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ABSTRACT: Fluorescent proteins (FPs) are essential
for live cell studies using fluorescence microscopy.
To date, the molecular basis for FPs’ irreversible
photobleaching and the nature of the associated photo-
products are a matter of debate. Mass spectrometry,
which should be an ideal technique for the structural
dissection of FPs, cannot be harnessed efficiently due
to their extreme resistance to trypsinolysis, due to the
compactness of the barrel structure containing the
chromopeptide. We devised a mild endoproteolysis
procedure that affords a peptide mass fingerprint al-
most totally covering the sequence, thus allowing high-
resolution mass spectrometric investigations of the
protein structure.

Since their first demonstration as universal and specific
fluorescent probes for live cell imaging (/), fluorescent
proteins (FPs)! have stimulated a constantly renewed
interest. This is due to their evolutive nature, as genetically
encoded markers, and also to the progressive elucidation
of their remarkable properties, as complex, optically active
biopolymers (2). Among the latter, it has become clear
that all FPs are able to convert reversibly or irreversibly
between different chemical forms, possessing different
photophysical properties, as a function of time, either
because of posttranslational processing, as an effect of
light exposure, or due to changes in the chemical environ-
ment (3). On one hand, this has led to innovative cell
imaging techniques, such as pulse—chase studies of protein
expression, trafficking, and interactions (4—6) or super-
resolution optical microscopy (7). On the other hand, light-
induced FP conversions pave the way to photobleaching,
which remains the main drawback of FP usage as com-
pared to quantum dots or the best organic dyes. Decipher-
ing the relationships between the molecular chemistry
of FPs and their changing photophysical properties is
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therefore a major issue in the ongoing development of
FP-based techniques.

Detailed atomic-resolution structures, as obtained from
X-ray crystallography, have revealed an extreme diversity
in the posttranslational chemistry of FPs and its strong
dependence on peptide sequence (/0—14).

The nature of FP photoproducts is currently a matter of
debate and appears to depend strongly on the photody-
namic conditions (8§ and references cited therein, 9). The
covalent changes responsible for photophysical perturba-
tions are not necessarily restricted to the chromopeptide
itself, as exemplified by the photoinduced decarboxylation
of Glu 222 in Aequora victoria green fluorescent protein
(avGFP)(10). Considering the wealth of new FP variants
produced each year by genetic engineering and combina-
torial methods, a full structural characterization of their
end products clearly requires large-scale, if not high-
throughput, analytical techniques.

The modern tools of mass spectrometry and proteomics
are ideally suited to this aim. However, their use in the case
of FPs has until now remained limited, due to the strong
resistance of FPs to proteolytic attack, an obligatory step
in the mass spectrometry dissection of protein structure.
Indeed, because of the compactness of their S-can folding
pattern, FPs display an extremely high resistance to tryptic
cleavage (/5), thus yielding unsatisfactory sequence cover-
age. The few reports successfully harnessing mass spectro-
metry used extremely harsh physicochemical conditions
and dealt with only the chromopeptide (16—19). We report
here on a new, efficient, and general method for achieving
the proteolytic digest of FPs under mild conditions, with-
out resorting to in-gel protocols. The method was initially
developed for the analysis of the y-ray-induced oxidation
products of enhanced cyan fluorescent protein (CFP) but
may likely be applied to all FPs derived from currently
known natural sources.

In our studies of CFP’s susceptibility to y-irradiation, we
observed a fluorescence loss that we suspected was due in
part to alterations of residues located outside of the
chromopeptide. A number of previous reports have est-
ablished that methionyl, tyrosinyl, and tryptophanyl resi-
dues are particularly susceptible to radical oxygen species
(20—22). Such residues occur in strands forming the barrel
of the fluorescent protein. These strands are not easily
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isolated using conventional protein chemistry protocols,
even when harsh sample preparation methods are used
(16—19). Besides, harsh sample preparation protocols used
throughout the literature could induce side alterations of
the protein structure and might have resulted, in the case
presented here, in artifactual data (23). Therefore, we set

FIGURE 1: EndoAspN cleavage sites allow efficient CFP proteolysis
and proper subsequent ESI-MS sequence coverage. CFP three-
dimensional worm structure representation with the width being
proportional to the solvent-accessible surface area of residues (25)
(red residues, Asp).
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out to devise a mild proteolysis procedure that would lead
to a sufficiently wide mass spectrometry-based sequence
coverage of the protein. The results reported here deal with
the unmodified CFP (that is, unirradiated CFP).

One first attempt was to submit CFP to a conventional
in-gel tryptic cleavage, which afforded a sequence coverage
of at most 50% with peptides located between positions
[4—45] and [80—140], which correspond to the N-terminal
half of the protein primary structure (Figure 1 of the
Supporting Information). This result left us dissatisfied
because the residues that might have undergone chemical
modification by reactive oxygen species are located for the
most part in the C-terminal half of the protein.

