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Abstract: The site-selective incorporation of two different fluorophores into a naturally occurring protein
(lectin, a sugar-binding protein) has been successfully carried out using two distinct orthogonal chemical
methods. By post-photoaffinity labeling modification, Con A, a glucose- and mannose-selective lectin, was
modified with fluorescein in the proximity of the sugar binding site (Tyr100 site), and the controlled acylation
reaction provided the site-selective attachment of coumarin at Lys114. In this doubly modified Con A, the
fluorescein emission changed upon the binding to the corresponding sugars, such as the glucose or mannose
derivatives, whereas the coumarin emission was constant. Thus, the doubly modified Con A fluorescently
sensed the glucose- and mannose-rich saccharides in a ratiometric manner while retaining the natural
binding selectivity and affinity, regardless of the double modification. On the benefit of the ratiometric
fluorescent analysis using two distinct probes, the sugar trimming process of a glycoprotein can be precisely
monitored by the engineered Con A. Furthermore, the doubly modified Con A can be used not only for the
convenient fluorescent imaging of saccharides localized on a cell surface, such as the MCF-7, a breast
cancer cell having rich high-mannose branch, but also for the ratiometric fluorescent sensing of the glucose
concentration inside HepG2 cells. These results demonstrated that the semisynthetic lectin modified doubly
by two distinct chemistries is superior to the singly modified one in function, and thus, it may be potentially
useful in cell, as well as in test tube.

Introduction Among the unnatural molecules, artificial fluorophores are
some of the promising candidates to enrich the structure and
function of the original native proteins, especially as useful
biosensors. In molecular biology, many proteins were fused with
GFP (green fluorescent protein), a representative protein-based
fluorophore, and its derivatives for various objectives. In
particular, two protein-based fluorophores, such as GFP or YFP,
were conjugated with a natural protein scaffold, successfully
demonstrating that a FRET (fluorescent resonance energy
f{ransfer)-type of communication between two fluorescent protein
modules is quite useful for sensing and imaging targeted
biological event$. This GFP-based technology gave us an

A recent advance in proteins engineering has provided us
with several new methodologies to incorporate unnatural
molecules, including unnatural amino acids into a native protein
scaffold with a site-specific mannéin combination with these
orthogonal methods, natural proteins can be modified with two
distinct unnatural functionalitieklt is naturally anticipated that
the introduction of two or more unnatural molecules is capable
of conferring a more sophisticated function upon a native
protein, although an experimental demonstration has not yet bee
sufficiently achieved. Although elegant examples using the
single modification have already been reported in protein
functionalizatior? the site-selective incorporation of two or more
synthetic molecules into proteins is very limitt&urthermore,
the introduction of new functions to native proteins by the
double modification with artificial molecules has been rarely
reportedef

(3) () Gu, L.; Braha, O.; Conlan, S.; Cheley, S.; Bayley,N#ture 1999
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important clue for protein functionalization by artificial mol-  (a) HzN 0.0

ecules? In practice, it has been pointed out that the attachment

of large proteins induces protein denaturation in some cases o. 7
since such protein-based fluorophores usually have a molecular © HMAg ;:S
weight higher than 20 000 per one protéiriThus, the incor- o
poration of small molecular fluorophorel are less than 500) (b) AMCA-SE

into natural proteins is considered to be a desirable and unique Te

strategy to minimize incorporation-induced protein perturbation. T

As a pioneering approach along this direction, Hahn and co-
workers reported that one GFP unit can be replaced with a
synthetic fluorophore to produce a GFP-fused protein bearing
the fluorophore as a powerful bioimaging tdol.

During our effort in chemistry-based protein engineering, we
developed a method for the active-site directed modification
(so-called P-PALM: post-photoaffinity labeling modification) ©
of native proteins and initially applied this method to a sugar- Te'
binding protein (lectinf.Using P-PALM, we recently attached
a fluorophore or an artificial receptor unit to the proximity of
a sugar-binding site of Concanavalin A (Con A), adinked
glucose or mannose binding proté&iep that the modified Con [T
A was converted to a fluorescent saccharide biose¥safe - |

UV intensity

FL intensity

describe herein that a controlled acylation reaction is combined @ 0 2 4 60 8 100

with P-PALM in order to carry out the site-selective incorpora-

tion of two distinct fluorophores into Con A. The doubly >

modified Con A can selectively sense sugar derivatives including E

glucose- or mannose-rich oligosaccharides and glycoproteins g

in a ratiometric fluorescence manner. More significantly, the T

engineered Con A can clearly visualize not only glycoproteins

and/or -lipids located on a cell surface but also the glucose ' ' L '

concentration inside a cell by the benefit of ratiometry. 0 20 0 60 %0 100

Retention time / min

Results and Discussion Figure 1. (a) Molecular structure of AMCASE. (b and c) Reverse-phase

HPLC chart of AMCA—Con A (prepared under the acidic conditions (pH
A Strategy for Site-Specific Incorporation of Two Distinct 5.0)) after trypsin digestion detected by (b) UV mode (220 nm) and (c)

Fluorophores into Con A. In addition to P-PALM, we fluorescence mode (350 nm for excitation, 450 nm for emission). (d)
. . L ’ Reverse-phase HPLC chart of AMCACon A (prepared under the basic

employed anOther reaction f9r tethering t\{vo distinct fluorophores conditions (pH 8.5)) after trypsin digestion detected by fluorescence mode
to Con A, that is, the acylation of theamino group of Lys. It (350 nm for excitation, 450 nm for emission).

