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[40] Fluorescent Labeling of Recombinant Proteins
in Living Cells with FIAsH

By B. ALBERT GRIFFIN, STEPHEN R. ADAMS, JAY JONES,
and RoGEeR Y. TSIEN

Introduction N

Chemical labeling of specific sites in proteins is usually achieved by
reaction of single cysteine residues (either native or introduced by site-
targeted mutagenesis) with appropriate thiol-reactive derivatives.! Other
reactive amino acids such as lysines or glutamates are generally too abun-
dant in proteins to allow specific reaction with appropriately reactive probe.
This general approach has, however, been limited to in vitro modification
of purified proteins. Biological studies of such labeled proteins in cells
require their reintroduction by disruptive techniques such as microinjection
or electroporation, which often greatly limits the scope of such experiments.
Labeling of single cysteine residues in specific proteins in living cells is
precluded by the millimolar concentrations of competing thiol from gluta-
thione and other proteins.

Alternative approaches generally require fusion of the desired protein
(at the DNA level, followed by transfection of cells) with intrinsically
fluorescent proteins such as green fluorescent protein (GFP) or proteins
to which specific small molecules can be targeted (reviewed in Tsien and
Miyawaki?). However, such proteins are large (e.g., 30 kDa for GFP), often
larger than the target protein, and are restricted in their fusion sites and in
the functionalities that can be targeted (e.g., GFP is limited to fluorescence).
Incorporation of unnatural amino acids has been achieved by in vitro trans-
lation methods? or in ion channels expressed in oocytes* but cannot yet be
applied more generally. In vitro protein ligation® of fluorescently labeled
peptides or polypeptides to construct full-length proteins is a promising
new approach that may be applicable to living cells.

1 G. T. Hermanson, “Bioconjugate Techniques.” Academic Press, San Diego, California,
1996.

2R. Y. Tsien and A. Miyawaki, Science 280, 1954 (1998).

3V. W. Cornish, D. Mendel, and P. G. Schultz, Angew. Chem. Int. Ed. Eng. 34, 621
(1995).

4M. W. Nowak, J. P. Gallivan, S. K. Silverman, C. G. Labarca, D. A. Dougherty, and
H. A. Lester, Methods Enzymol. 293, 504 (1998).

5T. W. Muir, D. Sondhi, and P. A. Cole, Proc. Natl. Acad. Sci. U.S.A. 95, 6705 (1998).
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FiG. 1. The synthesis of FIAsH-EDT, from fluorescein mercuric acetate and arsenic
trichloride, followed by reaction with 1,2-ethanedithiol (EDT). The fluorescent complex of
FlAsH with an a-helical peptide containing the CCXXCC FlAsH site is shown schematically
as the two arsenic atoms bridging the i, i+1 and i+4, i+5 thiols, respectively. An alternative
conformation involving i, i+4 and i+1, i+5 binding of the arsenics is also possible.

Our approach® to site-specific labeling of proteins in living cells has
been to utilize the well-known affinity of arsenoxides (R— As=0) for a
pair of closely spaced cysteines. To prevent labeling of such endogenous
cellular sites (and the associated toxicity), a fluorescein containing two
arsenoxides (FIAsH) was designed that has a much higher affinity for four
appropriately spaced cysteines (CCXXCC, where X is any amino acid
other than cysteine) in an a-helical conformation (Fig. 1). Such motifs are
sufficiently uncommon in naturally occurring proteins to permit specific
modification of the target protein incorporating the introduced FlAsH site

$B. A. Griffin, S. R. Adams, and R. Y. Tsien, Science 281, 269 (1998).
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in living cells. By labeling in the presence of the arsenoxide antidote 1,2-
ethanedithiol (EDT), nonspecific labeling and toxicity can be minimized
because EDT forms more stable complexes with arsenic than do pairs
of cysteines. Furthermore, FIAsH complexed with two EDT molecules,
(FIAsH-EDT,) is membrane permeable and nonfluorescent yet becomes
brightly fluorescent on binding the CCXXCC site, thereby decreasing back-
ground signal from unbound dye during labeling. The tetracysteine site can
be attached as an N- or C-terminal tag or incorporated into a known a-
helical structure. Addition of a high concentration (millimolar) of EDT
reverses the binding of FIAsH to the tetracysteines, permitting reversible
labeling. Chemical modification of the fluorescein moiety allows incorpora-
tion of different photochemical properties (e.g., different colors for
multicolor analysis or fluorescence resonance energy transfer) or use as
a handle to target other small molecules to proteins modified with the
FlAsH site.

FlAsH may also be used to label purified proteins ir vitro as an alterna-
tive to fluorescein iodoacetamide or maleimide reagents, with the advantage
that the tetracysteine-binding site can be labeled without affecting single
cysteines in the molecule. In addition, the restricted rotational mobility
and fixed orientation of FIAsH bound to the FlAsH site (L. Gross and S. R.
Adams, unpublished results, 1999), compared with conventional fluorescein
labeling reagents, may be advantageous for studies of protein mobility.

Synthesis of FlIAsH and Its Derivatives

FIAsH-EDT, can be synthesized by a one-pot two-step synthesis from
commercially available fluorescein mercuric acetate (Fig. 1). A similar
method has been used to make analogs of FIAsH containing additional
functionalities (e.g., -CO,H, -NH,, and —Cl) with similar yields (our un-
published results, 1999).

