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a b s t r a c t

Fluorescent protein (FP) technologies suitable for use within the eukaryotic secretory pathway are essen-
tial for live cell and protein dynamic studies. Localization of FPs within the endoplasmic reticulum (ER)
lumen has potentially significant consequences for FP function. All FPs are resident cytoplasmic proteins
and have rarely been evolved for the chemically distinct environment of the ER lumen. In contrast to the
cytoplasm, the ER lumen is oxidizing and the site where secretory proteins are post-translationally mod-
ified by disulfide bond formation and N-glycosylation on select asparagine residues. Cysteine residues
and N-linked glycosylation consensus sequences were identified within many commonly utilized FPs.
Here, we report mTagBFP is post-translationally modified when localized to the ER lumen. Our findings
suggest these modifications can grossly affect the sensitivity and reliability of FP tools within the secre-
tory pathway. To optimize tools for studying events in this important intracellular environment, we mod-
ified mTagBFP by mutating its cysteines and consensus N-glycosylation sites. We report successful
creation of a secretory pathway-optimized blue FP, secBFP2.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The intrinsic characteristics of fluorescent proteins (FPs) must
be considered to effectively use FP technologies within distinct cel-
lular environments, such as the endoplasmic reticulum (ER). The
amino acid sequences of commonly used FPs contain residues that
have the potential to be post-translationally modified [1]. The se-
quence of mTagBFP [2], (commercial available from Evrogen as
TagBFP), a blue FP, includes three N-linked glycosylation consensus
sequences, N-X-S/T, (N73, N129, N223) and three cysteine residues
(C27, C115, C223) (Fig. 1S). Within the cytoplasm these amino
acids should not be problematic, since neither disulfide bond for-
mation nor N-glycosylation typically occur in the cytoplasm. When
nonnative secretory proteins, such as FPs, are targeted to the ER lu-
men, they are exposed to the uniquely oxidizing environment and
ER-specific chaperones.
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A correctly folded FP forms a barrel structure composed of 11-b
strands connected by flexible loop regions [3,4]. Barrel formation
provides an internal environment which permits chromophore rel-
evant residues to undergo an autocatalytic reaction, to produce a
fluorescent chromophore [2,5,6]. (For detailed description of red
and blue chromophore structure and chemical transitions refer to
recent publications [7,8]). Chromophore formation and stability
are influenced by surrounding amino acids within the b barrel. In
mTagBFP, 23 surrounding residues form contacts via hydrogen
bond formation or van der Waals forces [5]. None of the potentially
post-translationally modified residues are known to contact or di-
rectly influence mTagBFP chromophore maturation. The positions
of the mTagBFP cysteines are too distant to permit intra-molecular
disulfide bonds in the rigid barrel native protein conformation.
Asparagine residues of the N-glycosylation consensus sequences
are on the surface of the folded FP. Together these analyses suggest,
(1) if cysteine residues form inappropriate disulfide bonds, the
b-barrel would not properly form and therefore will be nonfluo-
rescent, and (2) attachment of sugars at N-linked glycosylation
consensus sequences would significantly increase the hydrody-
namic radius (Rh) of a correctly folded, fluorescent FP.

Currently, two green FPs (superfolder GFP [9,10], and cfSGFP2
[11]) and the mFruit family [12] of FPs are available for use within
the secretory pathway, however no unmodified blue variants exist.
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Creation of a secretory pathway blue FP will increase investigators’
ability to assay a greater number of reporters simultaneously and
could provide a potential FRET pair [13]. In this study, we report
mTagBFP is detrimentally post-translationally modified in the ER
lumen. We rationally engineered six amino acid substitutions to
successfully create a secretory pathway optimized, secBFP2 that
is no longer modified when localized to the ER. In addition to the
secretory pathway, the first secretory pathway optimized blue FP
should be suitable for other oxidizing environments including
the mitochondrial inner membrane space and the periplasm of
gram negative bacteria.
2. Materials and methods

2.1. Chemicals

Dithiothreitol (DTT; Fisher Scientific, Pittsburgh, PA) was di-
luted to the indicated concentrations from a 1 M stock solution
in water. Tunicamycin (Tm; Calbiochem, La Jolla, CA) was diluted
to the indicated concentrations from a 5 mg/ml stock solution in
DMSO.