is reported that Con A bears a loose binding site for hydrophobic ) . . .
substances distinct from the sugar-binding poék&hus, itmay ~ With the native Con A, and the site selectivity was examined
be reasonably expected that an appropriately hydrophobicPy the conventional peptide-mapping technique using trypsin
fluorophore is bound there so that it reacts at the vicinal site of digestion. The HPLC analysis of the digested mixture clearly
the hydrophobic domain. To test this hypothesis, a coumarin- Showed that the almost single peak was monitored by a

appended active ester (AMCA-SE; Figure 1a) was used to reactquore's.cence mode detector fqr the reaction under acidic pH
conditions (pH 5.0) (as shown in Figure 1c). Subsequently, the
(5) (a) Tsien, R. YAnnu. Re. Biochem1998 67, 509. (b) Tsien, R. YFEBS fluorescent peptide fragment was collected and assigned to the

IEI:EL%..ZOOS 579 927. (c) Roessel, P.; Brand, A. Nat. Cell Biol.2002 4, peptlde 102116 (TB) based on MALDI-TOF MS. The T6

(6) (a) Miyawaki, A; Llopis, J.; Helm, R.; McCaffery, J. M.; Adams, J. A;  peptide was further analyzed by the tandem masass
lkura, M., Tsien, R. ¥ Nature1997 388 882. (b) Romoser, V. A Hinkle, - tachnique. As shown in Figure S-1b, each difference in the mass

P. M.; Persechini, AJ. Biol. Chem.1997 272 13270. (c) Fehr, M.;

Lalonde, S.; Lager, I.; Wolff, M. W.; Frommer, W. B. Biol. Chem2003 peaks of T6showed good agreement with the mass unit of the
% f\ﬁb;ﬁiz&; Hodgson, L.: Kraynov, V.; Toutchkine, A.; Hahn, K. M.; ~ corresponding natural amino acid with the exception of Lys114.

Science2004 305 1615. The difference mass of the Lys114 site was determined to be
®) %ﬁ; ':,gg“g‘ggjv#;;Nsa,ﬁﬁﬁgg,Tég?ﬂ'gga;gﬁﬁg“ﬁe‘,;ﬁe&,ﬁ%ﬁfrgggfzz%39‘23)- 456.24 Da, the value of which is completely coincident with

The conventio_na! peptide digestion, HPLC separation, and _tandem massthe sum of thd\AW of Lys and AMCA (the calculated value of
spectroscopy indicates that the photolabeling site can be assigned to Y100, . . .
a proximal amino acid in the saccharide binding pocket. It is clear that the 496.24 Da). Thus, the labeling site was undoubtedly assigned

photoaffinity labeling process of the present P-PALM method is remarkably to Lys114, indicating that the reaction selectively occurred at
site-selective on a protein surface: Nagase, T.; Nakata, E.; Shinkai, S.;
Hamachi, I.Chem—Eur. J. 2003 9, 3660. (d) Nakata, E.. Nagase, T.. ~ PH 5.0 to tether AMCA at 114 Lys of Con A. In contrast,

Shinkai, S.; Hamachi, 0. Am. Chem. So2004 126, 490. (e) Koshi, Y.; i i i iti
Nakata B Hamaghi. ChemBioGherz00s 6, 134, multiple peaks appegreq for the reaction ur_lder basic condltlpns
(9) (a) Lis, H.; Sharon, NChem. Re. 1998 98, 637. (b) Dam, T. K.; Brewer, (pH 8.5) (as shown in Figure 1d), suggesting that the reaction
C. F. Chem. Re. 2002 102 387. (c) Rudiger, H.; Gabius, H. J. ; i
Giycoconjugate J2001, 18, 589. proceeded Wlt.h a rather low select|\{|ty at pH 8.5.
(10) Jelinek, R.; Kolusheva, £hem. Re. 2004 104, 5987. On the basis of the above acylation result, the scheme for
(11) (a) Becker, J. W.; Reeke, G. N.; Wang, J. L.; Cunningham, B. A.; Edelman, s ; ; ;
G M. J. Biol. Chem 1975 250, 1513. (b) Reeke, G. N.: Becker, J. W. the double modification of Con A was establlshed_a_s shown in
Edelman, G. MJ. Biol. Chem1975 250, 1525. Figure 2b. The labeled Con A prepared by photoaffinity labeling
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@ |gand (350 nm), and the FI (492 nm) chromophores (Figure 3a). On
8H0H %gmgg&')fﬂ;g HO. o ) the other hand, the fluorescence spectrum was not the simple
Hﬁlﬁw\ @ / sum of them, but showed the occurrence of a fluorescent
0 1 f 4 Ney @ COOH resonance energy transfer (FRET) between AMCA and Fl. For
cm'ﬁ'g?@/kc':s y the simple sum of the fluorescence of AME&on A and F
site -~ phatoreactive OUO Con A, the peak ratio of 513 nm (due to Fl) over 450 nm (due
P-PALM magen?mup Fmaleimide to AMC_:A) was 0.58, which was_5|gn|f|cantly_ lower than 2.5,
the ratio of AMCA—FI—Con A (Figure 3b). It is clear that the
(b) o intramolecular FRET effectively took place in the doubly
-pALM rsagent AMCA SE g modified AMCA—FI—Con A. This is supported by the fluo-
hv(330nrn 2000m) rescence lifetime measurement. When we compared the fluo-
Native-Con labeled-Con A AMCA-labeled-Con A rescence lifetime of the AMCA unit, a FRET donor, of AMCA

FI—Con A (3.1 ns) to that of AMCA-Con A (4.0 ns), the
shortened lifetime by 1 ns was observed in the case of AMCA

|:| ma|e.m.de FI—Con A (Figure 3c)? This may be ascribed to the intra-
molecular energy transfer from AMCA to Fl in AMCAFI—
Con A.

