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SUMMARY

Cell activation initiated by receptor ligands or onco-
genes triggers complex and convoluted intracellular
signaling. Techniques initiating signals at defined
starting points and cellular locations are attractive
to elucidate the output of selected pathways. Here,
we present the development and validation of a
protein heterodimerization system based on small
molecules cross-linking fusion proteins derived
from HaloTags and SNAP-tags. Chemical dimerizers
of HaloTag and SNAP-tag (HaXS) show excellent
selectivity and have been optimized for intracellular
reactivity. HaXS force protein-protein interactions
and can translocate proteins to various cellular
compartments. Due to the covalent nature of the
HaloTag-HaXS-SNAP-tag complex, intracellular
dimerization can be easily monitored. First applica-
tions include protein targeting to cytoskeleton, to
the plasma membrane, to lysosomes, the initiation
of the PI3K/mTOR pathway, and multiplexed protein
complex formation in combination with the rapamy-
cin dimerization system.

INTRODUCTION

Chemical inducers of dimerization (CIDs) are powerful tools to

specifically control protein homo- and heterodimerization

(Corson et al., 2008). The most popular CID system currently

uses rapamycin to dimerize FKBP12 and the FRB domain of

mammalian target of rapamycin (mTOR), which results in the

formation of a stable trimeric complex (Crabtree and Schreiber,

1996). Although the system displays excellent kinetics (Banas-

zynski et al., 2005), cross-reactions with the nutrient sensor

mTOR complex 1 (TORC1) can occur. C16-derivatized rapa-

logs have been designed to interact only with mutated FRB

domains, but not with endogenous mTOR (Liberles et al.,

1997; Inoue et al., 2005; Edwards and Wandless, 2007). Using

rapamycin and rapamycin derivatives (dubbed rapalogs),

membrane translocation of lipid phosphatases was achieved
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targeting the plasma membrane (Varnai et al., 2006) and endo-

somes (Fili et al., 2006), while Inoue and Meyer successfully

triggered PI3K activation by translocation (Inoue and Meyer,

2008). Minor contamination with rapamycin or rapamycin by-

products (<< 1%) can dramatically affect the PI3K/mTOR

axis, which renders the rapamycin system less suitable for

studies of growth control, immunity, and metabolism (Wulls-

chleger et al., 2006).

The natural product coumermycin is a homodimerizer linking

two amino-terminal subdomains of the B subunit of bacterial

DNA gyrase (GyrB) on each side of the molecule (Mohi et al.,

1998; O’Farrell et al., 1998). Several cellular signaling pathways

were successfully targeted with the coumermycin system (Farrar

et al., 1996; Mohi et al., 1998; Liu et al., 2000), but biological

applications remain limited to homodimerization processes.

CID based on dexamethasone (DEX) conjugated to metho-

trexate (MTX) or trimethoprim (TMP) have been introduced by

the Cornish lab and were successfully used in a yeast three-

hybrid system (Lin et al., 2000; Baker et al., 2002; Bronson

et al., 2008). Phytohormone abscisic acid (ABA) stress response

pathway proteins have recently been modified to control the

proximity of cellular proteins (Liang et al., 2011). The ABA-

induced CID system offers the advantage that it relies on binding

partners that have no endogenous counterparts, but so far no

rapid dimerization has been demonstrated. Furthermore, most

of the systems discussed in Corson et al., 2008, including the

ABA system, depend on reversible noncovalent interactions,

which render the quantification of successful dimerization

challenging.

The use of self-labeling technologies allows the covalent

incorporation of a wide range of modifications at specific protein

sites (Hinner and Johnsson, 2010). Mutants of the DNA repair

protein O6-alkylguanine-DNA-alkyltransferase (SNAP-tag and

CLIP-tag) transfer alkyl groups from their substrates, such as

O6-benzylguanine (BG; Keppler et al., 2003) and O6-benzylcyto-

sine (BC; Gautier et al., 2008), to a reactive Cys residue. Haloal-

kane dehalogenase (HaloTag) has been designed to covalently

bind to synthetic chloroalkane ligands (Los et al., 2008). Covalent

bond formation between these protein tags and their targeted

compounds is highly specific, occurs rapidly under physiological

conditions, and is essentially irreversible. Johnsson and co-

workers have developed hetero-bisfunctional BG-MTX heterodi-

merizers, which were successfully used to control transcription
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Figure 1. Schematic Representation of Chemically Induced Dimer-

ization of Intracellular Proteins by HaXS Molecules

(A) HaloTag and SNAP-tag substrate moieties were integrated into bivalent

reactive cross-linking molecules (HaXS). The O6-benzylguanine function (red,

RS in subsequent figures) reacts with Cys145 in the SNAP-tag, while the

chloroalkane (blue, RH) links to Asp106 in the HaloTag.

