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The dynamic dimerization and dissociation of pairs of proteins A
plays an important role in various biological processdss a
chemical approach to study processes that depend on protein
dimerization the groups of Schreiber and Crabtree have introduced
“chemical inducers of dimerization” (CID$).CIDs are cell- Pl ]@
permeable molecules which can bind simultaneously to two different eI N T
proteins, thereby inducing their dimerization. Various biological NN N
processes have been controlled and studied with this approach,
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e
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including signal transduction and control of transcription in B _.fx/‘nw/—nx_/ﬂ
eukaryotic and prokaryotic cells3 Currently used CIDs rely on 0T S ~ o
noncovalent interactions, and we present here a new approach tc Ny R HOOC N2 NH
induce protein dimerization in vivo which is based on the covalent ¢ | | o HoL J.__ _N. _J.\___’
labeling of fusion proteins with ligands capable of interacting with H NHe 2 -0 [ j ,h:
other proteins. The high specificity of the covalent labeling reaction O,—\,H\___,,o NN N
should allow the approach to become an important tool for studying . or P :\
and controlling protein dimerization in biological processes. . /i T, /0 SN

The specific labeling of one of the partners participating inthe ¢ [ % — 7 HooeT Wt e
induced dimerization is based on the unusual mechanism of the N~ N NH. 3 N
human DNA repair protei®®-alkylguanine-DNA alkyltransferase NN NH,
(hAGT). In its natural DNA repair function, hAGT irreversibly €
transfers the methyl group fro@8-alkylated guanine-DNA to a m
reactive cysteiné.Using cell-permeablé*’-benzylguanine (BG) ot
derivatives of the typ&, we have shown that hAGT fusion proteins @ o
can be labeled in living cells with a variety of different reporter ¢ PE_@@
groups (Figure 1A¥.To convertl into a CID, we envisioned the ﬂ WO

use of BG-methotrexate heterodimei or 3 in which BG is >OOOO< - Guanine >Oooo<

coupled to methotrexate (Mtx) using different linkers (Figure 1B). oA Transcription
Mtx is a tight-binding inhibitor of dihydrofolate reductase (DHFR), ci 1 Labeli f hAGT fusi tei ith syntheti ecul

. . igure 1. Labeling o usion proteins with synthetic molecules.
and heterodimers of Mtx and dexamethasone, a ligand of the (A) Mechanism of labeling reaction; (B) BG derivatives used for the labeling

9|UCOC9rt_iCOi_d receptor (GR), have been useq as CIDs to control of hAGT fusion protein with Mtx; (C) hAGT-based three-hybrid system.
transcription in yeastIn this so-called three-hybrid system, a DNA-  Mtx in the BG-based CID is represented as a red ball.

binding domain and a transcriptional activation domain were Ala127Thr, and Arg128AI4 The resulting hAGT mutant carrying

ﬁxﬂresﬁ? :?ni[t)thF(? tﬁrnd iFithS'ggit?rgte'fn;‘]’ r%ﬁge?'vily't?fndthe five mutations described above was abbreviate#8GT.
anscriptio ate ough the addition of the - roles To verify that 3"YAGT possesses activity againgtand 3, we

BG derivative or 3 can act as CIDs in such a three-hybrid system, Y . o !
isioned th tructi f fusi tei f hAGT with expresse@YAGT as fusion protein with glutathione S-transferase
We envisioned fhe construction of 1USIon proteins o Wi (GST—3HYAGT) in Escherichia coli purified the protein, and

Lhen DINAt-iE)/mt?Irr]]g dd?nmﬁ:nBzzxpl‘:?n? Oi CD H$E vY:k:/iTeltrgnlfr?rlp-f determined its activity in an in vitro assay (Supporting Information).
onal activation doma (Figure 1C). The 0 1abEING O o1 sHvAGT reacts rapidly with bot2 and3, possessing second-

:Ee h.A(ZT fust||§) n grotem V:.'th m?tg:) tri)ngus'ﬁ?Baégo?ld_ order rate constants of about (2680160) s* M~ for the reaction
en Induce e dimerization of mhe an USION it 2 and of about (1806 430) s M~1 for the reaction wittB.

proteins, leading to stimulation of transcription of a reporter gene For control experiments we also constructed a hAGT mutant in

(Figure 1C). . . . which the reactive Cys145 was mutated to alaniié*AGT).
(Sl\j\;;;e)osri/igghE?‘:)Zri?a:igi)dgfseirteithr?gvﬁr:xthg?tﬁqr:g::i:asifiﬂg ﬁnker Pairs of plasmids encoding LexA and B42 fusion proteins were
N . ' - transformed into the yeast strain L40 in which the dimerization of
can S|gn!f|cantly mfluence_ the efﬁ(?lency of CIDS. For the LexA and B42 fusion proteins leads to transcription of the reporter
construction of hAGT fusion proteins, we used a previously genesHIS3andlacZ (Supporting Information). The expression of

Sg;crfreeg ISA?CL mgg?:; d\gll'li‘r; nmctree'i?ri(zi igtclivtlﬁl)r/e:?na”t];tt'or?f each fusion protein after transformation in L40 was verified by
b Wia-type- aon, we | u uat Western blotting using appropriate antibodies. We then tested if

that have been shown to disrupt DNA binding of hAGT: Lys125Ala, the expression of different combinations of fusion protein in the