AMCA-FI-Con A AMCA-SH-Con A Ratiometric Sensing to Saccharide and Its Derivatives.
Figure 2. (a) Molecular structure of a P-PALM reagent and Fl-maleimide. These two distinct fluorescence peaks of AMERI—Con A
(b) Scheme for doub_le modification of_ Con A_by coupling P-PALM with may be potentially useful for the ratiometric sensing of
the controlled acylation to afford semisynthetic AMERI—Con A. . . .

saccharides. Figure 4a shows a typical fluorescence change of

was selectively acylated with AMCASE to afford the AMCA- AMCA —FI—Con A upon the addition of 1,3- and 1,6-mannot-
labeled Con A. Using the previously reported P-PALM method, riose (Man-3). It was found that the fluorescence of AMCA
the labeled ligand unit was cleaved off and fluorescein was (450 nm) was not altered, but the fluorescence intensity of Fl
attached to the produced thiol site via the maleimide/SH reaction (513 nm) decreased with the addition of Man-3. Such a change
to yield the doubly modified AMCA-FI—Con A. Each step did not take place in the case of the randomly modifiee FI
was followed by MALDI-TOF MS spectroscopy, and the Con A (for random F~Con A, see Supporting Information

reductnon

obtained AMCA-FI—-Con A was characterized by UWisible, Figure S-4). Therefore, the fluorescence change may be at-
fluorescence (excitation and emission), and mass spectroscopietributed to the microenvironmental change of Fl caused by the
(see Supporting Information Figure S-2). The YVsible sugar binding because Fl was tethered at the proximity of the
spectrum was the simple sum of Con A (at 280 nm), AMCA sugar-binding site of Con A>We previously demonstrated that
0.1
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Figure 3. (a) UV—visible spectra of AMCA-FI—Con A (bold line), AMCA-Con A (broken line), and FHCon A (plane line). (b) Fluorescence spectra
of AMCA —FI—Con A (bold line) and a simple mixture of AMCACon A and FCon A (broken line). (c) Time-dependent fluorescence decay curve of
AMCA was recorded from 440 to 460 nm after laser excitation at 337 nm for AMEIA-Con A (O) and AMCA—Con A (x), and the temporal response
(TR: broken line).
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Figure 4. (&) Fluorescence spectral change of AMERI—Con A upon addition of Man-3 (80.5 mM; inset: fluorescent titration plots of the intensity
ratio (Is19/l450) versus Man-3 concentratio®)). (b) Fluorescent titration plots of the emission intensity ratigsl4so) versus the saccharide concentration
(log [saccharide]): Man-1), 12-Man-2 @), 13-Man-2 (), 16-Man-2 {), Man-3 @), Man-4 @), Man-5 (&), Gal (x), Cel (+) in 50 mM HEPES buffer

(pH 7.5), 1 mM CaCJ, 1 mM MnCh, 0.1 M NaCl, T = 20 + 1 °C, Aex = 350 nm. (c) Schematic illustration of the present ratiometric sensing mode of
AMCA —FI—-Con A.

the d 1 h | df th bindi Table 1. Comparison of the Association Constants of
€ dansyl tiuorophore \.Nasl re_ease rom theé sugar-binding opmca—FI—Con A with Those of Native Con A toward Various
pocket upon the sugar binding in the dansyl-appended Con A, Saccharide and Glycoproteins
which was prepared by P-PALM. It is considerable that the log K
similar event occurred in the case of AMGAI—-Con A. A

. o saccharide AMCA-FI-Con A? native Con A?
seesaw-type of change in the AMCA and Fl emission was never Vo 162 0a
. . . - . an- . .
observed, |nd|ca'F|ng that the FRET eﬁlmengy b_etween AMCA 5 van-2 4.99 162
and Fl was not influenced by the sugar binding. In fact, no  13-man-2 4.75 4.48
difference was detected when we compared the fluorescence 16-Man-2 4.41 4.13
lifetime of the AMCA part of AMCA—FI—Con A in the absence mgz:i g'gg g'gg
or presence of the sugar (10 mM of Man-1) (see Supporting \jan-5 4.70 5.30
Information Figure S-3). This may suggest that the distance Gal a a
change between two fluorophores induced by the saccharide g,et: B (Man-5 derivative) *’;11 a
. . . . . IDO an- erivative . Cc
binding is not significant for FRET. Ribo A (Man-5 nonderivative) a c
(12) (a)Principles of Fluorescence Spectroscopyd ed.; Lakowicz, J. R., Ed.; aPrecise values cannot be determined because of the low affinity.
Kluwer Academic/Plenum: New York, 1999. (b) Zhang, P.; Beck, T.; Tan, b Determined by ITC? ©No data were reported in previous literatures.
W. Angew. Chemint. Ed. 2001, 40, 402. dThe averaged values of at least three independent titration experiments.