2.2. Mammalian plasmids

mTagBFP [2] was previously described. Secretory optimized FP,
secBFP1 contains cysteine to serine and asparagine within N-linked
glycosylation consensus sequences to aspartate mutations were
synthesised by GenScript (Piscataway, NJ). To create cytoplasmic
and ER-localized versions, FP encoding sequences were amplified
using the following primers:

ER-mTagBFP
F50 GCAATGGGCGGTAGGCG
R50 GATCGCGGCCGCGTTACAATTCATCCTTATTAAGTTTGTGCCC
Cytoplasmic-mTagBFP
R50 GATCGCGGCCGCTTAATTAAGCTTGTGCCC
ER-secBFP
F50 GATCACCGGTCGCCAGCAGCGAGGAGCTGATTAAGGAAGAAC
R50 GATCGCGGCCGCTTACAGCTCGTCCTTATTAAGCTTGTGCCC
Cytoplasmic-secBFP
F50 GATCACCGGTCGCCACCATGAGCGAGGAGCTGATTAAGGAGA
AC
R50GATCGCGGCCGCTTAATTAAGCTTGTGCCC
FP fragments were cloned into the AgeI/NotI sites of N1

GFP (Clontech, Mountain View, CA) or ER-RFP [14] creating
ER-mTagBFP. To investigate specific amino acid substations conse-
quences on FP fluorescence, reverting mutations were reintro-
duced into FPs. Site-directed mutagenesis primers include:secBFP

S29C-50 GACAACCATCACTTCAAGTGTACATCCGAGGGCGAAGGC
S29V-50 GACAACCATCACTTCAAGGTGACATCCGAGGGCGAAGGC
S29G-50 GACAACCATCACTTCAAGGGCACATCCGAGGGCGAAGGC
S29A-50 GACAACCATCACTTCAAGGCAACATCCGAGGGCGAAGGC
D93N-50 CTCTACGGCAGCAAGACCTTCATTAATCACACCCAGGGCA
TCCCC
D129N-50 GTCAAGATCAGAGGGGTTAACTTCACATCCAACGGCm
TagBFP
C118S-50 GATCTTGACGTTGTAGATCAAGCTTCCGTCCTGGAGGCT
GGTGTC
C29S-50CATCACTTCAAGAGCACATCCGAGGGCGAAGGC
All constructs were confirmed by sequencing.

2.3. Bacterial cloning, expression and protein purification

mTagBFP and secBFP2 sequences were amplified using the fol-
lowing primers:

50 GATCCCATGGGTATGAGCGAGGAGCTG
50 GATCCTGCAGCATTAAGCTTGTGCCCCAG
FP fragments were cloned into pEcoli-Cterm 6xHN vector (Clon-

tech) at NcoI and PstI restriction sites. Vectors were expressed in
CodonPlus competent, BL-21 RP (Stratagene, La Jolla CA) cells. Five
milliliters of cultures were grown at 37 �C, 225 rpm overnight in LB
under of chloramphenicol and ampicillin drug selection. One milli-
liter of overnight cultures were added to 50 ml of drug free LB for
2 h at 37 �C, 225 rpm. For induction, 1 mM IPTG was added to cul-
tures, and returned to 37 �C, 225 rpm shaker for 4 h. Cultures were
pelleted at 3000 rpm for 15 min at 4 �C. For protein purification
procedure refer to manufactures protocol for His60 Ni Superflow™
Resin & Gravity Column manual (Clontech).

2.4. Cell culture and transfection

U2OS cells were routinely cultured in RPMI medium (Media-
tech, Manassas, VA), supplemented with 5 mM glutamine, penicil-
lin/streptomycin (Invitrogen, Carlsbad, CA), and 10% heat
inactivated fetal bovine serum (Hyclone from Thermo Scientific,
Rockford, IL) at 37 �C in 5% CO2. All constructs were transiently
transfected for 16–20 h into cells using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions.

