 1 528 Materials and Methods.

3
goz 496
<

0 5 10 15 2'0!!
. Time, h
0.2 me 7,

corresponds to the intact monomerMf ~28K, while two
more intense bands correspond to fragment#1pf10K
and~18K (parts a and b of Figure 7). The band correspond-
ing to the intact monomer probably corresponds to protein
in which chromophore formation is incomplete and represents
less than 10% of the total material. The electron density map
of wild-type zFP538 shows no evidence for contamination
by immature species, but contamination of up to 10% would
04 = ISPNEE, e probably not be detected. A similar gel pattern has been
350 400 450 500 550 600 observed for DsRed with boiled samples, which is attributed
Wavelength, nm to the hydrolysis of the reactive acylimine linkage adjacent
FiGure 6: Maturation kinetics of wild-type zFP538. (A) Fluores- to the Ch_romopho_rélfi). However, unlike DsRed, in zFP538,
cence changes in the course of zZFP538 maturation. Emission spectrin€ chain break is observed for material denatured under
were measured using excitation at 450 nm at consecutive stages oficidic or basic conditions as well (lanes A and B of Figure
protein maturation (0, 2, 5, 9, and 21 h after protein purification). 7b). Furthermore, the relative band intensities are independent
Inset shows the time course for fluorescence development at 5064¢ the boiling time (in the range of 024 min, data not

(O) and 538 ©) nm. Each dataset was normalized per its maximal h W lude. i t with th f
value. (B) Absorption spectra for zFP538 at different stages of its S"OWn). We conclude, in agreement with the appearance o

maturation (0, 2, 5, 9, and 21 h after protein purification). Inset the electron density map and the proposal of Zagranichny
shows the time course of development of absorption peaks at 496et al. 24), that within fully mature, folded zFP538, the

(O) and 528 ©) nm. polypeptide backbone is cleaved at the-& position.

o ) ) ) _ ) On the basis of limited mutagenesis studies, Gurskaya et
visible light. If the rate of formation of the intermediates is g, (23) reported that Lys 66 is essential for the formation of
slower than rate of their transformation into subsequent the yellow emission at 538 nm. To verify the importance of
species, then the intermediates will not accumulate to an|ysine at position 66, we constructed, expressed, and purified
extent permitting their detection. proteins with all 19 possible substitutions. Most mutant

Mutagenesis of Position 66 and Polypeptide Backbone proteins expressed well and produced green fluorescence with
Cleavage. When wild-type zFP538 is subjected to SBS  emission spectra essentially indistinguishable from that of
PAGE analysis, three bands are observed. A faint band GFP. Green mutants included the substitutions A, C, F, G,

0.31

Absorbance

0.11
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H, L, M, N, S, T, P, Q, and V. The substitutions I, R, W,
and Y resulted in proteins that were essentially nonfluores-
cent. All of the mutant proteins except for K66E run as a
single band of approximatkl, = 28K on denaturing gels
(Figure 7a), suggesting that the autocatalytic chain cleavage
is linked to the final maturation step. We tested whether the
substitution K66H could lead to UV-induced greenred
photoconversion, as recently described for the fluorescent
protein “Kaede” 87), but purified samples of K66H showed
no evidence for photoconversion under intense UV illumina-
tion.

Acidic mutations at position 66 provide important and
potentially very interesting exceptions. The substitutions

Remington et al.

o ) :
,],L “  Enamide/Acyl Imine ]
= ‘N/\\( Tautomerism S N
N:{ o » [
i ol f

oM e o e ) # H Nhf_ :\o
o) i -‘l?(. il il Z)(

acyl imine

On Reactive Acyl Imine

o] /4
\‘)k / o Proton
/.5_‘(/-2 N Rearganization
=
N= —_’( I

) i
/I + o i /
o NH; 2

l Intramolecular Nucleophilic Attack

K66E and K66D each yielded proteins with spectroscopic

Peptide
evidence for a mixture of at least two different chromophores. i 27:55:;:
K66E runs as three distinct bands on SEFAGE (Figure Y
7a), consistent with a fraction of molecules suffering a chain o \L e
break near the 6566 position, but the chain in K66D _ ’“\“e‘N/ . UL I B,
appears to be intact. K66E has excitation maxima at 493 il p /Cﬁzf” e
and 550 nm, with intense greety{"* = 504 nm) and weak —o)““/ Ny U e
red em"® = 576 NM) emission peaks (Supplementary Figure N