(13) This is supported by the experiment using singly labeleddein A prepared
by P-PALM. In the titration experiments of FCon A with saccharides, . " . . . :
we found that the fluorescence intensity of FI decreased, similar to the Since the AMCA emission was _'nva”aple In various Sa_CCha'
ge-jlugs gbtal,n‘c;d IR AmCﬁFI*COH A (See_St{pporthng Informda_tloPhFlgure ride concentrations, the ratiometric sensing may be carried out

-4a). Consistently, the fluorescence anisotropy decreased in the presence . - .
of sugar, relative to that in the absence of sugar (see Supporting Information%s'ng the AMCA emission as the internal standatiThe

Figure S-5), suggesting that the rather restricted FI mobility was relaxed emission ratio of FI versus AMCA showed a typical saturation

by kicking out Fl upon sugar binding. In contrast, the randomly modified . . . . . L ..
FI—Con A did not show any fluorescence response to the corresponding P€havior as in the inset of Figure 4a, producing a binding affinity

saccharides (see Supporting Information Figure S-4b), which indicates that (Jog K) of 5.39, the value of which is almost identical with that
tethering of FI to the proximity of the binding pocket is crucial to this . ’ .
fluorescent sensing. As demonstrated in our previous papers (refs 8a andOf native Con A (Table 1). This result suggested that the

8c), the sugar-binding pocket of Con A is rather hydrophobic because of ratiometric saccharide sensing was precisely carried out in the
the proximal two Tyr residues and lle. Similar to the previous DANS .
Con A, Flwas kicked out so as to suppress the fluorescence intensity upon present. AMCA-FI—Con A using the unchanged AMCA

the saccharide binding. In addition to this microenvironmental effect, the fluorescence as the internal standard. A similar ratiometric
UV —visible titration experiments (Supporting Information Figure S-6) . . ’ X
stéggesteldfthat t?e th changﬁ depen%ing on thfe Ilocation cljlf kF| is alsho an fluorescence titration was conducted for other saccharides and
additional factor for the quenching. In the case of Fl, it is well-known that i i ; i

the pH-dependent change takes place between the strong fluorescent formegCOprOteIns (for glycoproteln, see Supporting Information
and the weak fluorescent form. By comparing the -tiisible spectral
change, it is suggested that the weak fluorescent form slightly increases (14) As the review: Bright, G. R.; Fisher, G. W.; Rogowska, J.; Taylor, D. L.
upon sugar binding in FiCon A. Method Cell Biol.1989 30, 157.

13256 J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005
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Figure 5. (a) Time-dependent differential fluorescence spectral change of AMEACon A during the enzymatic trimming of Ribo B (0.50 mM) catalyzed
by o-mannosidase (6~ 120 min). (b) Time profile of the emission intensity ratig:§/l4s0) at various Ribo B concentrations (0.25 mi&)( 0.33 mM (@),
0.50 mM@)). (c) Fluorescent sensing scheme of the enzymatic trimming process toward a branched mannoside attached to Ribo B-1y-AGGDAA.

Figure S-7). The semilog plot of the ratio value versus the sification is reasonably ascribed to the affinity difference of Con
saccharide concentration shown in Figure 4b gave binding A between the high-mannose branch and the simple mannose
constants for various saccharides and glycoproteins that areunit. That is, prior to the hydrolysis ly-mannosidase, AMCA
summarized in Table 1. The emission ratio changes by the FI-Con A was predominantly bound to the high-mannose of
addition of all thea-linked mannose derivatives, whereas Me- Ribo B, and as a result, the emission peak of Fl was suppressed.
a-galactose or #-linked glucose derivative, such as cellobiose, After the high-mannose branch was enzymatically degraded into
does not cause the ratio change. The evaluated selectivity andh simple mannose unit, which shows only a low affinity to Con
binding affinity (shown in Table 1, that is, Man-5, -4, -3 A, the Fl emission recovered during the trimming process (see
several types of Man-2, Man-1 Cel,> Me a-Gal) are almost  Figure 5c). As shown in Figure 5b, this reaction was accelerated
identical with the reported values of the native Con A by the increase in the Ribo B concentration, and it is important
determined by the ITC (isothermal titration calorimetry) to note that the ratiometric sensing by AMEA&I—Con A
experimentPindicating that AMCA-FI—Con Ais aratiometric  syccessfully monitored the time course of the enzymatic
fluorescent biosensor retaining a natural selectivity despite thetrimming. By the fluorescent titration using AMGAFI—ConA
double modification (Figure 4c). in the previous section, we confirmed that the spectral change
Fluorescent Monitoring of a Saccharide Trimming Process  \yas completed within less than 1 min for each step, suggesting
of Glycoprotein. Since the present AMCAFI—Con A can e rapid equilibrium in this binding. On the other hand, the
sense a high-mannose-type of branch attached to a proteinpannosidase-catalyzed trimming of Ribo B is rather slow
surface, such as ribonuclease B (Ribo B, Figure 5-&)e next (longer than 1 h). Thus, it is conceivable that AMERI—Con
a_ttempted to fluorescently m_onitor the trimmi_ng process ofthe A s successfully applied to the present monitoring system
high-mannose branch on Ribo B lymannosidas&. Figure \yithout being inferred by the sensing process. Artificial fluo-
5a shows the difference spectra of the fluorescence depending,yenic or chromogenic substrates have been usually employed
on the reaction time. Clearly, the emission at 513 nm due to Fl ¢, g\ ,c a glycosidase activity assay, which unfortunately cannot