2.5. Live cell fluorescence imaging

For imaging experiments, cells were grown in 8 well LabTek
coverglass chambers (Nunc, Rochester, NY). Cells were imaged in
phenol red-free RPMI freshly supplemented with 10 mM Hepes
(Fisher Scientific) and 10% fetal bovine serum. Live cells were im-
aged on a 37 �C environmentally controlled chamber of a confocal
microscope system (Zeiss LSM 5 LIVE microscope with Duoscan
attachment; Carl Zeiss MicroImaging, Inc., Thornwood, NY.) with
a 63X/1.4 NA oil objective and a 405 nm 50 mW diode laser with
a 415–505 nm bandpass or 510 nm long pass filter for mTagBFP,
or a 489 nm 100 mW diode laser with a 495–555 or 520–555 nm
bandpass filter for Alexa anti-488. Image analysis and composite
figures were prepared using ImageJ (National Institutes of Health;
Bethesda, MD), Photoshop CS4 and Illustrator CS4 software (Adobe
Systems, San Jose, CA).

2.6. Immunoblots

Total cell lysates for immunoblotting were prepared in 1% SDS,
0.1 M Tris, pH 8.0 with 100 mM DTT (reducing conditions) or no
DTT (nonreducing conditions) using cells in 24 well plates at 80–
90% confluence. For the reducing and nonreducing immunoblots,
cells were first treated with 20 mM NEM in PBS for 15 min at room
temperature. Proteins were separated using either 5% or 12% Tris-
tricine gels, transferred to nitrocellulose, probed with the indicated
antibodies, and developed using enhanced chemiluminescent re-
agents (Pierce, Rockford, IL), and exposed to X-ray film. Antibodies
used included anti-tRFP (Evrogen, Moscow, Russia), anti-b actin
(Sigma Aldrich, St. Louis, MO), and horseradish peroxidase-labeled
anti-mouse or anti-rabbit secondary antibodies (Jackson Immuno-
research Laboratories, West Grove, PA).

2.7. Immunofluorescence

Cells were fixed with freshly diluted 3.7% formaldehyde in PBS
at room temperature for 15 min and permeabilized with 0.1% Tri-
ton X-100 in PBS. Blocking was preformed with 10% fetal bovine
serum in PBS for 30 min. Subsequently, cells were labeled with
anti-tRFP, followed by Alexa-Fluor-488 conjugated anti-rabbit
IgG secondary antibody (Invitrogen). Images were acquired using
an Axiovert 200 widefield fluorescence microscope (Carl Zeiss
Microimaging Inc.) with a 63 � oil immersion 1.4 NA objective,
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and 470/40 excitation, 525/50 emission bandpass filter for Alexa
Fluor 488, 565/30 excitation, or 365 excitation, 445/50 emission
bandpass filter for mTagBFP.

2.8. Photobleaching analysis

Fluorescence Recovery after Photobleaching (FRAP) was per-
formed by photobleaching a small region of interest (ROI) and
monitoring fluorescence recovery or loss over time, as described
previously [15,16]. Fluorescence intensity plots and D measure-
ments were calculated as described previously [15,16]. P values
were calculated using a Student’s two-tailed t test in Prism 5.0c
(GraphPad Software, San Diego, CA). The relatively large spread
of D values for ER proteins likely reflects differences in ER geome-
try between cells [17]. Rh values were calculated using the Stokes–
Einstein Equation, D = jBT/6pgRh [18].

2.9. Protein characterization

Absorbance was measured using Hitachi U-2000 spectropho-
tometer. Excitation and emission spectra were measured with Flu-
oroMax-3 spectrofluorometer. Purified protein samples were
measured in phosphate buffered saline (PBS).

To assess photobleaching sensitivity under comparable imaging
parameters, secBFP2 and mTagBFP were transiently expressed in
U2OS cells. Cells were imaged using live cell imaging conditions
(Section 2.5). Images were acquired at 5 frames/s for 400 frames.