(B) HaXS dimerizer molecules were rendered cell permeable by the integration

of specifically designed features into the core module (CoreM) of HaXS di-

merizers. Once HaXS enter cells, they heterodimerize exogenously expressed

proteins of interest (POIs) fused to SNAP- and HaloTags. In contrary to other

covalent chemical dimerizers, HaXS molecules link tagged proteins even if

they are not pre-associated (see Figure S1 and Table S1).
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in yeast (Gendreizig et al., 2003). The same group produced a

SNAP-homodimerizer (CoDis; Lemercier et al., 2007) and

bivalent fluorescent substrate S-CROSS, linking SNAP- and

CLIP-tagged proteins (Gautier et al., 2009). Like for the covalent

homodimerizer xCrAsH, which targets tetracysteine tags (Rut-

kowska et al., 2011), S-CROSS links exclusively pre-associated

binding partners. Although xCrAsH is suited for intracellular

applications, S-CROSS reactivity has only been demonstrated

in cell lysates so far.

An alternative approach to control protein-protein interactions

locally is provided by genetically encoded light-inducible protein

dimerizing systems (Yazawa et al., 2009; Kennedy et al., 2010;

Idevall-Hagren et al., 2012; Strickland et al., 2012). They offer

an unprecedented speed of dimerization (Idevall-Hagren et al.,

2012). Large protein tags (e.g., FKF1 with 1173 amino acids

[Yazawa et al., 2009] or PhyB with 908 amino acids [Levskaya

et al., 2009]), and sensitivity to accidental exposure to green/

blue light, favor the application of these systems in imaging,

but obstruct biochemical investigation of triggered interactions.

Here, we show the development and applications of an alter-

native dimerization strategy based on a class of covalent chem-

ical cross-linkers fusing HaloTag and SNAP-tag substrates
550 Chemistry & Biology 20, 549–557, April 18, 2013 ª2013 Elsevier
(HaXS; Figure 1A; Figure S1 and Table S1 available online).

This tag combination profits from a high reaction rate of the

HaloTags and SNAP-tags with their respective substrates (Hin-

ner and Johnsson, 2010) and attains high selectivity inside

mammalian cells. The strategy unites efficient covalent protein

dimerization with optimized cell permeability in HaXS molecules

and provides a simple control and workup of CID-induced com-

plexes (Figure 1B).

RESULTS AND DISCUSSION

Intracellular cross-linkers need to combine tag reactivity and cell

permeability. Because tag reactivity has been optimized before,

the core module linking SNAP-tag and HaloTag substrates was

left as a point of attack to modify physicochemical properties

of HaXS molecules. A progressive chemical optimization of the

coremodule included the integration of groupsmodulating water

solubility and cell permeability, and of bulky or semirigid struc-

tures separating the two tag-reactive moieties (for schematics,

see Figure 1B).

Structural Analysis of Core Module Properties and
Improvement of Cell Permeability of HaXS Molecules
To explore the required length of alkyl and PEG elements be-

tween HaloTag and SNAP-tag substrates, compounds HaXS1

and HaXS2 (Figure 2A) were tested in cellular systems. In HeLa

cells transiently transfected with SNAP-GFP and Halo-GFP

fusion proteins, optimal HaXS1 or HaXS2 concentrations

(5 mM) yielded up to 40%–50% intracellular dimerization. The

elongation of the core module in HaXS2, as compared to

HaXS1, improved cross-linking at elevated concentrations and

incubation times (Figures 2B and 2C). The observation that

time-resolved dimerization curves of HaXS1 and HaXS2 match

initially (t < 1 hr, Figure 2C) and the fact that HaXS1 has a higher

cell permeability than HaXS2 as determined in a permeability

assay (see below) suggest that the faster diffusion rate of

HaXS1 could initially compensate its inferior reactivity

(compared to HaXS2), while the longer HaXS2 yields higher

dimerization efficiencies at later time points (at 4 hr > 50% for

HaXS2, 25% for HaXS1). The better cell permeability and inferior

dimerization capacity of HaXS1 also explains why high concen-

trations of HaXS1 (50 mM) counteracted the formation of hetero-

dimeric HaloTag-SNAP-tag complexes, most likely by masking

reactions generating increasing levels of monomeric, reacted

Halo- and SNAP-GPF species (Figure 2B), which was not

observed with high concentrations of HaXS2.