gratcj:ually ilr(lter:sified.ir? A'l\,/l(?r FI—(;,on f]‘ rﬁ,';‘tige LO thf o give a real rate for naturally abundant substrates, such as
AMCA peak, along with a slight wavelength shift. Such a slight glycoproteins or glycolipids. The present AMCAI—Con A

emission shift that was observed during the titration experiment method does not need any modification of the substrates, so

of AMCA —FI—Con A with Ribo B produced a seesaw-type of that it may give us a unique tool for the investigation of the

the fluorescence spectral change. The time-dependent Fl mten-enzyme activity toward natural substrates.

(15) Williams, R. L.; Greene, S. M.; McPherson, A.Biol. Chem1987, 262, Imaging a Cell Surface Decorated with High-Mannosides.
16020. o ; ; ac

(16) @) Li, YT Li, S.-C J. Biol. Chem1966 241 1010. (b) Tarentino, A, In addition to sensing the correspon_dlng ;acchandes m_test_ tubes,
L.; Plummer, T. H., Jr.; Maley, F. J. Biol. Chem197Q 245, 4150. AMCA—FI—Con A is capable of imaging sugar derivatives

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13257
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Figure 6. CLSM images of MCF-7 cells. (a and b) The images of the samples stained with AMCA —FI—Con A by transmission channel (a) and
fluorescence channel (b). (The red color and the blue color were assigned for AMCA and Fl, respectively.) (c) The image (fluorescence channel) of the
sample (b) after the treatment by Man-3 (10@). (d) Schematic illustration of the present CLSM image change probed by AMRACon A on the

MCF-7 cell surface. (e) Fluorescence spectra of AM&A—Con A normalized at 446 nm on the cell surface (plane line) and in the bulk solution (dashed
line). These spectra were collected from the cell image of Figure 6b. (f) Fluorescence image of MCF-7 cells stainediniéimdomly modified F+Con

A.

localized on a cell surface by the ratiometric technique. As a This is strongly supported by the fluorescence spectra of the
proof-of-principle experiment, the fluorescent imaging MCF-7 localized space of the cell. As shown in Figure 6e, the
cell line, a breasF cancer cell decorateq with a high-mannose-fluorescence intensity coming from Fl was weaker on the cell
type of saccharide, was conductédFigure 6a-c shows  surface based on the fluorescence from AMCA than the Fl
photographs obtained by confocal laser scanning miCroscopyintensity of the bulk solution (the ratio of FI over AMCA was
(CLSM). Upon treatment of the MCF-7 cell with AMCAFI— 1.5 and 2.2 for the cell surface and for the bulk, respectively).
Con A, the stronger pinkish fluorescence due to AMCA wWas g chy 5 ratiometric change between the two emission peaks
observed on the surface of the MCF-7 cells, relative to that of indicates that AMCA-El—Con A binds to the saccharides on
the bulk solution (Figure _6a and b). Wh.en h/lan-3 (Jaa, the cell surface, but not in the bulk solution. In addition, the
Figure 6¢) or endoglycosidase!®(0.2 unit mL%; see Sup- : . . :
orting Information Figure S-9) was added to the resulting advantage provided by the ratiometric spectral analysis was
P undoubtedly displayed when the photograph obtained by the

solution, the contrast between the cell surface and the bulk ™" . . e
became smearédThis is reasonably explained by the fact that ratiometry was compared to that by the simple intensification

AMCA —Fl—Con A is concentrated on the MCF-7 cell surface System. Apparently, a clearer color change was detected at the

by the binding to the high-mannose types of glycosides, and Cell surface in the image of the ratiometric system using
the concentrated AMCAFI—Con A was released into the buk AMCA—FI—=Con A than in the image by a simple intensity
solution upon competitive binding to the excess amount of change system using the random-BElon A (Figure 6f), the

Man-3 or the saccharide trimming by glycosidase (Figure 6d).

(19) The darkness difference in the background is mainly due to the released

(17) (a) Edwards, D. P.; Grzyb, K. T.; Dressler, L. G.; Mansel, R. E.; Zava, D. AMCA —FI—Con A from the cell surface to the bulk solution upon Man-3
T.; Sledge, G. W.; McGuire, W. LCancer Res1986 46, 1306. (b) addition. The released AMCAFI—Con A should bind to Man-3 so that
Sugahara, T.; Ohama, Y.; Fukuda, A.; Hayashi, M.; Kawakubo, A.; Kato, the reddish fluorescence is stronger than that of AM@A-Con A in the
K. Cytotechnology2001, 36, 93. bulk in Figure 6b. Since the background of Figure 6c is more reddish than

(18) (a) Tarentino, A. L.; Maley Fl. Biol. Chem1974 249, 811. (b) Tarentino, that of Figure 6b, the darkness seems to be different between them. The
A. L.; Plummer, T. H., Jr.; Maley, FJ. Biol. Chem.1974 249, 818. (c) difference of the fluorescence spectra of the background was shown by
Arakawa, M.; Muramatsu, TJ. Biochem1974 76, 307. the spectrum mode of CLSM (see Figure S-8).
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Figure 7. (a) Fluorescence spectra of AMCAI—Con A in cytosol of HepG2. (b) The ratiometric intensitiyifl amca) change depending on various
extracellular saccharide concentrations. (@3 é&nd Gal ()) [inset: the time course of the ratiometric intensity changél {mca) upon the Glc addition.