Synthesis of FIAsH-EDT,

Fluorescein mercuric acetate (85 mg, 0.1 mmol; Aldrich, Milwaukee,
WI) was suspended in dry N-methyl pyrrolidinone (NMP; 1.5 ml) under
argon. Arsenic trichloride (167 ul, 2 mmol) (CAUTION: Highly toxic! Use
fumehood!) was added followed by palladium acetate (a few milligrams)
and dry N,N-diisopropylethylamine (140 wl, 0.8 mmol). The resulting pale
yellow solution was stirred at room temperature for 3 hr. The reaction
mixture was poured into 50 ml of a stirred 1:1 (v/v) mixture of acetone
and 0.25 M pH 7 phosphate buffer (to give a final pH of about 4-5), and
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1,2-ethanedithiol (EDT, 99%; 285 ul, 3.4 mmol; Fluka, Buchs, Switzerland)
was added immediately. The mixture rapidly turned cloudy. CHCl, (25 ml)
was added with continual stirring. After 15 min, the mixture was diluted
with water (50 ml) and separated, the aqueous layer was further extracted
with CHCl; (two 25-ml volumes), and the combined extracts were dried
over anhydrous sodium sulfate and evaporated to near dryness, using a
water aspirator only. Any precipitates formed during extraction were ig-
nored and removed during filtration of the drying agent. The oily orange
residue was dissolved in toluene (50 ml) and washed with brine (three
times, 50 ml each), dried, and evaporated to near dryness. This step removed
NMP and could be omitted if care was taken not to overload the column
during the subsequent chromatography. Alternatively, residual NMP (and
EDT) can be removed from the toluene extract by a final (careful!) evapora-
 tion under oil vacuum-pump pressure (<1 mmHg). The product was puri-
fied by column chromatography on silica gel 60 (230~400 mesh, 20 g packed
in toluene; E. Merck, Darmstadt, Germany), as the first orange band eluted
with 1:9 (v/v) ethyl acetate—toluene. Fractions containing FIASH~EDT,
should not be completely concentrated to dryness, because the solid does
not redissolve if left under vacuum for even a short time. (A possible
explanation could be that vacuum removal of EDT might leave behind the
free arsenoxide; arsenoxides are known to be prone to polymerization when
concentrated.) Trituration with 95% ethanol overnight at 4° gave an off-
white solid, melting point 155° with decomposition. Yield, 24 mg (36%).
Keep at —20° protected from light. Solutions of FIAsH-EDT, in dimethyl
sulfoxide (DMSO) or ethanol have been kept frozen for several months
without significant deterioration, although some precipitation can occur
with samples containing additional EDT.

‘ 'H NMR (200 MHz, CDCl, with a trace of CD;0D): 2.3 (broad singlet,
. OH), 3.57 (multiplet, 8 protons, -SCH,CH,S-), 6.60 (doublet, J = 8.8Hz,
2 protons, H-2' and H-7'), 6.69 (d, J = 8.8 Hz, 2 protons, H-1' and H-8'),
719 (d, 1 proton, H-7), 7.66 (m, 2 protons, H-5, 6), 8.03 (d, 1 proton,
- H-4). Electrospray mass spectroscopy in negative ion mode indicated a
~ monoisotopic mass for the —1 ion of 663.0 Da (theoretical 662.85). The
extinction coefficient was 4.1 X 10* M~ cm™ at the absorbance maximum
of 507.5 nm in pH 7 buffer.

In Vitro Peptide and Protein Labeling with FIAsH-EDT,

Labeling of tetracysteine peptides by F1AsH in vitro is easily accom-
plished and can be conveniently monitored by the concomitant increase in
fluorescence. Successful labeling of proteins has been achieved at the N or
C termini by addition of the sequence of a model peptide that binds FIAsH
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(EAA ARE ACC REC CAR A). (The N-terminal tryptophan included
in the original model peptide for convenient quantification is not necessary
for FIAsH binding.) To date only a few examples of different proteins Rave
been tried, so a minimal FIAsH site has yet to be defined. An internal
FlAsH site in an existing o helix of calmodulin was generated by mutation
of four amino acids to cysteine and successfully labeled with FIAsH in vitro
and in living cells.®

For labeling in vitro it is important that the cysteines that bind to the
probe be completely reduced because FIAsH will not react with disulfides.
If reduction of cysteines is required, we usually treat a concentrated stock
solution of the peptide (millimolar) with either dithiothreitol (DTT) or .
triscarboxyethylphosphine (TCEP), using standard methodologies. The re-
duced solution is then diluted to micromolar concentrations for labeling
and study. High concentrations of DTT (tens of millimolar)'may compete
with the tetracysteines for FIAsH and decrease labeling and so should be °
avoided in the final labeling solution. The rate of labeling with FIAsH is
pH sensitive, as reaction requires the cysteine to be in the thiolate form.
Adequate reaction rates occur at pH 7 for labeling at micromolar concentra-
tions but lower pH values may be used with higher concentrations of
reactants and longer reaction times.

Efficient labeling generally requires the presence of small monothiols
(1 mM) such as mercaptoethanol (2-ME) or 2-mercaptoethanesulfonic acid
(MES). Monothiols have a weak affinity (millimolar) for arsenoxides and
may aid in shuttling the arsenics into the correct position for good binding.
In the absence of a small monothiol the labeling proceeds more slowly. -
Addition of the nonthiol reductant TCEP does not increase the rate of
labeling, indicating that it is not the reductive power of 2-ME that is respon-
sible for the enhanced reactivity. Addition of 2-ME to a FlAsH solution
can result in the development of some fluorescence even in the absence of
a target peptide and the presence of excess dithiols. The source of this-
fluorescence has not been determined but may be due to formation of 2-
ME adducts with the arsenics, which quench the fluorescein less effectively
than EDT. The fluorescence intensity of these adducts is low compared
with that produced when FIAsH binds to the target peptide. A moderate
fluorescent enhancement on labeling with FIAsH (particularly when using
an excess), may be indicative of decomposition or of significant fluorescent
impurities left over from synthesis. Incubating the FIASH-EDT, with a
slight excess of EDT prior to reaction can often decrease such background,
suggesting that slow hydrolysis of the EDT group from the FIAsH occurs
with time. Excess FIAsH may be removed after completion of labeling
by standard techniques such as reversed-phase high-performance liquid
chromatography (HPLC) or gel filtration.




 EDT,, showing FRET from CFP to FlAsH. (2) FRET is disrupted when fusion protein is
" cleaved by trypsin. (3) Addition of 5 mM BAL (British Anti-Lewisite, 2,3-dimercaptopropanol)

. sequence RMRPPGPGDEVDGVDEVAKKSKEPGELAEAAAREACCRECCAREAA-

. (GIBCO-BRL; final concentration, 0.4 mg/ml) quickly cleaved the FLAsH peptide adduct

Cyan Fluorescent Protein-FlAsH Construct
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Fic. 2. Fluorescence emission spectra of cyan fluorescent protein (CFP) linked to a FIAsH
target sequence by a protease recognition site. (1) Intact fusion protein labeled with FlAsH-

removes F1AsH from the tetracysteine target sequence, making it nonfluorescent. The fusion
of CFP (GFP residues 1-227; F64L, S65T, Y66W, N1461, M153T, V163A) to the amino acid

AREAAAR was accomplished by standard molecular biology techniques. The recombinant
protein was expressed in E. coli and purified by means of a polyhistidine tag. It was desalted
with a Millipore Ultrafree-4 filter with a 10-kDa cutoff, and then resuspended in 100 mM
HEPES. The fusion protein at a concentration of 100 uM (determined with a Bio-Rad DC
protein assay kit) was reduced overnight in PBS, pH 7.3, containing 1 mM DTT. Labeling
was accomplished by adding 1 uM FIAsH-EDT, and 10 uM EDT to 1 uM reduced protein
in 2 ml of PBS containing 1 mM 2-ME. The labeling took about 2 hr for completion. Trypsin

from ,CFP. Addition of 1 ul of BAL dissociated the FIAsH probe from its target sequence.