These results suggest that intracellular dimerization reaction is

best interpreted as a convolution of substrate/tag reactivity and

limited diffusion of the compounds into intracellular space. This

view is also supported by the extended time required to reach

relevant yields of intracellular dimerization with this first-genera-

tion HaXS molecules, as compared to previously reported single

sided reaction rates of HaloTag and SNAP-Tagwith their specific

substrates (3 3 106 M�1.s�1 and 3 3 104 M�1.s�1, respectively;

Hinner and Johnsson, 2010). These pilot studies with HaXS1 and

HaXS2 made it clear that a minimal core module size is crucial to

efficiently cross-link the Halo-GFP and SNAP-GFP fusion pro-

teins, and that cell permeability needs to be improved for faster

intracellular reactivity.
Ltd All rights reserved
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Figure 2. Intracellular Heterodimerization Induced by First-Genera-

tion HaXS Molecules
(A) Abbreviated structure (for RS and RH see Figure 1) of the bisfunctional

HaloTag and SNAP-tag reactive molecules HaXS1 and HaXS2.

(B) HeLa cells transfectedwith expression constructs for SNAP-GFP andHalo-

GFP (see Supplemental Experimental Procedures) were exposed to HaXS1

and HaXS2 at the indicated concentrations for 1 hr at 37�C in complete cell

culture medium, before cells were lysed and proteins were subjected to SDS-

PAGE and immune-blotting for SNAP/HaloTag dimers using anti-GFP (pri-

mary) and fluorescently-labeled (secondary) antibodies to generate a readout

on an infrared imaging system.

(C) HeLa cells (cotransfected with SNAP-GFP and Halo-GFP as in (B) were

incubated with the indicated HaXS compound (5 mM), and lysed at the indi-

cated time for analysis of dimers as in (B). Quantifications of the concentration
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Second-generation HaXS molecules were designed on the

basis of a HaXS2 scaffold aimed to maintain comparable core

module size and low molecular weight, while introducing fea-

tures to improve cell permeability. Along these lines, HaXS3

was designed to replace the central glycinemoiety with function-

alized amino acids, and to generate a HaXS library (Figure 3A).

Because fluorinated groups have been reported to modulate

physicochemical properties of molecules considerably (Böhm

et al., 2004), we produced alkylated and fluorinated analogs of

HaXS3 to integrate a lipophilic surface as an entry point into

cellular membranes. To further investigate the influence of

fluorine substitutions on cell penetration of HaXS3 derivatives,

fluorinated and nonfluorinated analogs were produced in paral-

lel: alkyl-analog HaXS4 and fluorinated HaXS5 were synthesized

by the exchange of the glycine moiety included in the HaXS3

core structure bymethylalanine or trifluoromethylalanine groups,

respectively. The phenyl-analogs HaXS6 and the corresponding

fluorinated HaXS7 were made according to the same strategy

from Fmoc-phenylalanine or Fmoc-pentafluorophenylalanine

(Figure 3A). HaXS3 has comparable intracellular dimerization

efficiency compared to first-generation HaXS molecules. The

simple alkyl chain introduced in HaXS4 led to a reduction of intra-

cellular dimerization as compared to HaXS3 and HaXS2, but the

trifluoromethylated HaXS5 rescued dimerization of Halo-GFP

and SNAP-GFP fusion protein back to 40%within 1 hr. The lipo-

philic nature of the phenyl group in HaXS6 and the pentafluoro-

phenyl group in HaXS7 improved cell penetration even further.

The nonfluorinated aryl derivative HaXS6 showed characteristics

matching those of the fluorinated HaXS5 molecule. Significant

progress in rate and efficiency in intracellular dimerization was

achieved with the pentafluorophenyl derivative HaXS7 (Figures

3B and 3C).