3 in the Supporting Information), suggesting a mixture of
chromophore species. The K66D variant has emission
maximaen"™ = 524 and 552 nm, with a broad red shoulder Ficure 8: Proposed steps in the transimination reaction leading to
extending to>650 nm. One possible interpretation of these formation of yellow-emitting chromophore in wild-type zFP538.
data is that the variant proteins contain a trapped acylimine I the final panel (bottom left), proton uptake is assumed to form
intermediate similar to DsRed. In the case of K66E. this ma the hypothetical zwitterion to account for the observed hydrogen-
In . ; ’ - ) ! N4y hond pattern of the chromophore.

include a species in which the Glu66 side chain has cyclized

similar to the wild type, resulting in backbone cleavage.  (ing is formed in a transimination reaction in which the N

I_t is interes_ting to note that some naturally occ_urring red- of Lys 66 attacks an acylimine in the polypeptide backbone.
shifted proteins contain aspartate or glutamate in the chro- 5 proposed reaction scheme based on the following con-
mophore-forming triplet. One closely related to zFP538 is siderations is outlined in Figure 8

the red-fluorescent protein froioanthus zoan2RFP §), S ] )
which has aspartate at position 66, while glutamate at the The overall similarity of the active sites of DsRed and
corresponding position can be found in the blue chromopro- ZFP538 suggests that, in both proteins, maturation should
tein hcCP from the sea anemohieteractis crispaand its ~ Proceed to produce a green form, which is observed, and a
far-red-fluorescent mutant HcRedg). red-emitting acylimine X5, 18, 19), which in zFP538 has

Internal Charge NetworkzFP538 and DsRed are similar not been directly observed. Although DsRed and zFP538 are
in that they contain an intricate network of charged groups rather distantly related~42% sequence identity), a red-
that is not found in GFP (Figure 5). A positive charge (Lys fluorescent protein fronZoanthushas been identifiedS]
70) is essential for red fluorescence in DsRed, but Lys 70 with ~81% identity to zFP538; thus, the chemistry of
may be substituted with arginind®) as found in zFP538.  chromophore formation should be conserved. In steps, the
As Figure 5 shows, with the possible exception of Glu 150 acylimine intermediate rearranges as shown in Figure 8,
(which is involved in a salt bridge with His 202), many eliminating the backbone as a fornfaklimination reaction.
features of this network are not conserved between DsRedif this reaction proceeds rapidly, the red intermediate will
and zFP538. For example, His 202 in zFP538 is not not accumulate to an extent permitting its detection. The
equivalent to Lys 163 in DsRed, because they are locatedcyclization reaction requires Lys 66 to be neutral, which is
on opposite faces of the chromophore. Gurskaya e@8). (  expected, given that the environment of Met 66 in the K66M
!nvest[gated the role c_>f Asp 69, wh|ch in ZFP538 participates \ariant is very hydrophobic. Because the lysiré pould
in an .|nt('arnal 'salt brldge.W|th His 12'2 (Figures 4 and 5). be substantially depressed in this environme3f),( the
Substl_tutlon with asparagine Ie_ads to mcomplet(_a maturation energetic cost of burying Lys 66 must be offset by the
and mixed yeII(_)w/green emission; thus, Asp 69 is important protein-folding reaction. This process could presumably
Eﬁ;rgc: desrsoir;)t;a:nf:r gg”i%w ;L?g;??g?gﬁ?éggehgfyn?z: Of_provide some or all of the driving force for the acylimine
: . Y P b Urai termediate— yellow product of the maturation reaction.
tion and possibly for structural reasons, but as the structure

The formation of the acylimine, which is the endpoint of

of K66M demonstrates, the network itself is not directly

responsible for yellow fluorescence. the maturation of DsRed, can be viewed as an intermediate
Structural Basis for Yellow Fluorescend#fe propose that  in a reaction pathway leading to other novel chromophore

the yellow emission of zFP538 is the direct result of an species. For example, the proposed reaction scheme may be

increase in the physical extent of the chromophore, becauseapplicable to the formation of the recently observed far-red-

of the added &N double bond in the heterocycle formed fluorescent species with emission in the range of-6a40

from Lys 66. We further propose that, in zFP538, the third nm (38, 40).

Proposed Structure in Intact Wild-Type Profein
(Profein H-Bonds Stabilize Cyclic Imine)
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SUPPORTING INFORMATION AVAILABLE

Two tables and three figures are available. Supplementary
Table 1 shows amino acid sequence alignments of GFP,
DsRed, and zFP538, while parts a and b of Supplementary
Table 2 give details of side-chain interactions at the AB and
AC interfaces of the zFP538 tetramer. Supplementary Figures

7

1 and 2 provide representative mass spectra of zFP538 18-

chromopeptide fragments and a schematic diagram detailing
the structural interpretation. Supplementary Figure 3 shows
fluorescence excitation and emission spectra of the K66D
and K66E mutants of zFP538. This material is available free
of charge via the Internet at http://pubs.acs.org.
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