FlAsH can be used to label recombinant proteins containing the FIAsH -
target sequence in vitro. Again it is necessary that the four cysteines in the .
FlAsH target sequence be in the reduced state so that they are available
to bind the probe. Purification of recombinant proteins containing reduced
tetracysteine-binding sites can be facilitated by including reducing agents
(such as 2-ME, DTT, and TCEP) at all stages in the work-up. Figure 2 shows
the spectra of a recombinant protein in which a FlAsH target sequence i§ .
linked via a peptidase cleavage site to CFP.” Cyan fluorescent protein (CFP)
is a mutant GFP with blue-shifted excitation and emission spectra that

7R. Y. Tsien, Annu. Rev. Biochem. 67, 509 (1998).
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undergoes fluorescence resonance energy transfer (FRET) to Fl1AsH if
sufficiently close in space (<5 nm) and orientated appropriately. After
labeling with FIAsH but before the addition of trypsin, there is efficient
energy transfer between CFP and the FIAsH fluorophore as evidenced by
reduced fluorescence at 475 nm compared with the fluorescence at 528 nm
(spectrum 1, Fig. 2). On cleavage with trypsin, the 528-nm signal is greatly
reduced while that at 475 nm is increased, indicating direct emission from
CFP and lack of FRET (spectrum 2, Fig. 2). After cleavage was complete,
a 5 mM concentration of the dithiol (British Anti-Lewisite BAL, or 2,3-
dimercaptopropanol) was added to dissociate the FIAsH fluorophore from
the target sequence. Spectrum 3 in Fig. 2 shows that this reagent reduced
the fluorescent signal of the FIAsH-peptide conjugate but had no effect
on the CFP emission at 475 nm. This demonstrates that the peptide cleavage
was indeed complete and that the residual fluorescence of the FIAsH-
peptide conjugate was due to direct excitation of the fluorophore and not.
to FRET caused by incomplete cleavage by the peptidase. This is a control
that cannot be easily performed when using other methods of protein la-
beling.

FlAsH Labeling in Cells

One of the most useful features of the FIAsH labeling system is the
ability of the probe to label recombinant proteins in living cells. The non-
fluorescent reagent is applied to the outside of cells, crosses the plasma
membrane, finds its target within the cell, binds, and becomes fluorescent. -
The specificity of FIAsH binding is improved by the addition of EDT to

‘the loading solution. The empirically determined concentration ratio of 10

uM EDT to 1 uM FIAsH-EDT, decreases staining of endogenous site
while still allowing FIAsH to bind to the designed motif.

Typically the loading solution for labeling cells is 1 uM FIAsH-EDT;
and 10 uM EDT in HEPES-buffered saline (HBS; containing either glucose
or, for reduction of background fluorescence, 1 mM sodium pyruvate). The
empirically found effect of pyruvate may result from a change in the redox
state of the cells. The FIAsH-EDT, and EDT, both in DMSO (1 ul each
of stock solutions of 1 mM FIAsH-EDT, and 10 mM EDT), are mixed
first and then diluted with the buffer (1 ml). It is important to use freshly
made EDT solutions because oxidation can occur readily. The solution can
be incubated at room temperature for 15 min to ensure that any FIAsH-
EDT, that may have become unprotected during storage rebinds EDT
before application to cells. The cells to be stained are rinsed with HBS to
remove serum proteins that may slow labeling by binding FIAsH-EDT,
(see below). The labeling solution is then added and the cells incubated
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for about 1 hr at room temperature. Some labelings may take longer and
can be conveniently monitored by fluorescence microscopy. It is useful to
label a control of mock-transfected cells to be sure that the fluorescence seen
isindeed due to labeling of the desired protein containing the tetracysteine-
binding site. Nontransfected cells are not an ideal control, because transfec- .
tion can introduce artifactual fluorescence staining by increasing cellular
debris.

Suppression of Background Staining in Cells

The ratio of reagents outlined above may not sufficiently lower back-
ground staining to allow straightforward use of the FlLAsH labeling tech- k
nique. This is especially evident when cells otherthan HeLa are used (e.g.,
ECV 304, HEK 293, CHO, 3T3, 3T6) or when the protein to be labeled
is expressed at low levels. Increasing the ratio of EDT to FIAsH-EDT,
may further reduce the background staining, but at the expense of desired
binding. The appropriate ratio may have to be determined empirically for
each protein construct and cell type. ‘

" The addition of two nonfluorescent compounds, one membrane perme-
ant and one membrane impermeant, to the loading solution greatly reduces -
the undesired background fluorescence in cells. In vitro, low millimolar
concentrations of EDT (or the more water-soluble BAL) are sufficient to
completely reverse the binding of FIAsH to a tetracysteine model peptide,
- In cells, however, some FIAsH staining persists even at high concentrations
of EDT (up to 30% of the background staining in wild-type HeLa). The idea
that an uncharged molecule might help reduce this non-dithiol-responsive -
background arose from the observation of the fluorescent interaction of
FIAsH-EDT, with bovine serum albumin (BSA) in vitro. A solution of
FlIAsH-EDT, becomes sigriiﬁcantly more fluorescent when BSA is added
(with an estimated quantum yield of 0.1 compared with 0.5 for the FIAsH-
peptide complex). This fluorescence is not reduced by the addition of
millimolar EDT. An extremely high affinity of the FIAsH arsenics for BSA
is unlikely because all cysteines in BSA with the exception of one are
oxidized to disulfides, and thus BSA presents no consensus site for tight
binding of FIAsH. The most likely explanation is that FIAsH-EDT, remains
* intact when binding to a hydrophoblc pocket on BSA, but becomes more
fluorescent because of a change in environment. BSA is well known for
binding hydrophobic dyes and boosting their fluorescence. Quenching of
fluorescence in free FIAsH-EDTS, is believed to result from deactivation
of the excited state by electron transfer from the arsenic atom to the
xanthene fluorophore and/or by vibrational rotation of the As-EDT

_ groups. Hydrophobic binding of FIASH-EDT, to BSA probably partially -
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prevents these modes of quenching. Binding is reversible, addition of a
tetracysteine-containing peptide to the complex results in formation of
peptide-FIAsH complex, although at a slower rate than in the absence
of BSA.