Based on results from the above HaXS series, a third-genera-

tion dimerizer was envisaged: assuming that HaXS molecules

are delivered inside cells via passive diffusion through cell mem-

branes, we next targeted a dimerizer with a lower molecular

weight, and thus synthesized a flat derivative of HaXS7. One of

the emerging strategies was to integrate the polyfluorophenyl

substituent from HaXS7 into the core module structure. HaXS8

was synthesized in six steps from tetrafluorohydroquinone,

tetraethylene glycol, BG-NH2, and 6-chloro-1-iodohexane

(Figure 4A) with a good overall yield (1 g produced in total; see

Supplemental Experimental Procedures available online). Addi-

tionally, minimization of core module flexibility aimed to prevent

steric clashes during the formation of the protein complex,

hereby allowing higher yields of Halo-GFP and SNAP-GFP

dimerization. Molecular modeling was performed to eliminate

the possibility that the designed molecules would link the Halo-

Tag and the SNAP-tag in a way to generate unfavorable steric

clashes between the two tags. As shown in Figure 4B, HaXS8

provided a fair amount of degrees of freedom to arrange the

HaloTag and the SNAP-tag proteins in the docked complex, sug-

gesting that HaXS8 provided sufficient core module size and

flexibility for optimal docking.
and time-dependent heterodimerization are means ± SEM of three indepen-

dent experiments. Error bars were removed where smaller than the symbols

used. A detailed description of the synthesis of HaXS molecules can be found

in the Supplemental Experimental Procedures.
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Figure 3. Intracellular Dimerization Triggered by Second-Generation HaXS Molecules—Influence of Concentration and Time of Exposure

(A) Abbreviated structures of fluorinated and nonfluorinated bisfunctional Halo- and SNAP-tag reactive molecules.

(B) HeLa cells co-expressing SNAP-GFP and Halo-GFP were exposed to the indicated amounts of HaXS compounds for 1 hr at 37�C (for details see Figure 2C

and Supplemental Experimental Procedures).

(C) HeLa cells expressing SNAP-GFP and Halo-GFP fusion proteins were incubated with 5 mM of the indicated HaXS molecules, before they were lysed at the

given times for detection of dimerization by immune-blotting (as in Figure 2C). Values represent the mean of three independent experiments ± SEM.
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In HeLa cells, intracellular dimerization of Halo-GFP and

SNAP-GFP fusion proteins reached > 65% with HaXS8, notably

already at 10-fold lower concentrations of the compound as

compared to HaXS2 and HaXS7 (Figure 4C). Differences be-

tween HaXS8 and earlier generation HaXS molecules became

even more prominent at lower concentrations, as HaXS8 dis-

played significant intracellular dimerization as low as 50 nM,

where none of the other HaXS molecules displayed significant

dimerization. Moreover, HaXS8 was capable of dimerizing >

50% of tagged proteins over a wide concentration range. This

exceeds values typically achieved for surface receptor/signaling

chain interactions by a factor of around 103, as receptors recruit

cytosolic components in the low percentage range (Deswal

et al., 2011).

To correlate cell permeability and the performance in intra-

cellular dimerization reactions directly, we performed a parallel

artificial membrane permeability assay (PAMPA; for a review

see Faller, 2008) with all HaXS molecules (Figure 4E). A cor-

relation between the obtained permeability values (Pe) and

the intracellular dimerization obtained for each HaXS com-

pound showed that cell permeability is indeed a key factor

for an efficient heterodimerization process in cells. HaXS1 is

the only outlier in this analysis, as the compound has the

lowest molecular weight contributing to improved membrane
552 Chemistry & Biology 20, 549–557, April 18, 2013 ª2013 Elsevier
permeability, but reduced coupling reactivity due to steric

constraints.

Protein Translocation to Selected Cellular
Compartments
Using HaXS8, we next aimed to target tagged proteins to spe-

cific locations inside living cells. As a first approach, tagged

fusion proteins of actin (SNAP-Actin) and GFP (Halo-GFP) were

co-expressed in NIH 3T3 cells. These cells form stress fibers,

which contain filamentous actin (F-actin), and can be visualized

with the F-actin stain rhodamine-phalloidin. Upon addition of

HaXS8, Halo-GFPwas translocated to stress fibers, and colocal-

izedwith rhodamine-phalloidin staining, whichwas confirmed by

image analysis of cross-linked Halo-GFP/SNAP-Actin com-

plexes (Figure 5A).