2.10. Statistical analysis

Two-tailed Student’s t-tests with Prism software (GraphPad)
were used to compare the different conditions. Variances of data
sets were compared using an F-test (GraphPad) to establish
whether to use equal or nonequal variance t-tests.
3. Results and discussion

3.1. mTagBFP is post-translationally modified in the ER

To localize the FP to the ER, the prolactin signal sequence was
fused upstream of mTagBFP and a –KDEL ER retrieval motif was
fused downstream (Fig. 1A), [14]. ER-mTagBFP correctly localizes
and fluoresces (Fig. 1B), however immunoblots reveal a proportion
of the FP is post-translationally modified in the ER. Under nonre-
ducing conditions, where disulfide bonds are maintained, a ladder-
ing pattern reveals both an expected monomeric form of mTagBFP
(�25 kDa) and problematic higher molecular weight FP oligomers
(�50, 100, 130 kDa, Fig. 1C). Analysis of the native FP structure
confirm the three cysteine residues (C27, C115, C223) are too far
apart (�0.23 nm) to form intra-molecular disulfide bonds. Addi-
tionally, C27 and C115 are orientated towards the interior of the
folded b-barrel, preventing thiol groups in correctly folded barrels
from participating in disulfide bonds. If either C27 or C115 form a
nonnative disulfide bond between FP molecules, the FPs would
have to be unfolded and therefore nonfluorescent. The third cys-
teine residue, C223 is within the structurally unresolved C-terminus
of the protein. This residue could theoretically form dimers be-
tween folded ER-mTagBFP molecules. Regardless of which form
of oligomers formed, the oligomers are undesirable for creating fu-
sion proteins. Furthermore, unfolded nonfluorescent FPs will de-
crease the signal and under represent the levels of fusion protein
in the ER.

Next, we investigated the impact of N-linked glycosylation on
ER-mTagBFP. Asparagine residues (N73, N129, N223) are each con-
tained within glycosylation consensus sequences and could be
glycosylated as the protein emerges from the ER translocation
channel. The addition of an N-glycan would increase the relative
size and molecular weight of ER-mTagBFP. ER-mTagBFP migrates
higher than predicted (�25 kDa) on a reducing SDS–PAGE and this
could be due to glycosylation. Inhibition of N-glycosylation in cells
via treatment with tunicamycin (Tm), a GlcNAc phosphotransfer-
ase inhibitor, caused the shift to the lower expected molecular
weight of nonglycosylated, ER-mTagBFP (Fig. 1D). Consequently,
unfolded FPs and glycosylated FPs are potential targets of the ER
quality control machinery, including chaperones and this interac-
tion could titrate native chaperones and possibly induce ER stress.

When utilizing FP technologies, the goal is to introduce func-
tional, but inert, tools to probe live cells. Furthermore, the optimal
FP is as small as possible. At 5 nm, FPs are already large protein
tags. N-linked glycosylation could potentially sterically hinder
interactions between an FP fusion protein and partner proteins.
For these reasons, it is imperative to improve and protect FPs for
environmental post-translational modifications environments.

3.2. Cysteine 29 mutagenesis

In the initial round of protein engineering to create a secretory
pathway optimized mTagBFP, we substituted all cysteines with
serines and N-glycosylation consensus asparagines with aspar-
tates. However, the engineered FP, secBFP1 was no longer fluores-
cent when transiently expressed, even in the cytoplasm of cells
(Fig. 2S). Expression of the nonfluorescent protein was confirmed
by immunofluorescence (Fig. 2S).