As a second attempt, we studied the three-dimensional
structure of the CFP [Protein Data Bank entry 10XD (24)]
and related proteins and noticed the systematic presence of
accessible aspartyl residues in the flexible loops connecting
the f3-sheet strands forming the S-barrel (Figures 1 and 3).
The EndoAspN proteolytic enzyme cleaves the peptide
bond at the N-terminal side of aspartyl residues, making it
a good candidate for cleavage of these loops. When using
the standard protocol supplied by the manufacturer, no
cleavage could be detected by SDS—PAGE analysis. To
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FiGURE 2: SDS—PAGE of the CFP sample before and after endoproteolysis: lane 1, unprocessed CFP; lanes 2—4, CFP solutions processed as
described in the text with E/S ratios of 0, 10, and 20, respectively; lane M, molecular mass markers (Bio-Rad). The right panel is a schematic
representation of the protein coverage obtained by mass spectrometry: gray highlighting, observed peptides; arrows, cleaved positions. The
chromophore-engaged residues are numbered and indicated with links (see Table 1 of the Supporting Information).
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Conservation
avGFP|PDBID:1W7S 1.SKGEE LF TGVVPILVEL GRIVNGHKFS VSGEGEGEBAT YGK
CFP|PDBID:10XD 1MSKGEE LF TGVVPILVEL GRIVNGHKFS VSGEGEGEBAT YGK
YFP | PDBID:1YFP 3. . KGEE. . LF TGVVPILVEL IGBIVNGHKFS VSGEGEGEAT YGK
DsRed | PDBID:12GO 6. .. .. N.VI KEFMRFKVRM EGTVNGHEFE IEGEGEGRPY EGH
mCherry | PDBID:2H5Q 4 . .NMALI KEFMRFKVHM EGSVNGHEFE I|EGEGEGRPY EGT
amFP486|PDBID:2A46 5 . . . . NK . F | GDDMKMT YHM .GCVNGHVFT VKGEGNGKPY EGT
Dronpa | PDBID:2IE2 2.....8.VvI KPDMK I KLRM EGAVNGHPFA IEGVGLGKPF EGKQ
Kaede | PDBID:2GW3 0.PM.SL. .| KPEMKIKLLM EGNVNGHQFV IEGDGKGHPF EGKQ

X X X X

101 111 121 131 141
Conservation
avGFP | PDBID:1W7S 87EGYVQERTIF FK GNYKTR AEVKFEGETL VNRIELKGID
CFP|PDBID:10XD 88EGYVQERTIF FK GNYKTR AEVKFEGE@TL VNRIELKGID
YFP | PDBID:1YFP 8EGYVQERTIF FK IGNYKTR AEVKFEGEBITL VNRIELKGID
DsRed | PDBID:12GO 87EGFKWERVMN FEBGGVVTVT QDSSLQEGCF I YKVKFIGVN
mCherry|PDBID:2H5Q¢ 87 EGFKWERVMN FEBGGVVTVT QDSSLQBGEF I YKVKLRGTN
amFP486|PDBID:2A46 89 BIGMSYERTFT YEBIGGVATAS WEISLKGNCF EHKSTFHGVN
Dronpa | PDBID:2IE2 83EGYSWERSMN YEBGGICNAT NDITL.G CY IYEIRFDGVN
Kaede | PDBID:2GW3 83 KGFSWERSLM FEBGGVCIAT NDITLKGETF FNKVRFDGVN