Similar hydrophobic sites in cells may bind FIAsH-EDT, and give
fluorescence that is unresponsive to high concentrations of dithiol. Such
unwanted fluorescence might be reduced if molecules could be found that

would preferentially occupy such greasy cellular binding sites, either by * - -

higher affinity or by mass action, thus displacing FIASH-EDT,. We :
screened 30 FIAsH-EDT, analogs and nonfluorescent dyes (including fluo-
rescein derivatives, EDT adducts of phenylarsenoxides, and hydrophobic
dyes) for their ability to reduce FIAsH background staining in untransfected
HeLa cells. Of the compounds screened, the commercially available dye
Disperse Blue 3 (Fig. 3; Aldrich sample further purified by recrystallization
from toluene) was the most effective at reducing background fluorescence
(Fig. 4). Typically, 20 uM dye added to the loading buffer is more than
sufficient to remove virtually all of the background nonresponsive to di-
thiols. Other mechanisms may also be operating when uncharged com-
pounds reduce background staining by FIAsH-EDT,. For example, the
background reducing agent may bind close to the FIAsH-EDT, molecule
and thereby reduce fluorescence by quenching rather than by displacement.’

Dead or dying cells are brightly stained (even untransfected cells) by
the standard FIAsH loading solution (1 uM FIAsH-EDT, and 10 uM
EDT), probably by exposure of hydrophobic sites that bind the dye. In the
study of single cells by fluorescence microscopy, these bright cells can often
be ignored. However, when populations of cells are to be studied these
bright cells may overwhelm the desired signal.

Part of the fluorescence in the bright, rounded up cells is removed by
the addition of an uncharged dye such as Disperse Blue 3. Suppression of
the bulk of the remaining background in these dead cells can be accom-

O  NHCH,CH,OH

SO;Na

Disperse Blue 3 Patent Blue V

FiG. 3. Structures of FIAsH background suppression dyes.
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F1G. 4. Demonstration of the additive effect of background suppression techniques. Cells,
either HeLa or EVC304, were split into 96-well plates and allowed to grow to confluence
overnight in DMEM supplemented with 10% (v/v) FBS. Medium was removed and the cells .
rinsed once with 200 ul of HBS per well. The indicated components, along with 1 uM -
FIAsH-EDT; and 10 uM EDT, in 100 ul of HBS were applied to cells, which were then
incubated at room temperature. Fluorescence was measured with a CytoFluor multiwell plate :
reader 1 and 2 hr after adding the FIAsH solutions. Filters: excitation, 485DF20; emission, - - -
530DE25. Concentrations: glucose, 10 mM (1.8 g/liter); sodium pyruvate, 1 mM; Disperse
Blue 3, 20 uM; Patent Blue V, 1 mM.

plished by flooding the cells with quenchers at high concentration. Mem-
brane-impermeant dyes have access to the interior of cells whose cyto-
plasmic membrane has been compromised, but not to the interior of living . -

cells.-We found that the commercially available dye Patent Blue V (Fluka; -
Fig. 3) is effective, while some dyes such as trypan blue are not. Other
charged dyes or combinations may reduce this source of background -
further. ,

Demonstration of Background Suppression in Transfected Cells

‘The additives that were developed with untransfected cells were demon- - :
strated to be effective in transfected cells. Figure 5%%° (top) illustrates the

' 8M. I. B. van den Hoff, A. F. M. Moorman, and W. H. Lamers, Nucleic Acids Res. 20, ;-
2902 (1992).
°G. Zlokarmk P. A. Negulescu, T. E. Knapp, L. Mere, N. Burres, L. Feng, M. Whltney,K
Roemer, and R. Y. Tsien, Science 279, 84 (1998).
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effect in HeLa cells as an example of a cell line that shows low background
staining. Figure 5 (bottom) demonstrates the greater effect achieved in 3T6
cells, which have higher background staining. In these experiments the'
background suppression agents were added with the FIAsH-EDT, loading
solution and remained on the cells for the duration of labeling. The un-
charged compound and the membrane-impermeant dyes may be added
after FIASH-EDT, labeling if it is found desirable to limit the exposure
of cells to these agents, although no toxic effects were apparent. After
labeling is complete, the FIAsH-EDT; solution is removed from the cells
and replaced with a rinse solution. For best results, the rinse solution should
contain Disperse Blue, Patent Blue, and 10 uM EDT to minimize retention
of the unbound and less membrane-permeable FIAsH-EDT; by cellular
hydrophobic sites during rinsing.

FlAsH staining of intact bacteria expressing proteins with FIAsH target
sites requires higher concentrations of FIAsH-EDT, {10-20 uM) in the
presence of 2-ME (1-5 mM) for several hours. Bacterial lysis (by freeze—
thawing) increases the rate of labeling, suggesting decreased permeability
of bacteria cell walls to FIAsH compared with mammalian cells (S. R.
Adams and A. Miyawaki, unpublished results, 1999). Similarly, preliminary
experiments with yeast indicate that FIAsH does not have access to the
interior of the cell until yeast spheroblasts are formed by removal of the
cell wall (B. A. Griffin and G. Odorizzi, unpublished results, 1999).

Summary and Outlook

FlAsH labeling of recombinant proteins for cellular localization studies
can be considered an alternative to the popular method using GFP fusions,’
with the FIAsH method having some advantages. The size of the fluorescent
tag is considerably smaller: Bound FIAsH has a molecular weight of less
than 600 and the addition of a FIAsH target site can be as small as four
introduced cysteines (with negligible change in molecular weight) with an
appended peptide adding less than 2 kDa. This compares with a molecular
weight of 30,000 for GFP, which is therefore more likely to perturb the
native structure and function of the tagged protein. Both FIAsH and GFP
tagging generate a fluorescent protein with similar brightness (the product
of the extinction coefficient and fluorescence quantum yield). However,
multiple FIAsH sites could be introduced into a protein so that considerably
brighter labeling would aid in detecting low-abundance proteins.

Fusions with GFP are generally limited to the C and N termini of
proteins, although insertion between some domains may be tolerated (e.g.,
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in the Shaker potassium channel'®) and insertion of proteins into GFP!
(at specific tolerant sites) without loss of fluorescence has been achieved.
Internal FIAsH sites may be tolerated in numerous surface a-helical regions"
of a protein, more readily permitting location of the fluorophore at nonper-
turbing sites.