The blue arrows and the red arrows show the Glc addition (1, 5, 10, 20, and 40mM (from the left to the right)) and the washing process, respeé}ively]. (c
Intracellular ratiometric image of HepG2 cells probed by AMERI—Con A. CLSM: (c) Transmission channel.{f) Pseudocolor fluorescence ratio
image. The extracellular concentration of Glc: 0 mM (d), 5 mM (e), 40 mM (f).

spatial distribution of which induced the increase or decrease When the glucose (Glc) concentration of the external bulk
in the fluorescence intensity. solution increases, it is known that the HepG2 cell uptakes Glc,
Fluorescent Imaging of Glucose Concentration inside Cell. ~ depending on the Glc concentration. Figure-Tghows the
The ratiometric fluorescence analysis should be more powerful ratiometric image by CLSM for the various Glc concentrations
if it is conducted inside a cell. To evaluate the applicability of (from 0, 5, and 40 mM, respectively). With the increase in the
AMCA —FI—Con A for intracellular glucose imaging, AMCA Glc concentration outside the cell, a reddish-colored image
FI—Con A was transported into the HepG2 cell, a hepatic cell changed into a yellow-to-bluish one in cells, implying that the
line, based on the conventional procedure using surfactant (segelative fluorescence intensity coming from Fl was gradually
the Experimental Section in detail). As shown in Figure 7d, reduced. Such a ratiometric change indicates that AMERA-
the CLSM study showed that a strong fluorescence appearedCon A located in the cytosol is gradually bound to Glc with
inside the HepG2 cell. From the spectral analysis of the CLSM the increase in the Glc concentrati®tin contrast, the addition
image (Figure 7a), it is clear that the fluorescence is due to of galactose (Gal) did not influence the CLSM image because
both AMCA (450 nm) and FI (513 nm), indicating that AMCA

. L .. . (20) Itis known that several glucose-dependent pathways generate the fluorescent

FI—Con A was localized inside the cell. The emission ratio ( cofactor NAD(P)H from the nonfluorescent NAD(P). Using this phenom-

ED overl (AMCA)) was n ractically alter rina the fiv enon, Evans et al. reported the glucose-dependent increase of the
(Fl) overl (AMC )) as notp a(.:t cally a.te ed during the five fluorescence due to NAD(P)H (so-called the autofluorescence of the cell
scans for observation over 20 min, showing that the troublesome at 400-500 nm by excitation at 340 nm: Evans, N. D.; Gnudi, L.; Rolinski,
photobleaching was not crucial under such conditions using the ~ O- J.: Birch, D. J. S.; Pickup, J. @iab. Technol. Ther2003 5, 807). In

X X our study, such an autofluorescence was not significantly measured under
ratio value in the present AMCAFI—-Con A. In the more the various glucose concentrations (from 0 to 40 mM, without AMCA

i i _ inai FI—Con A), confirming that the autofluorescence by the glucose uptake
detailed C_:LSM Observ"_itlons’ AMC__'QFl _Con Awas not inside did not influence the present ratiometric fluorescence change of AMCA
the nuclei, but predominantly localized in the cytosol of HepG2. FI—Con A in the HepG2 cell.
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Gal is not bound to Con A. Figure 7b shows the change of the is 20uM, commercially available from Molecular Probes) in DMSO,
intracellular Glc monitored by the emission ratib (FI)/I and the reaction mixture was incubated for 12 h af@S&n the dark.
(AMCA)) by various Glc concentrations of the external solution. Then, the solution was submitted to Mono S cation exchange chro-
Importantly, it shows that the typical saturation curve and the Matography (Applied Biosystems) at pH 5.0 (10 mM acetate buffer)
evaluated binding constant for Glc is roughly identical to the 2nd €luted by NaCl gradient (from 0 4. M for 15 CV). The eluted

. . . . . AMCA —Con A fraction was collected. The labeling efficiency was
value obtained in the test tube experiment described in the estimated from the ratio of the corresponding absorbance to be-0.80

prgvious sect_ion. The Glc uptake rat_e m_onitored by the emissiony g5 AMCA—Con A was identified by MALDI-TOF MS (Voyager
ratio change is accelerated by stepwise increments of the externakp). vz calculated, 25 911; found (SA), 25 922 10. UV spectra:
Glc concentration (from 1 to 40 mM), as shown in the inset of AMCA ez45 = 16 300 M ¢, €250 = 4200 M2 cmi! (H,0). Con
Figure 7b and Figure S-10. In the case of 40 mM, the change A: es = 35000 Mt cmL.