X X X

201 211 221 231 241
Conservation
avGFP|PDBID:1W7S 186 GRIGPVLLPEBIN HYLSTQSALS K PNEKR . .BHMVLLEFV TA
CFP|PDBID:10XD 187 GRIGPVLLPEN HYLSTQSALS K PNEKR . . .BHMVLLEFV TA
YFP|PDBID:1YFP 187GEBIGPVLLPEIN HYLSYQSALS K PNEKR . .BMHMVLLEFV TA
DsRed |PDBID:12GO 183 . K. PVQLPGY YYVDSKLDIT SH. N EI YTIVEQYERT EGR
mCherry |PDBID:2H5Q 183 . K . PVQLPGA YNVNIKLDIT SH N.E YTIVEQYERA
amFP486| PDBID:2A46 185 . K . PVTMPPN HVVEHRI ART [ I8 . KG GNSVQLTEHA
Dronpa | PDBID:2IE2 179 . K. vvQLPBY HFVDHHIEIK SH .KI YSNVNLHEHA EAHS
Kaede|PDBID:2GW3 179 . QEGVKLPGY HFVDHCISIL RH K VQIEVKLVEHA
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CHROMOPHORE
FIC TT.. GKLP VPWPTLVTTF [[SYG]..vQ CFSRYPBHMK RHBFFKSAMP
F1C TT GKLP VPWPTLVTTL . JTWG]..vQ CFSRYP@HMK RHEBFFKSAMP
FIC TT.. GKLP VPWPTLVTTF JGYG]..LQ CFARYPE@HMK RHEBFFKSAMP
LKV TKG GPLP FAWHEILSPQF dQYG]. . sSK VVVKHPAII. PRIYKKLSFP
LKV TKG GPLP FAWEBILSPQF JQYG]..SK AYVKHPARI . PBIYLKLSFP
FKV TMANGGPLA FSFBILSTVF KYG]..NR CFTAYPISM. PRIYFKQAFP
LKV KEG GPLP FAYBILTTVF JCYG]..NR VFAKYPENI VBIY FKQSFP
LVV KEG APLP FAYRIILTTAF dHYG]. . NR VFAKVP.HI PBYFKQSFP
b3 X
151 161 171 181 191
LGH KLEYNYNSHN VYIMA KQK NGIKVNFKIR HNIE@GSVQL ABHYQQNTP I
LGH KLEYNYISHN VYITA KQK NGIKANFKIR HNIEBGSVQL ABHYQQNTP I
LGH KLEYNYNSHN VYIMA KQK NGIKVNFKIR HNIEBGSVQL ABHYQQNTPI
MQK KTM.GWEAST ERLYPREG. . VLKGEIHKA LKLKBIGGHYL VEFKSI|YMAK
MQK KTM.GWEASS ERMYPERG ALKGEIKQR LKLKBIGGHYD AEVKTTYKAK
MAK KTT GW.PSF EKMTVCRG ILKGDVTAF LMLQGGGNYR CQFHTSYKTK
MQK RTV.KWEPST EKLYVREG VLKGDVNMA LSLEGGGHYR CIFKTTVKAK
MQK KT)‘ICT,KWEAST EKMYLREG VLTGDITMA LLLK;?.VHYR CBIFRTTYKSR
X X

FIGURE 3: Sequence alignment derived from the three-dimensional structural alignment of eight fluorescent proteins with Asp residues located in
the flexible loops connecting the S-sheets forming the barrel highlighted in red. When an Asp residue at a given position was not found in all the
sequences, an equivalent Glu residue was found in the neighboring sequence and is highlighted in orange. The location of that Glu residue in a
flexible loop was ascertained by looking at the corresponding protein’s crystallographic data. Scissors indicate the positions at which cleavage

occurred using EndoAspN as the cleaving enzyme of CFP.
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destabilize the CFP structure to make it more susceptible
to EndoAspN cleavage, the protein was first brought to
10% acetonitrile (v/v) and heated for 5 min at 90 °C and
promptly dropped in an ice—water bath before being
supplemented with an additional 10% acetonitrile. The
enzyme was then added (7 ng/uL final EndoAspN con-
centration; 1/20 E/S ratio). Cleavage occurred at 37 °C
overnight. Both the heat shock and the high E/S ratio
were necessary for an efficient disruption of the -barrel.
Figure 2 shows the results obtained. The left panel shows
that the CFP is effectively hydrolyzed under our conditions
(lanes 3 and 4), and the right panel demonstrates that the
obtained sequence coverage (91%) is suitable for high-
resolution mass spectrometric dissection of the FPs’ struc-
ture (see also Table 1 of the Supporting Information
showing, for each peptide, the corresponding calculated
and observed masses along with the relative intensities of
the peaks).

In our experiments, chromopeptide [36—75] is observed
with a disulfide bond linking cysteinyl residues at posi-
tions 48 and 70 (ion at m/z 1120.80, z = 4). Although not
producing a peak as intense as those of other species
in the peptide mass fingerprint spectrum, this ion could
easily be sequenced by gas phase fragmentation. We found
an almost complete b-series sequence (b2, b3, b5, and
b7—b12) from the left-end residue (Asp 36) up to Ile 47
(hence stopping right at the disulfide bond-engaged
Cys 47). Likewise, the y-series contained ions y3—yS5,
partly confirming the C-terminal sequence of the chromo-
peptide, up to Phe 71 (hence stopping right before en-
countering the other disulfide bond-engaged Cys 70).
Finally, as a confirmation of the chromopeptide nature,
the immonium ions generated for this peptide contained
rather intense signals for leucine/isoleucine, tryptophan,
and proline, the latter being represented above usual
frequencies in the peptide (Figure 2 of the Supporting
Information).

Interestingly, when the E/S ratio was increased to
1/15, unspecific cleavage occurred at glutamyl residues
(positions 6, 90, 95, 142, and 222). This observation is of
great interest, because the sequence alignment of fluores-
cent proteins from a number of organisms (Figure 3) shows
that when an aspartyl residue at a given position is not
found in all the sequences, an equivalent glutamyl residue
is present in the neighboring sequence in its stead. There-
fore, an increased E/S ratio should prove useful when
performing molecular dissections of fluorescent proteins
from a variety of organisms.

In conclusion, this report describes a mild method for
liquid-based endoproteolysis of fluorescent proteins that
is suitable for CFP and which should also be applicable
to the great many fluorescent proteins from a number of
organisms.
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