Color mutants of GFP span the blue to yellow range of the spectrum;
FlAsH currently is limited to green emission although a red variant has
been developed that is a good FRET acceptor for GFP and YFP (S. R.
Adams and J. L. Llopis, unpublished results, 1999). In contrast, FRET
between color mutants of GFP has been limited to BFP-GFP and CFP-
YFP pairs, necessitating excitation with ultraviolet or violet light, respec-
tively, with its inherent drawbacks of higher autofluorescence and less
convenient laser lines. The description of red fluorescent proteins!? from
coral may eventually allow use of the more favorable GFP-RFP or YFP—,
RFP pairs. :

A major advantage of the FIAsH system is the comparative ease of
chemical modification of FIAsH. Coupled with the synthetic versatility of
organic chemistry, this enables the incorporation of functionalities other
than fluorescence into targeted proteins or peptides. Some modifications
already investigated include addition of photosensitizing groups, magnetic
resonance imaging agents, membrane-impermeant groups, cross-linking
groups, fluorescent Ca* sensors, or reactive groups for immobilization (our
unpublished results, 1999).

Disadvantages of FIAsH include the requirement of FIAsH binding for
reduced cysteines. Labeling of proteins in oxidizing environments (such as
the secretory pathway or extracellular) requires in situ reduction prior
to labeling (S. R. Adams and Y. Yao, unpublished results, 1999). More
importantly, higher background staining is generally seen in the FIAsH
labeling technique compared with GFP chimeras. This can limit the use-
fulness of the technique for protein localization (especially of proteins

10M. S. Siegel and E. Y. Isacoff, Neuron 19, 735 (1997).

" G. 8. Baird, D. A. Zacharias, and R. Y. Tsien, Proc. Natl. Acad. Sci. U.S.A. 96, 11241
(1999).

2M. V. Matz, A. F. Fradkov, Y. A. Labas, A. P. Savitsky, A. G. Zaraisky, M. L. Markelov,
and S. A. Lukyanov, Nature Biotechnol 17, 969 (1999).

experiment, the staining solution was replaced with solutions containing all components except
FIAsH-EDTj;, before images were collected from a cooled CCD with Axon Imaging Work-
bench software. Filters: excitation, 495DF10, 505 dichroic; emission, 535DF50, In the 3T6
experiment, the staining solution was not removed before images were recorded on a Pixera
digital camera. Filters: excitation, 450DF50, 480 dichroic; emission, 485 long pass.
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expressed in low abundance) although the suppression techniques described
above help decrease this problem significantly. The use of FIAsH as an
FRET acceptor from CFP (or the red version from GFP) suffers much less
from this problem as only specifically bound FIAsH is excited through
FRET. Background FIAsH staining is not significantly excited by the wave-
lengths used for CFP. Further optimization of the FLAsH target site, perhaps
through screening of peptide libraries, should still allow strong binding at
concentrations of dithiol that minimize background staining.

[41] Ubiquitin Fusion Technique and Its Descendants

By ALEXANDER VARSHAVSKY

The ubiquitin (Ub) fusion technique was developed in 1985-1986,
through experiments in which a segment of DNA encoding the 76-residue
Ub was joined, in frame, to DNA encoding Escherichia coli -galactosidase
(Bgal)."” When the resulting protein fusion was expressed in the yeast
Saccharomyces cerevisiae and detected by radiolabeling and immunoprecip-
itation with an anti-Bgal antibody, only the moiety of 8gal was observed,
even if the labeling time was short enough to be comparable to the time
(1-2 min) required for translation of the Ub-Bgal open reading frame
(ORF). It was found that in eukaryotic cells the Ub moiety of the fusion
was rapidly cleaved off after the last residue of Ub (Fig. 1).! The proteases
involved are called deubiquitylating® enzymes (DUBs) or Ub-specific pro-
cessing proteases (UBPs).*7 A eukaryotic cell contains more than 10 dis-
tinct DUBS, all of which are highly specific for the Ub moiety. The in vivo

1 A. Bachmair, D. Finley, and A. Varshavsky, Science 234, 179 (1986).

2 A. Varshavsky, Proc. Natl. Acad. Sci. U.S.A. 93, 12142 (1996).

3 Ubiquitin whose C-terminal (Gly-76) carboxyl group is covalently linked to another com-
pound is called the ubiguityl moiety, the derivative terms being ubiquitylation and ubiqui-
tylated. The term Ub refers to both free ubiquitin and the ubiquityl moiety. This nomencla-
ture, which is also recommended by the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology,'® brings Ub-related terms in line with the
standard chemical terminology.

* K. Wilkinson and M. Hochstrasser, in “Ubiquitin and the Biology of the Cell” (J.-M. Peters,
J. R. Harris, and D. Finley, eds.). Plenum Press, New York, 1998.

*J. W. Tobias and A. Varshavsky, J. Biol. Chem. 266, 12021 (1991).

SR. T. Baker, J. W. Tobias, and A. Varshavsky, J. Biol. Chem. 267, 23364 (1992).

7C. A. Gilchrist, D. A. Gray, and R. T. Baker, J. Biol. Chem. 272, 32280 (1997).
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Deubiquitylating enzyme
(DuB)

F1G. 1. The ubiquitin fusion technique. Linear fusions of Ub to other proteins are cleaved
after the last residue of Ub by deubiquitylating enzymes (DUBs) (see text)."?
&

cleavage at the Ub~polypeptide junction of a Ub fusion has been shown
to be largely cotranslational ®°

One physiological function of the cleavage reaction (Fig. 1) is to mediate
the excision of Ub from its natural DNA-encoded fusions either to itself
(poly-Ub)® or to specific ribosomal proteins.!'2 Many of the DUB prote-
ases that catalyze the cleavage of linear Ub fusions can also cleave Ub off
its branched, posttranslationally formed conjugates, in which Ub is joined
either to itself, as in a multi-Ub chain, or to other proteins.*!> A branched
Ub-protein conjugate usually comprises a multi-Ub chain covalently linked
to an internal lysine residue of a substrate protein. The ubiquitylated sub-
strate is processively degraded by the 268 proteasome, an ATP-dependent
multisubunit protease.'*-17 For reviews of the Ub system, see Refs. 18-22.

Another finding about the DUB-mediated cleavage reaction (Fig. 1)

8 N. Johnsson and A. Varshavsky, EMBO J. 13, 2686 (1994).

®G. C. Turner and A. Varshavsky, submitted (2000).

1D, Finley, E. Ozkaynak, and A. Varshavsky, Cell 48, 1035 (1987).