In parallel, HaXS8 controlled the translocation of fluorescent

fusion proteins from the cytoplasm to the plasma membrane in

MDCK epithelial cells: cytosolic red fluorescent protein (mono-

meric RFP; TagRFP) was expressed as HaloTag fusion protein

(Halo-RFP), and a membrane anchor was constructed fusing a

SNAP-tag, GFP, and the isoprenylation sequence from KRas4B

(the CAAX box), which targeted the resulting SNAP-GFP-CAAX

fusion protein exclusively to the plasma membrane. When

MDCK cells, expressing SNAP-GFP-CAAX and Halo-RFP,
Ltd All rights reserved
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Figure 4. The Structurally Optimized Dimer-

izer HaXS8 in Comparison with the First-

and Second-Generation HaXS Compounds

(A) Chemical structure of the optimized bisfunc-

tional HaloTag and SNAP-tag reactive molecule

HaXS8.

(B) Modeled structure of a covalently linked

HaloTag-[reacted]HaXS8-SNAP-tag adduct. The

[reacted]HaXS8 molecule (elimination of guanine

and Cl�, see Figure 1) was linked to Cys145 in

the SNAP-tag (red) and to Asp106 in the

HaloTag (blue) crystal structures, before random-

ized structural starting points were put through

energy minimization (see Supplemental Experi-

mental Procedures). Depicted is a sample struc-

ture representing a tight fit between HaloTag

and SNAP-tag, which leaves the alkane chain

within the HaloTag entry tunnel in a relaxed

conformation.

(C) HeLa cells co-expressing SNAP-GFP and

Halo-GFP were incubated in complete medium

with HaXS8, HaXS7, or HaXS2 at the indicated

concentrations for 1 hr at 37�C before cell lysis

(see Figure 2C).

(D) HeLa cells as in (C) were exposed to 5 mM of

HaXS8, HaXS7, or HaXS2 for the indicated time,

before cells were lysed and probed for HaloTag

and SNAP-tag dimerization (all values are means

of three individual experiments ± SEM).

(E) All HaXS compounds presented here were

subjected to an artificial membrane permeability

assay (PAMPA; see Supplemental Experimental

Procedures) to assess cell permeability (ex-

pressed as Pe, [nm/s]). Pe was plotted logarithmi-

cally against the percentage of intracellular

dimerization achieved after a 15 min exposure

of HeLa cells (as in C) to the indicated HaXS

compounds at 5 mM (labeled 1–8; n = 3; mean ±

SEM).
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were incubated with HaXS8, the initially cytosolic Halo-RFP pro-

tein was relocated to the plasma membrane (Figure 5B).

Chemical Induction of Intracellular Signaling
Protein/membrane interactions play a major role in the activation

of cellular signaling cascades in physiology and disease (Wy-

mann and Schneiter, 2008). Overactivation of phosphoinositide

3-kinase (PI3K) has gained much attention because it contrib-

utes to the promotion of cancer and inflammation (Cantley,

2002; Wymann and Marone, 2005; Zoncu et al., 2011; Wymann,

2012). Class IA PI3Ks are composed of a regulatory p85 and a

catalytic p110 kD subunit. The p85 subunit docks with two

src-homology 2 (SH2) domains to phosphorylated tyrosines on

activated growth factor receptors and drags the catalytic p110

subunit via a coiled-coil domain located between the two SH2

domains (dubbed inter-SH2, or iSH2; for structural schemes

see Wymann et al., 2003) to the membrane. PI3K then pro-

duces phosphatidylinositol(3,4,5)-trisphosphate [PtdIns(3,4,5)

P3], a lipid that serves as a plasma membrane docking site

for signaling enzymes containing pleckstrin homology (PH)

domains. Phosphoinositide-dependent kinase-1 (PDK1) and
Chemistry & Biology 20,
protein kinase B (PKB/Akt) both contain PtdIns(3,4,5)P3-

binding PH domains. PDK1 directly phosphorylates PKB/Akt

on Thr308, while a secondary site on PKB/Akt (Ser473) is

phosphorylated by mTOR complex 2 (TORC2). When fully

activated, PKB/Akt takes a major role in the activation of

TORC1, and active TORC1 phosphorylates p70 S6 kinase

(p70S6K) on Thr389.