To restore fluorescence to the engineered FP, we performed
structural analyses, which predicted mutations most likely respon-
sible for diminishing secBFP1 fluorescence: C29S, N73D, C118S,
and N129D. None of these amino acids form contacts with the
chromophore. However, mutations C29S, C118S, and N129D are lo-
cated within b-strands, while N73D is found at the end of the inter-
nal a-helix. The N73D mutation could alter the helix rigidity and as
a consequence disrupt chromophore formation. The additional
mutations, N214D and C229S are within flexible loop regions at
the C-terminal of the protein and therefore unlikely to play roles
in altering fluorescence. Each mutated residue was individually re-
verted to the original amino acid and transiently expressed in cells
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to identify the amino acid substitutions that decreased fluores-
cence. The normalized mean fluorescence intensities (MFI) of cells
expressing the various mutant constructs were compared (Fig. 2A).
Re-introduction of either asparagine residues (N73 or N129) or
C118S had no affect on FP fluorescence. However, the S29C muta-
tion restored fluorescence comparable to the parental mTagBFP.
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Introduction of the converse mutation, C29S, within mTagBFP
background attenuated fluorescence, confirming the importance
of this cysteine. We expressed ER-secBFP1 S29C and examined
the protein under nonreducing conditions. An immunoblot
(Fig. 3S) revealed a higher molecular weight laddering pattern,
with a distinct population corresponding to a potential dimer spe-
cies (50 kDa). These data indicate not only the importance of the
residue to maintaining the proteins fluorescence but also the abil-
ity of C29 to participate inappropriate disulfide bonds.

Although serines are frequently used as an amino acid substitu-
tion for cysteines, these mutations are not necessarily structurally
conservative. Serine can even induce bending in a helices at posi-
tions normally occupied by cysteines [19]. Also, cysteine can exhi-
bit a hydrophobic character [20]. More hydrophobic and
structurally similar amino acids, valine (S29V) and alanine (S29A)
were introduced to restore fluorescence in secBFP1. S29A produced
the first fluorescent secretory optimized blue FP, secBFP2 (Fig. 2B).
See Supplementary Fig. 4 for characterization of secBFP2’s proper-
ties. The S29G had no affect on protein fluorescence demonstrating
the significance of maintaining the structural integrity of the ami-
no acid at critical residues (Fig. 2A).

Immunoblots comparing ER-mTagBFP and -secBFP2 verified
secBFP2 localized to the ER lumen without being post-translation-
ally modified. Under nonreducing conditions, ER-secBFP2 did not
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and maturation of secBFP2 can be improved at either lower tem-
peratures or with the additional I174A mutation.

3.4. Consequences of mTagBFP glycosylation in the ER

Finally, we asked whether mutating post-translational modifi-
cations in mTagBFP could improve the size and mobility of secBFP2
in the ER in live cells. Mobility and size can be readily assessed by
measuring the FP’s effective diffusion coefficient (Deff) by Fluores-
cence Recovery after Photobleaching (FRAP) in live cells [15,16].
FRAP analysis (Fig. 4A and B) revealed a significant difference in
ER-mTagBFP and -secBFP2 mobilities (Fig. 4C). ER-mTagBFP
(3.0 lm2/s) had a 1.5 � slower mean Deff compared to ER-secBFP2
(4.6 lm2/s) (Fig. 4C). This difference in Deff values is consistent
with a significant decrease in the Rh of the improved ER-secBFP2
as calculated using the Stokes–Einstein Equation [18]. While a typ-
ical FP Rh is 2.3 nm (Fig. 4D, dashed circle) [23], our measurements
establish ER-mTagBFP has a 1.5 � larger Rh (Fig. 4D, solid circle).
This size increase is consistent with the size and flexibility of the
N-glycans on ER-mTagBFP. The change could also reflect bind
and release interactions of the glycosylated FP with the ER lectin
chaperones calnexin and calreticulin [14]. Aside from potential
utility as a reporter for glycosylated secretory proteins, a glycosyl-
ated FP is generally undesirably larger and, most importantly, not
inert.

4. Conclusions

To improve the utility of FPs within multiple cellular environ-
ments, we have successfully engineered an inert mutant of
mTagBFP for the ER and other oxidizing environments. The secre-
tory optimized, secBFP2 is the first blue FP that is protected from
post-translational modifications when localized to the ER. We pro-
pose this method for creating FPs suitable for the ER environment
can be applied to other FPs and we are currently developing a tool
box of other improved oxidizing environment friendly FPs.
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