Y1 K. L. Redman and M. Rechsteiner, Nature (London) 338, 438 (1989).

2D. Finley, B. Bartel, and A. Varshavsky, Nature (London) 338, 394 (1989).

13 C. M. Pickart, FASEB J. 11, 1055 (1997).

140. Coux, K. Tanaka, and A. L. Goldberg, Annu. Rev. Biochem. 65, 801 (1996).

15W. Baumeister, J. Walz, F. Ziihl, and E. Seemiller, Cell 92, 367 (1998). .

16 M. Rechsteiner, in ““Ubiquitin and the Biology of the Cell”” (J. M. Peters, J. R. Harris, and -~
D. Finley, eds.), pp. 147-189. Plenum Press, New York, 1998.

17 G. N. DeMartino and C. A. Slaughter, J. Biol. Chem. 274, 22123 (1999).

8 M. Hochstrasser, Annu. Rev. Genet. 30, 405 (1996).

% A. Varshavsky, Trends Biochem. Sci. 22, 383 (1997).

2 A. Hershko and A. Ciechanover, Annu. Rev. Biochem. 76, 425 (1998).

2L T. Maniatis, Genes Dev. 13, 505 (1999).

22 1. Hicke, Trends Cell Biol. 9, 107 (1999).
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b

N-terminal residue Half-life

Met >20hr

Gly > 20 hr
Ala >20 hr
; stabilizing | S >20nr
' Thr
Cys >20hr
val >20hr
Pro >20hr
tertiary
destabilizing | A" 3 min
(Nta1p) Gin 10 min
secon'd_a.ry Asp 3 min
destabilizing al i
u 30 min
(Ate1p)
( Arg 2 min
type 1| Lys 3min
: His 3 min
primary
destabilizing Phe 3 min
(Ubrip) Trp 3min
type2 | jeu 3 min
Tyr 10 min
L e 30 min

Fic. 2. The N-end rule of the yeast S. cerevisiae.? Specific residues at the N terminus of
a test protein such as Bgal are produced by the Ub fusion technique (Fig. 1 and text). The
in vivo half-lives of the corresponding X-Bgal proteins are indicated on the right. Stabilizing
N-terminal residues (Met, Gly, Ala, Ser, Thr, Cys, Val, and Pro) are not recognized by Ubrlp
(N-recognin), the E3 component of the N-end rule pathway. Primary destabilizing N-terminal
residues (Arg, Lys, His, Phe, Trp, Leu, Tyr, and Ile) are directly bound by either type 1 or
type 2 substrate-binding sites of Ubrlp. Secondary destabilizing N-terminal residues are
arginylated by the ATEI-encoded Arg-tRNA-protein transferase (R-transferase), yielding
the N-terminal Arg, a primary destabilizing residue. Tertiary destabilizing N-terminal residues
Asn and Gln are deamidated by the NTAI-encoded N-terminal amidohydrolase (Nt-amidase),
yielding the secondary destabilizing residues Asp and Glu, respectively. The N-end rule of
mammalian cells is similar but contains fewer stabilizing residues.?

led to the discovery of the N-end rule, a relation between the in vivo half-
life of a protein and the identity of its N-terminal residue (Fig. 2).! First,
it was shown that the cleavage of a Ub-X-polypeptide fusion after the
last regidue of Ub takes place regardless of the identity of a residue X at
the C-terminal side of the cleavage site, proline being the single exception.
By allowing a bypass of the “normal” N-terminal processing of a newly i
formed protein, this result yielded an in vivo method for placing different . :
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augment the yield of the protein.*~* The yield enhancement effect of Ub
was observed with short peptides as well**#! This and other applications
of Ub fusions are described below, with references to the original articles
and specific constructs.

Production and Uses of N-Degrons

. An N-degron comprises the destabilizing N-terminal residue of a protein
and an internal lysine residue.2?42* A set of N-degrons containing differ-
ent N-terminal residues that are destabilizing in a given cell defines the N-
end rule of the cell.? The lysine determinant of an N-degron is the site of
formation of a substrate-linked multi-Ub chain.’*'8# A way to produce an
N-degron in a protein of interest is to express the protein as a Ub fusion
in which the junctional residue (which becomes N-terminal on removal of
the Ub moiety) is destabilizing (Fig. 2). An appropriately positioned internal
lysine residue (or residues) is the second essential determinant of N-degron.
Many natural proteins lack such “targetable” lysines, and therefore would
remain long-lived even if their N-terminal residue were replaced by a

- destabilizing residue. One way to bypass this difficulty is to link a protein

of interest to a relatively short (<50 residues) portable N-degron that
contains both an N-terminal destabilizing residue (produced through a Ub

fusion) and a requisite lysine residue(s). The earliest portable N-degron of

R

this kind is still among the strongest known (Fig. 3B).}*** It was found,
using the new strategy of a screen in the sequence space of just two amino
acids, lysine and asparagine, that certain sequences containing exclusively
lysines and asparagines can function in vivo as highly effective N-degrons.?
The portability and modular organization of N-degrons make possible a
variety of applications whose common feature is the conferring of a constitu-
tive or conditional metabolic instability on a protein of interest.

3T, R. Butt, S. Jonnalagadda, B. P. Monia, E. J. Sternberg, J. A. Marsh, J. M. Stadel, D. J.
Ecker, and S. T. Crooke, Proc. Natl. Acad. Sci. U.S.A. 86, 2540 (1989).

- 37D, J. Ecker, J. M. Stade}, T. R. Butt, J. A. Marsh, B. P. Monia, D. A. Powers, J. A. Gorman,

P. E. Clark, F. Warren, and A. Shatzman, J. Biol. Chem. 264, 7715 (1989).

3P Mak, D. P. McDonnell, N. L. Weigel, W. T. Schrader, and B. W. O'Malley, J. Biol.
Chem. 264, 21613 (1989).

3 R. T. Baker, S. A. Smith, R. Marano, J. McKee, and P. G. Board, J. Biol. Chem. 269,

- 25381 (1994).

49Y. Yoo, K. Rote, and M. Rechsteiner, J. Biol. Chem. 264, 17078 (1989).