becomes constant within 1 min, whereas longer than a few Trypsin Digestion: The solution of AMCA-Con A (67uM, 200
minutes is needed for 5 mM. It is also noteworthy that the ratio «L) was mixed with in 100 mM ammonium bicarbonate buffer (pH
value returned back to almost the original one when the bulk 8.5) containig 2 M urea, and the mixture was treated with trypsin
Glc was washed out, suggesting the reversibility of the present (commercially available from Sigma) at 3T for 20 h. The digestion
sensing process using AMCA-I—Con A. As a control experi- reaction was stopped by TFA addition (the final concentration: 0.1%
ment, we confirmed that the Glc-dependent imaging was not (VIV)). The digested peptides were separated by reverse-p.hase HPLC
clearly distinguishable using random-HCon A. This is ascribed (column; YMC-pack ODS-A, 250< 10 mm), and each fraction was

analyzed by MALDI-TOF MS (SA or CHCA as matrix). The HPLC
to the fact that the random +Con A cannot respond to the . o0\ are as follows: CEN (containing 0.1% TFA)/bD

Glc concentration. ] _ (containing 0.1% TFA)= 5/95-55/45 (linear gradient over 100 min),
These results clearly demonstrated that the semisyntheticflow rate = 3 mL/min, detection by UV (220 nm) or FL (excitation

AMCA —FI—Con A, which tethers two distinct small fluoro-  wavelength= 350 nm, emission wavelength 450 nm).

phores, can respond to the Glc concentration change inside the Peptide Sequencing by Tandem Mass:The peptide fraction
HepG2 cell. It is clear that the present ratiometric biosensor including fragment T6collected by HPLC was used for MALDI-TOF
system is more powerful for the imaging of the Glc concentra- MS analysis (Bruker autoflex). The target peak ([T6 H]: m/z

tion inside a cell than the intensity-based sensing systems whichcalculated, 2083.08; found, 2083.07) was sequenced by a tandem mass
frequently yield problematic artifacts due to photobleaching and/ Mass method, and the pattern was analyzed by BioTool software

or the spatial redistribution of a single-modified probe protein. (Manual mode). _
Photoaffinity Label of Con A with P-PALM Reagent 1: The

Conclusion photoaffinity labeling process usirfigwas conducted according to our
recipe reported previousfyThe first fraction of the labeled Con A
The site-selective incorporation of two different fluorophores was collected and used in the following study.
into a naturally occurring protein was successful using two  preparation of AMCA —FI—Con A: To a solution of the labeled
orthogonal chemical modification methods. The doubly modified Con A (a homodimer consisting of the labeled monomer, that is, first
Con A retains the natural sugar-binding selectivity and affinity, fraction in the affinity column, 16.%M/20 mL) in 10 mM acetate
regardless of such chemical modifications, and can sense thebuffer (pH 5.0) was added AMCASE (the final concentration is 16.5
corresponding sugars and glycoproteins in the ratiometric #M), and it was incubated for _1_2 h at 25:_in the dark. The eluted
fluorescence mode. Using the benefit of the ratiometric fluo- AMCA-labeled-Con A was purified according to the same method as

: : AMCA—Con A. The AMCA-labeled-Con A solution thus obtained
r n nalysis, the engineer n A can full
escg ce analysis, the e. gineered Co ca be.success u )(Nas dialyzed against 10 mM phosphate buffer (pH 7.5). TCEP (the
applied not only to sensing the structurally complicated sac-

haride of bioloaical sianifi . test tube but also t final concentratior= 0.1 mM) was added to the solution of AMCA-
charide ot biological significance in a test tube but also 10 | heieq-con A (6.5uM, 12 mL), and the reaction mixture was

sensing and imaging these saccharides localized on a cell surfacg,cpated fo 5 h at 4°C under nitrogen atmosphere. The AMEA

or the glucose concentration inside a cell. In particular, such sH—con A thus prepared was treated with fluorescein-5-maleimide
an in-cell glucose imaging may potentially lead to a cell-based (Fl-maleimide, the final concentration of Fl-maleimide is 0.5 mM,
drug screening assay for type Il diabeté®espite the many Molecular Probes) in 10 mM phosphate buffer (pH 7.5) at@5for
reports on the fusion protein using two protein-based fluoro- 12 hin the dark. The excess amount of Fl-maleimide was removed by
phores, examples of the controlled incorporation of two artificial gel filtration chromatography [TOYO PEARL, 1 cx 15 cm, eluent;
fluorescent probes with low molecular weights into proteins are 10 mM acetate buffer (pH 5.0)], and the eluted protein fraction was
very limited. To the best of our knowledge, this is the first collected, concentrated by gltraflltratlon, foIIow_eq by dialysis against
example demonstrating that a semisynthetic lectin doubly 50 mM HEPES buffer solution (pH 7.5) containing 1 mM MaCl

dified with tural Il molecules i ful in its functi mM CaCl, and 0.1 M NacCl, to afford AMCA-FI—Con A (0.5uM, 5
modified with unnatural Small MOIECUIES IS USefulin IS function mL). The labeling efficiency was estimated from the ratio of [FI}/[Con

in a cell as well as in a test tube. It is expected that this exampIeA] to be 0.60-0.75, and [AMCA}/[Con A] to be 0.580.70. Each step
will stimulate the relevant research fields in which various \as followed by MALDI-TOF MS: AMCA-labeled-Con A (SA):m/z
orthogonal chemical methodologies applicable to engineering calculated, 26 310: found, 26 312 5, AMCA—SH—Con A: m/z