Rapamycin derivatives have been reported to boost a feed-

back leading to the amplification of PI3K signaling upstream of

TORC1 (O’Reilly et al., 2006), which provides a reason to validate

the HaXS strategy in the PI3K/mTOR pathway: a SNAP-GFP-

CAAX anchor in the plasma membrane (see above) served as

the docking site for a HaloTag protein fused to the inter-SH2

domain of p85 (Halo-iSH2-GFP; Figure 6A). The addition of

HaXS8 to HEK293 cells induced a rapid and efficient cross-link-

ing of the membrane anchor and the iSH2 construct, and trig-

gered the activation of the downstream targets PKB/Akt (as

monitored by Thr308 and Ser473 phosphorylation on PKB/Akt)

and mTOR (monitored by phosphorylation of T389 of p70 S6

kinase, p70S6K by TORC1). Although typical growth factor stim-

ulation also induces an activation of the MAPK pathway, HaXS8
549–557, April 18, 2013 ª2013 Elsevier Ltd All rights reserved 553
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Figure 5. Protein Translocation to Specific Cellular Compartments

(A) NIH 3T3 cells expressing SNAP-Actin and Halo-GFP (green) fusion proteins

were incubated with DMSO or 0.5 mM HaXS8 for 1 hr at 37�C. Rhodamine-

phalloidin was used to visualize F-actin in stress fibers (Actin, red). Trans-

location of GFP to the actin cytoskeleton was imaged by confocal microscopy

on live cells.

(B) MDCK cells expressing a SNAP-GFP-CAAX membrane anchor (green

[-CAAX is the polybasic isoprenylation sequence from KRas-4B]) and Halo-

RFP (red) fusion protein were incubated with DMSO or 0.5 mM HaXS8 in

complete medium for 40min at 37�C. Translocation of Halo-RFP to the plasma

membrane was imaged by confocal microscopy on live cells.
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did not upregulate MAPK phosphorylation, demonstrating that

the system can be used to selectively induce isolated signal

transduction branches (Figure 6B).

Control experiments forcing the dimerization of a cytosolic

SNAP-GFP with the Halo-iSH2-GFP did not activate the PI3K/

mTOR pathway, illustrating that membrane proximity of the

iSH2/p110 PI3K complex was crucial to relay downstream sig-

nals. Moreover, HaXS8 did not interfere with mTOR signaling

induced by serum stimulation. Rapalog-based CID systems

can generate a distorted output in this system (see Figure S2

and Supplemental Experimental Procedures). Although HaXS8

does not yet match the dimerization rates attained with rapalog

CID systems, it offers the advantage that numerous connections

within the PI3K/mTOR pathway can be explored without interfer-

ence during long term stimulation.

Multiplexing Applications
It can also be envisaged that the HaXS dimerizers can be applied

orthogonally in conjunction with other CID systems, as this has

been elegantly demonstrated for the combination of rapamycin

and gibberellin analogs recently (Miyamoto et al., 2012). Such

combinations allow the construction and alignment of sophisti-

cated enzymatic reaction chains that can be utilized to probe

complex signaling pathways. A proof-of-concept approach

combining a pre-dimerization stepmediated by HaXS8, followed

by a rapamycin-induced translocation of the preformed Halo/

SNAP-tag complex to a lysosomal anchor protein containing

LAMP1 (LAMP-CFP-FRB), is shown in Figure 7. Successful

translocation of a cytosolic Halo-RFP fusion protein to lyso-

somes was only observed in the presence of HaXS8 and

rapamycin, as a FKBP-SNAP protein acted as a bridge from

Halo-RFP to the membrane anchor (see Figure 7B for a scheme

of the docked complexes). Although only two fluorescent pro-

teins (CFP and RFP) were used as cargo to monitor selective

translocation, up to three cargo proteins or enzymes can be

easily integrated into the setup.

As for other CID systems, tag fusions and probe constructs

need to be considered carefully when using HaXS8 molecules

to dimerize HaloTag and SNAP-tag fusion proteins. While non-

covalent CID assemblies can only be rated and modified by their

expected cellular output, covalent complexes can be easily

detected in the HaXS system, and success of dimerization can

be validated, and correlated with signal output and subcellular

targeting directly. In contrast to other covalent systems (see

S-CROSS and xCrAsH), HaXS8 can force dimerization of previ-

ously noninteracting proteins, and has been specifically opti-

mized for cellular permeability.

SIGNIFICANCE

The cell-permeable HaXS molecules promote a covalent

intracellular dimerization of HaloTag and SNAP-tagged

proteins of interest. The covalent and irreversible nature

of the reaction of the chemical dimerizer with HaloTag

and SNAP-tag allows easy monitoring of the dimerization

process even under denaturing conditions. The design

and chemical development of HaXS compounds focused

on the optimization of cellular availability and reactivity.