4 A Pilon, P. Yost, T. E. Chase, G. Lohnas, T. Burkett, S. Roberts, and W. E. Bentley,
Biotechnol. Prog. 13, 374 (1997).

42 A Bachmair and A. Varshavsky, Cell 56, 1019 (1989).

43 G, P. Hill, N. L. Johnston, and R. E. Cohen, Proc. Natl. Acad. Sci. U.S.A. 90, 4136 (1993).

44V Chau, J. W. Tobias, A. Bachmair, D. Marriott, D. J. Ecker, D. K. Gonda, and A.
Varshavsky, Science 243, 1576 (1989).
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A
Met
Met-{
B
1 15 40
X HGSGAWLLPVSLVKRKTTLAPNTQTASPRALADSLMQRS

FiG. 3. The UPR (ubiquitin/protein/reference) technique.” (A) A tripartite fusion con-
taining a, the reference protein moiety whose C terminus is linked, via a spacer peptide, to
the Ub moiety. The C terminus of Ub is linked to b, a protein of interest. In vivo, this tripartite
fusion is cotranslationally cleaved® by deubiquitylating enzymes (DUBs) at the Ub—b junction,
yielding equimolar amounts of the unmodified protein b and a—Ub, the reference protein a
bearing a C-terminal Ub moiety. If a-Ub is long-lived, a measurement of the ratio of a-Ub
to b as a function of time or at steady state yields, respectively, the in vivo decay curve or
the relative metabolic stability of protein b.**7° (B) Example of a specific UPR-type Ub
fusion.?® This fusion contains the following elements: DHFRha, a mouse dihydrofolate reduc-
tase (DHFR) moiety extended at the C terminus by a sequence containing the hemagglutinin-
derived ha epitope; the Ub moiety (more specifically, the Ub®*® moiety bearing the Lys —
Arg alteration at position 48); a 40-residue, E. coli Lac repressor-derived sequence, termed
X [extension (e) containing lysines (K)] and shown below in single-letter abbreviations for
amino acids; a variable residue X between Ub and e¥; the E. coli Bgal moiety lacking the
first 24 residues of wild-type 8-Gal. The lightning arrow indicates the site of in vivo cleavage
by DUBs.”

N-Degron and Reporter Proteins

A change in the physiological state of a cell that is preceded or followed
by the induction or repression of specific genes can be monitored through
the use of promoter fusions to a variety of protein reporters, such as, for
example, Bgal, B-glucuronidase, luciferase, and green fluorescent protein
(GFP). A long-lived reporter is useful for detecting the induction of genes,
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but is less suitable for monitoring either a rapid repression or a temporal
pattern that involves an up- and downregulation of a gene of interest. A
sufficiently short-lived reporter is required in such settings. The metaboli-
cally unstable X—gal proteins of the initial N-end rule study® (Fig. 2) were
the first such reporters. Over the last decade, other protein reporters,
including those described above, were metabolically destabilized by ex-
tending them with either a portable N-degron or a “nonremovable” Ub
moiety 4547 The latter is targeted by a distinct Ub-dependent proteolytic
pathway called the UFD pathway (Ub/fusion/ degradation).!*® These meta-
bolically unstable proteins, expressed as Ub fusions, should be particularly
useful in settings where the concentration of the reporter must reflect a
recent level of gene activity. Portable N-degrons were also used to destabi-
lize specific protein antigens, thereby enhancing the presentation of their
peptides to the immune system.*>*

N-Degron and Conditional Mutants

A frequent problem with conditional phenotypes is their leakiness,
i. e., unacceptably high residual activity of either a temperature-sensitive
(ts) protein at nonpermissive temperature or a gene of interest in the “off”
state of its promoter. Another problem is “phenotypic lag,” which often
_ occurs between the imposition of nonpermissive conditions and the emer-
gence of a relevant null phenotype. Phenotypic lag tends to be longer with
proteins that are required in catalytic rather than stoichiometric amounts.

In one application of Ub fusions and the N-end rule pathway to the
problem of phenotypic lag, a constitutive N-degron (produced as a Ub
fusion) was linked to a protein expressed from an inducible promoter.>! This
.method is constrained by the necessity of using a heterologous promoter and
by the constitutively short half-life of a target protein, whose levels may
therefore be suboptimal under permissive conditions. An alternative ap-
proach is to link the N-degron to a normally long-lived protein in a strain
in which the N-end rule pathway can be induced or repressed. Such strains
have been constructed with S. cerevisiae,”>** but can also be designed in

45 C. K. Worley, R. Ling, and J. Callis, Plant Mol. Biol. 37, 337 (1998).

46 1. Deichsel, S. Friedel, A. Detterbeck, C. Coyne, U. Hamker, and H. K. MacWilliams,
Dev. Genes Evol. 209, 63 (1999).

411, Paz, J.-R. Meunier, and M. Choder, Gene 236, 33 (1999).

48 E. S, Johnson, P. C. Ma, I. M. Ota, and A. Varshavsky, J. Biol. Chem. 270, 17442 (1995).

4 A Townsend, J. Bastin, K. Gould, G. Brownlee, M. Andrew, B. Coupar, D. Boyle, S. Chan,
and G. Smith, J. Exp. Med. 168, 1211 (1988).

50T Yobery and R. F. Siliciano, J. Immunol. 162, 639 (1999). :

SLE, C. Park, D. Finley, and J. W. Szostak, Proc. Natl. Acad. Sci. U.S.A. 89, 1249 (1992).

52 7. Mogtaderi, Y. Bai, D. Poon, P. A. Weil, and K. Struhl, Nature (London) 383, 188 (1996).

53 M. Ghislain, R. J. Dohmen, F. Levy, and A. Varshavsky, EMBO J. 15, 4884 (1996).
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other species, including mammalian cells. The metabolic stabilities, and
hence also the levels of N-degron-bearing proteins, in a cell with ag induc-
ible N-end rule pathway are either normal or low, depending on whether
Ubrlp, the recognition (E3) component of the N-end rule pathway, is
absent or present.’>>3 These conditional mutants can be constructed with
any cytosolic or nuclear protein whose function tolerates an N-terminal ex-
tension.