S Institute of Molecular and Biological Chemisry. presence of eithe? or 3 complemented the histidine auxotrophy
T Institute of Biomolecular Sciences. of the yeast L40 (Table 1).
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Table 1. Transcriptional Activation of HIS3 and lacZ in Yeast L40

growth ONPG
protein pair CID rate? hydrolysis®
LexA-3HYAGT/ 1uM 2 ++ 870+ 410
B42-DHFR
1uM 3 + 39+ 19
- - 442
100uM BG - 4+ 4
100uM Mtx - 6+4
1uM 2,100uM BG, + 19+ 2
100uM Mtx
1uM 2,100uM BG + 41+ 16
1uM 2, 100uM Mtx ++ 820+ 210
LexA-ASAGT/ 1uM 2 — 1+0.3
B42-DHFR
LexA-Fos/ B42-Jun  — ++ 260+ 130

a++: detection of colonies within 3 days:: detection of colonies
within 6 days; -: no colonies within 7 day3nM of o-nitrophenol formed

per min per mg total protein. Each value represents the average of at least,

three independent experiments.

Coexpression of LexA3HYAGT and B42-DHFR allowed yeast
L40 to grow on plates lacking histidine but containing eitBear
3, indicating transcription oflIS3 No growth was observed in the
absence o or 3 or in the presence of only BG or Mtx. For yeast
L40 expressing LexA3HYAGT and B42-DHFR, 2 proved to be
more effective as a CID thaB, most likely due to differences in
cell permeability of the two CIDs. Yeast L40 coexpressing LexA
AMSAGT and B42-DHFR did not grow on plates lacking histidine
and supplemented witB, indicating that the growth of the yeast
depends on the labeling of the hAGT fusion protein. For @ID
we also investigated if the growth of yeast expressing LexA
SHYAGT and B42-DHFR on plates lacking histidine but containing

2 could be suppressed by the addition of free Mtx and BG (Table

1). Although the growth rate was significantly lower in the

simultaneous presence of excess Mtx and BG, growth was not

completely suppressed. Addition of only Mtx did not significantly

affect the growth rate. The competition experiments indicate that

the intracellular concentration of the small molecules, and in
particular that of Mtx, is below that of the fusion proteins.

We then examined the activation of transcriptioriasZ by the
BG-based CIDs in yeast L40 expressing Lex¥YAGT and B42-
DHFR fusion proteins (Table 1). In this assay, the activity of the
product of thelacZ gene, f-galactosidase, was determined by
measuring the hydrolysis rate of the chromogenic substratie
trophenylf-p-galactopyranoside (ONPG) in cell extracts of liquid
cultures® The data obtained for the transcriptional activation of
lacZ confirm those observed fd#lS3 described above. At M
CID, 2 leads to about 20-fold higher levels @fgalactosidase
activity compared t®, and no significant activity was measured
in the absence of CID or when CID was replaced by BG or Mtx.
No transcriptional activation in the presence 2fvas observed
when 3HYAGT was replaced by*hAGT. The addition of free
Mtx and BG to the culture medium did not lead to complete
suppression off-galactosidase activity. As observed in tHES3
assay, adding only Mtx to the medium did not significantly affect
the activity of CID2, whereas the addition of only BG leads to a
reduction of-galactosidase activity by a factor of 20. Again, the
lack of (complete) suppression of transcriptionla¢Z indicates
that the covalent and noncovalent labeling of 8#8AGT and

DHFR fusion proteins under these conditions is not quantitative.

This hypothesis is supported by the observation that the transcrip-
tional activation oflacZ in this system increases with the concentra-
tion of 2 and 3, whereas a quantitative labeling would result in a
decrease of transcriptional activation t#cZ with increasing
concentration of CID.At 1, 10, and 10QuM of 3, the measured
ONPG hydrolysis in cell extracts was 39, 830, and 8100 nMnin
mgL, respectively (Supporting Information). Faythe measured
p-galactosidase activity in cell extracts was 13, 865, and 2600 nM
min~1 mg! at concentrations of 0.1, 1, and AM of 2, respectively
(Supporting Information). The relatively low solubility @made
measurements at higher concentrations impossible.

To evaluate the achieved transcriptional activation using Z1D
we measured the transcriptional activatiofeafZ by coexpression
of LexA—Fos and B42 Jun fusion proteins, a protein pair known
to yield a strong interaction signal in the two-hybrid systém.
p-Galactosidase activity in cell extracts of L40 expressing LexA
Fos and B42-Jun was below the activity measured for LexA
HYAGT and B42-DHFR in the presence of zM CID 2 (Table
1). Furthermore, the observed 200-fold transcriptional activation
at 1 uM of 2 over background is comparable to those achieved
with other noncovalent CIDs in yedst.

The work presented here demonstrates that BG derivatives can
be used as CIDs to control transcription in yeast. The specificity
of the labeling of hAGT fusion proteins and its independence of
the nature of the ligand should make the approach a valuable tool
to control protein dimerization in vivo.
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