proteins and enzymes will be established. calculated, 26 115; found. 26 12& 9. AMCA—FI-Con A: m/z
) ) calculated, 26 542; found, 26 58010. UV—visible spectral data: Fl
Experimental Section €402 = 80 000 ML cm™?, €50 = 23 500 ML cmt (pH 7.5), AMCA
= 1 —1 = 1 —1 .
Preparation of AMCA —Con A: To a solution of native Con A~ €348 = 16 3001M' em ’|628° = 4200 '\ér cm (H20), CondA. €280
(20 4M) in 10 mM acetate buffer (pH 5.0 or 8.5 (10 mM Tris buffer)) 35000 M cm™. Fluorescence data: excitation and emission

spectra: lex = 350 and 488 nmiem = 450 and 513 nm.
Fluorescence Lifetime Study: The fluorescence lifetime was
(21) (a) Schwartz, M. W. Porte, D., Bcience2005 307, 375. (b) Lowell, B. measured with a fluorescence lifetime instrument (Hamamatsu photo-
B.; Shulman, G. IScience2005 307, 384. nics, streak camera, Model C4334, optically coupled to a change-

was slowly added AMCA-SE (a final concentration of AMCASE
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coupled-device (CCD) array detector); @ AMCA —FI—Con A Resource Center for Biomedical Research, Tohoku University) was
solution [50 mM HEPES buffer solution (pH 7.5) containing 1 mM  seeded in a 35 mm glass-bottom dish and incubated overnight in
MnCl;, 1 mM CaC}, and 0.1 M NacCl at 20C] was measured. Naser MEM supplemented with 10% of FBS at 37T under 5% CQ@
(337 nm) was used for AMCA excitation. atmosphere. After washing with PBS three times, the cells were treated

Fluorescence Titration with Saccharide Derivatives: Fluorescent with 1 uM AMCA —FI—Con A (or randomly modified FCon A) in
spectra were recorded on a Perkin-Elmer LS55 spectrometer. SaccharidgBS and were observed with CLSM. After the initial observation,
solution was added dropwise to a @ AMCA —FI—Con A solution Man-3 (final concentration= 100 M) was added to the resultant
[50 mM HEPES buffer solution (pH 7.5) containing 1 mM MaCl solution, and the cells were again observed with CLSM, or the cells
mM CaCl, and 0.1 M NaCl at 20C], and then the fluorescence spectra yere treated with 0.2 unit mi! of endoglycosidase H (frorStrepto-
were measured. The slit widths for the excitation and emission were myces griseysSeikagaku Corporation) for 2.5 h at 3Z and observed
fixed to 10 and 10 nm, respectively. The excitation wavelength used ith CLSM.
was/lex = 350 nm. Fluorescence titration curves were analyzed with a
nonlinear least-squares curve-fitting method or the Bertddebrandt
plot.

o-Mannosidase Activity Assay by AMCA—FI—Con A: After 0.05
umol of ribonuclease B (Ribo B) in 0.2 mL of pH 6.5 100 mM Tris/
bis-Tris buffer (0.25 mM) was mixed with 1 unit ef-mannosidase
(from Jack Bean, Seikagaku Corporation) in distilled water, the reaction
mixture was incubated at 3. At a corresponding reaction time, the
reaction solution was collected and mixed with @M AMCA —FI—
Con A (the final concentration of Ribo B- 10 uM, 50 mM HEPES ) o
buffer (pH 7.5) containing 1 mM MnGl 1 mM CaCh, and 0.1 M X-100, 1% BSA in PBS] containing 0 AMCA —FI—Con A for 1
NaCl), and the fluorescence spectrum was measured. The trimmingh- The fixed cells were then washed and observed by CLSM under
process of Ribo B was also monitored by MALDI-TOF MS. various Gle concentrations.

Confocal Laser Scanning Microscopy Study: Confocal laser .
scanning microscopy (CLSM, Carl Zeiss LSM 510 META equipped Acknox_/vledgment. E.N. thanks JSPS for his JSPS predoctoral
with a UV laser (351/364 nm) was measured as the following fellowship.
conditions: the excitation wavelengtiiex = 351 nm, all images by ) ) . . .
the emission fingerprinting. The fluorescence spectra of the CLSM  SuPporting Information Available: ~ Experimental details,
images were obtained by the averaged value of at least five independenincluding characterization of AMCAFI—Con A, preparation
points of the photos. The AMCA and Fl spectra were separated from procedure of F-Con A, several spectral data for elucidating
each other by the automatic calculation. The scanning speed and thethe fluorescence quenching mechanism, control experiment data
laser intensity were adjusted to avoid photobleaching of the fluorescent for cell imaging, and chemical structures of the used saccharide.

probes because the photobleaching of AMEA—Con A occurred  This material is available free of charge via the Internet at
under the severe conditions of CLSM experiments. http://pubs.acs.org

Imaging a Cell Surface using AMCA—-FI—-Con A: MCF-7 cell
(human breast adenocarcinoma: x1 10* cells. Provided by Cell JA052731A

Fluorescent Sensing of Glucose Concentration inside Cell:
HepG2 cell (human a hepatic cell: X4 10* cells) was seeded in a 35
mm glass-bottom dish and incubated in DMEM supplemented with
10% of FBS at 37C under 5% CQ@atmosphere. After the overnight
incubation, the cells were washed with PBS, fixed for 15 min at room
temperature in a solution containing 4% (wpgra-formaldehyde, and
washed again. Subsequently, the fixed cells were treated with TBP
solution [0.1% (w/v) Triton X-100, 1% BSA, 0.1% NaBHn PBS]
for 30 min, and then treated with TBP solution [0.1% (w/v) Triton
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