Although previously described covalent protein dimerizers
554 Chemistry & Biology 20, 549–557, April 18, 2013 ª2013 Elsevier
were used to confirm well-known protein-protein interac-

tions, HaXS molecules have the ability to force protein-

protein interactions. As shown here, forced protein

complex formation can also be exploited to promote pro-

tein translocation to different cellular compartments, and

to activate distinct cellular signaling pathways. In contrary

to the widely used rapalog CID systems, HaXS compounds

can be utilized to trigger PI3K/mTOR signaling pathways,

without interference with endogenous signaling molecules

and induction of feedback mechanisms. HaXS molecules

can be used in combination with other (noncovalent)

dimerization systems, and thus extend the possibilities to

devise multiplexing approaches, and to chemically control

the assembly of elaborate protein complexes and

signalosomes.
Ltd All rights reserved
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Figure 6. Activation of the PI3K/mTOR Pathway by Chemically

Induced Membrane Targeting

(A) Schematic representation of the translocation process recruiting a cyto-

solic iSH2 domain (derived from the PI3K regulatory PI3K subunit p85, see

text) fused to the HaloTag to a membrane anchored SNAP-tag using HaXS8.

PI3Ks activity at the membrane forms PtdIns(3,4,5)P3 [PI(3,4,5)P3] from PI(4,5)

P2, followed by specific activation of PI3K/PKB/mTOR pathway.

(B) HEK293 cells were cotransfected with SNAP-GFP-CAAX (from KRas4B)

and iSH2 fused to Halo-GFP. HEK293 cells expressing SNAP-GFP-CAAX and

iSH2-Halo-GFP were starved overnight, and exposed to DMSO or 0.5 mM
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EXPERIMENTAL PROCEDURES

Synthesis

Detailed synthetic procedures, materials and reagents, and characteriza-

tions for all compounds are described in the Supplemental Experimental

Procedures.

Protein Denaturation, Cell Lysis, and Immunoblotting

Cells were washed with ice cold PBS and lysed in a NP-40 lysis buffer (1%

NP-40, 20 mM Tris-HCl pH 8.0, 138 mM NaCl, 2.7 mM KCl, 5% glycerol,

40 mM NaF, 2 mM Na3VO4, 20 mM Leupeptin, 18 mM Pepstatin, 5 mM Apro-

tinin, 1 mM PMSF, 1 mM MgCl2, 1 mM CaCl2, 5 mM EDTA). Cell lysates were

cleared by centrifugation at 13,000 rpm for 15 min and proteins were dena-

tured by the addition of 53 sample buffer (312.5 mM Tris-HCl [pH 6.8], 10%

SDS, 25% b-mercaptoethanol, 50% glycerol, bromphenol blue) and boiling

for 6 min. Proteins were separated by SDS-PAGE, and transferred to Immo-

bilon PVDF membranes (Millipore). Mouse monoclonal antibody (mAb) to

pThr389-S6K, rabbit mAb to S6K1, mouse mAb to pSer473-PKB/Akt and

to pThr308-PKB/Akt (all from Cell Signaling Technology, Danvers), mouse

mAb to PKB (kind gift of E. Hirsch, Turin, Italy), mouse mAb to pMAPK

and rabbit mAb to MAPK (both from Sigma-Aldrich), mouse mAb to HA

(HA.11, Babco), and GFP (Roche Diagnostics) were used to detect proteins

by immunoblotting. Secondary antibodies were either labeled with Alexa

Fluor 680 (LI-COR) for detection on an Odyssey (LI-COR) infrared imaging

system, or were horseradish peroxidase (HRP)-conjugated goat antimouse

IgG and goat anti-rabbit IgG (Sigma) for visualization using enhanced

chemiluminescence (Millipore) detected by a CCD camera system (Fusion

Fx7, Vilber).

Cloning and Expression of Recombinant Proteins

The HaloTag7 coding sequence (Promega), SNAP-tag (pSS26m) coding

sequence (Covalys), iSH2 domain coding sequence (Addgene), actin coding

sequence (Clonetech), and EGFP coding sequence (Clonetech) were amplified

by PCR (Phusion polymerase, Finnzymes) and transferred to pcDNA3 (Invitro-

gen), pTagRFP-N1 (Evrogen; expression vector for amonomeric TagRFP, here

short RFP from sea anemone Entacmaea quadricolor [Merzlyak et al., 2007]),

pEGFP (Clonetech) with excised GFP or pEGFP-C3 (Clonetech) vectors for

expression. For recombinant protein production, Halo-EGFP and SNAP-

EGFP were cloned into pTriEx-4 (Novagen) and expressed as N-terminal

(His)6 fusion proteins, and purified on Ni2+-NTA beads (QIAGEN) according

to the manufacturer’s instructions.