Yet another design is a portable N-degron that is inactive at a low_
(permissive) temperature but becomes active at a high (nonpermissive)
temperature. Such an N-degron was constructed, using the Ub fusion tech-
nique, from a specific ts allele of the 20-kDa mouse dihydrofolate reductase
(DHFR) bearing the N-terminal arginine, a strongly destabilizing residue.%*
Linking this DHFR-based, heat-inducible N-degron to proteins of interest
yielded a new class of ts mutants, called ¢d (temperature-activated degron).
The td method does not require an often unsuccessful search for a:fs
mutation in a gene of interest. If the corresponding protein can tolerate
N-terminal extensions, the corresponding td fusion is functionally unper-
turbed at permissive temperature. In contrast, low activity of a s protein
at permissive temperature is a frequent problem with conventional #s mu-
tants. The td method eliminates or reduces the phenotypic lag, because the-
activation of N-degron results in rapid disappearance of a td protein. An-
other advantage of the td technique is the possibility of employing two sets of
conditions: a td protein-expressing strain at permissive versus nonpermissive
temperature or, alternatively, the same strain versus a congenic strain lack-
ing the N-end rule pathway, with both strains at nonpermissive tempera-
ture.> This powerful internal control, provided in the td technique by two
alternative sets of permissive/nonpermissive conditions, is unavailable with
conventional ts mutants. Since 1994, a few laboratories described successful
uses of the td method to construct #s alleles of specific proteins (e.g., Refs.
55 and 56). A recent modification of the ¢d technique combines the ga-
lactose-inducible overexulsion of Ubrlp and the temperature-sensitive
(td) N-degron.%

N-Degron and Conditional Toxins

A major limitation of the current pharmacological strategies stems from
the absence of drugs that are specific for two or more independent molecular

% R. I. Dohmen, P. Wu, and A. Varshavsky, Science 263, 1273 (1994).

%5 G. Caponigro and R. Parker, Genes Dev. 9, 2421 (1995).

%J. Wolf, M. Nicks, S. Deitz, E. van Tuinen, and A. Franzusoff, Biochem. Biophys. Res.
Commun. 243, 191 (1998).

%= K. Labib, J. A. Tercero, and J. F. X. Diffley, Science 288, 1643 (2000).
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targets. For the reasons discussed in detail elsewhere,”8 it is desirable
to have a therapeutic agent that possesses a multitarget, combinatorial
selectivity, which requires the presence of two or more predetermined
targets in a cell and simultaneously the absence of one or more targets
for the drug to exert its effect. Note that simply combining two or more
“conventional” drugs against different targets in a multidrug regimen would
not yield the multitarget selectivity, because the two drugs together would
perturb not only cells containing both targets but also cells containing either
one of the targets. ‘

A strategy for designing protein-based reagents that are sensitive to the
presence or absence of more than one target at the same time was proposed
in 1995.57 A key feature of these reagents is their ability to utilize codomi-
nance, the property characteristic of 'many signals in proteins, including
degrons and nuclear localization signals (NLSs). Codominance, in this con-
text, refers to the ability of two or more signals in the same molecule to
function independently and not to interfere with each other. The critical
property of a degron-based multitarget reagent is that its intrinsic toxicity
is the same in all cells, whereas its half-life (and, consequently, its steady
state level and overall toxicity) in a cell depends on the protein composition
of the cell, specifically on the presence of “target” proteins that have been
chosen to define the profile of a cell to be eliminated.”” A related but
different design involves a toxic protein made short-lived (and therefore
relatively nontoxic) by the presence of a degradation signal such as an N-
degron. (The latter is produced by the Ub fusion technique.) If a cleavage
site for a specific viral processing protease is placed between the toxic
moiety of the fusion and the N-degron, the fusion would be cleaved in
virus-infected cells but not in uninfected cells. As a result, the toxic moiety
of the fusion would become long-lived (and therefore more toxic) only in
virus-infected cells.®® The codominance concept and the ideas about pro-
tein-size multitarget reagents have been extended to small (<1-kDa)
multitarget compounds.”®

Overproduction of Proteins as Ubiquitin Fusions

A major application of the Ub fusion technique is its use to augment
the yields of recombinant proteins.**-* This approach increases the yield
of short peptides as well.“%*1% The yield-enhancing effect of Ub was ob-

s7 A. Varshavsky, Proc. Natl. Acad. Sci. U.S.A. 92, 3663 (1995).

8 A Varshavsky, Proc. Natl. Acad. Sci. U.S.A. 95, 2094 (1998).

59 A Varshavsky, Cold Spring Harbor Symp. Quant. Biol. 60, 461 (1996).
8T H. LaBean, S. A. Kauffman, and T. R. Butt, Mol. Divers. 1, 29 (1995).
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served not only with eukaryotic cells (where the Ub moiety is present in
a nascent fusion but not in its mature counterpart) but also in prokaryotes,
which lack the Ub system, including DUBs, and therefore retain the Ub *
moiety in a translated fusion.*>-*" (Escherichia coli transformed with a
plasmid expressing the S. cerevisiae DUB Ubplp acquires the ability to
deubiquitylate Ub fusions.®!) -

The yield-enhancing effect of Ub stems at least in part from rapid
folding of the nascent Ub moiety, whose presence at the N terminus of an
emerging polypeptide chain may thereby partially protect the still unfolded
chain from attacks by proteolytic pathways of the cytosol (most of these
pathways are a part of the Ub system). The remarkably strong increases
in protein yield even in eukaryotic cells, where the Ub moiety of the fusion
is retained transiently (for it is rapidly removed by DUBs), suggest that
this protection by Ub is particularly critical during translation, when an
emerging, partially unfolded polypeptide chain may present degrons that’
are buried in the folded version of the same polypeptide. The chaperone
role of Ub in this setting reflects one of its physiological functions. Specifi-
cally, the experiments with natural Ub fusions containing ribosomal proteins
have shown that the transient presence of Ub in front of a ribosomal protein
moiety is required for the efficient incorporation of that moiety into the
nascent ribosomes,'2 most likely because of the transient protection effect
described above.

The Ub-mediated increase in total yield is often accompanied by an
even greater increase in the solubility of overexpressed protein. In this
regard, the effect of Ub is analogous to that of several other proteins, such
as thioredoxin® and maltose-binding protein (MBP).> When these moieties
are cotranslationally linked to a protein of interest, they often increase its
yield and solubility. A model of the underlying mechanism suggested for
MBP® may also be relevant to the effect of Ub moiety. Specifically, a
partially unfolded nascent protein is presumed to weakly interact with the
nearby (upstream) MBP moiety, thereby transiently precluding intermolec-
ular self-interactions that could result in irreversible aggregation before
the protein has had the time to attain its mature conformation.®®

The first engineered Ub fusions utilized pUB23-X, a family of high
copy plasmids that expressed Ub-X-fBgal proteins containing different
junctional residues (X) in S. cerevisiae from a galactose-inducible, glucose-

repressible promoter.'#? Subsequent designs facilitated the construction of -

ORFs encoding Ub-X-polypeptide fusions by introducing a SacIl (SsI0)

61 3. W. Tobias, T. E. Shrader, G. Rocap, and A. Varshavsky, Science 254, 1374 (1991). )
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