To generate a Halo-FRB expression construct, CLIP was exchanged in a

CLIP-FRB plasmid (Gautier et al., 2009) by the Halo sequence. The Halo-

FRB and SNAP-FKBP (Gautier et al., 2009) cassettes were then transferred

into a pcDNA3 (Invitrogen) backbone containing an N-terminal HA-tag in the

multicloning site. The LAMP-CFP-FRB plasmid is described in (Komatsu

et al., 2010).

Cell Culture and Transfection

HeLa, HEK293, MDCK, and NIH 3T3 (originally from ATCC) were cultured in

complete Dulbeccos’s modified Eagle medium (DMEM) with 10% heat-inacti-

vated fetal calf serum (HIFCS), 2 mM L-glutamine (Gln), 1% penicillin-strepto-

mycin solution (PEST) at 37�C, and 5% CO2. Transfections were carried out

with JetPEI (Brunschwig) according to the manufacturer’s guidelines.

Cellular Heterodimerization and Biological Induction

One day after transfection of HeLa cells with expression constructs for SNAP-

GFP, SNAP-GFP-CAAX, Halo-RFP, Halo-GFP, LAMP-CFP-FRB, HA-SNAP-

FKBP, or SNAP-Actin, cells were exposed to HaXS dimerizers at the indicated

concentrations for indicated times at 37�C in fully supplemented complete
HaXS8 in complete medium for 40 min, before cell lysis and signaling pathway

analysis using the indicated phosphor-specific antibodies. Control experi-

ments included cytosolic SNAP-GFP constructs. SNAP/HaloTag dimers were

detected as described previously. Quantifications of signal intensities repre-

sent the mean of ± SEM of two independent experiments. HaXS8 does not

interfere with PI3K/mTOR signaling (see Figure S2).
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Figure 7. An Orthogonal Application of the

HaXS System in Combination with Rapamy-

cin-Mediated Protein Dimerization

(A) HeLa cells co-expressing LAMP-CFP-FRB

(green), SNAP-FKBP, and Halo-RFP (red) were

first exposed to 0.5 mMHaXS8 for 1 hr, followed by

0.5 mM rapamycin for 5 min, where indicated.

Subsequently, cells were fixed and pictured by

confocal microscopy.

(B) Schematic representation of the docked and

assembled multimeric complex: cytosolic Halo-

Tag fused to RFP (Cargo3) can form a covalent link

to a SNAP-FKBP fusion protein via the reaction

with HaXS8. This complex (which could be

extended by Cargo2) is still cytosolic. Once

rapamycin is added, the complex is targeted to a

FRB-tagged anchor (here LAMP-CFP-FRB) at

specific cellular locations (here lysosomal mem-

branes) via the FKBP-rapamycin-FRB interaction.
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DMEMmedium. For immunoblot analysis, cells were lysed, and proteins were

separated by SDS-PAGE. SNAP-tag/HaloTag dimers were detected using

anti-GFP (primary) and fluorescently labeled (secondary) antibodies, and

measured on the Odyssey infrared imaging system. For microscopy trans-

fected cells were grown on 12 mm coverslips (Menzel), treated with DMSO

or HaXS8, washed twice with PBS, fixed with 4% p-formaldehyde (PFA) in

PBS, and mounted in Mowiol (Plüss-Stauffer) containing 1% propyl gallate

(Sigma-Aldrich). For staining of F-actin, cells were permeabilized in PBS, 1%

BSA, 0.1% Triton X-100, and incubated with rhodamine-phalloidin (Molecular

Probes).

For the studies of PI3K/mTOR signaling, HEK293 cells were cotransfected

with SNAP-GFP-CAAX and iSH2 fused to Halo-GFP. One day after transfec-

tion, cells were serum-starved overnight. After a 40 min exposure with

0.5 mM HaXS8 cells were lysed for the analysis of signal pathway induction,

and the formation of HaloTag/SNAP-tag dimers.

For live cell microscopy, transfected cells grown on coverslips were

mounted in life-microscopy chambers (Life Imaging Services) in a closed

confirmation with complete medium. Images were acquired on an Axiovert

200 M microscope (Zeiss) fitted with a Plan-Achromat 633/1.4 oil objective

and an Orca ER II camera (Hamamatsu), and operated by OpenLab software

(Perkin Elmer).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.chembiol.2013.03.010.
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