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ABSTRACT Frameshift mutations in a re- 
stricted portion of the arabinose operon regu- 
latory gene araC from Escherichia coli give 
rise to active AraC protein, likely from the in 
vivo synthesis of two incomplete fragments that 
are active together. Synthesis of corresponding 
fragments, each separately inactive, from two 
plasmids within cells also resulted in comple- 
mentation. o 1" Wiley-Lisa, Inc. 
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INTRODUCTION 
Some proteins, when cleaved by proteases, main- 

tain stable protein fragment interactions and retain 
activity.',' A few cases are also known in which 
fragments of a protein in vitro both fold and associ- 
ate to yield a functional protein,'-'' most notably, 
staphylococcal nuclease RNAseA.12-14 In vivo intra- 
cistronic complementation between incomplete poly- 
peptide chains of a single gene has also been ob- 
~ e r v e d ' ~ - ~ ~  for membrane spanning proteins. 

The transcription regulator AraC protein from 
Escherichia coli consists of an N-terminal dimeriza- 
tion domain connected by a flexible linker to its 
C-terminal DNA binding domain. 18-20 The presence 
of L-arabinose reduces its ability to bind half-sites 
separated by more than 10 base pairs or participate 
in DNA looping interactions; instead, it prefers to 
bind to two adjacent half-sites." As a result of its 
repositioning on the DNA, the protein activates 
transcription.21 

While employing a technique to generate random 
duplications and deletions within AraC?' we found 
many mutants containing frameshift mutations 
within AraC and yet possessing near normal AraC 
activity. There are precedents for such behavior, 
since translational restarting has been observed fol- 
lowing nonsense codons within restricted portions of 
the lacZ,22,23 l a ~ Z , ~ *  and genes. Because of our 
interest in the mechanism of AraC action and the 
likelihood of our being able to correlate structure 
and function in AraC, we have investigated the phe- 
nomenon more completely. 

MATERIALS AND METHODS 
Strains and Plasmids for Bacterial Assays 

Plasmids for enzyme assays were transformed26 
into strain RE1 (F- AaraC-leu 1022, araB+A+D+,  
Alac74, galK- str" recA1)20 or RE3 (F-arap,-lacZ, 
araB-180, a r d  +, thr-leu- Alac74 str" recAl), which 
was constructed by bacteriophage P1-mediated 
transduction of the recA938::cat allele into strain 
SH242 to make it R e ~ A - 2 ~ 3 ' ~  Constructs expressing 
protein fragments of AraC were made by poly- 
merase chain reaction (PCR) amplifying segments of 
the araC gene and cloning into the polylinker region 
of either pSE380 (Invitrogen) or a derivative of 
pSE380 containing a p15A origin of replication." 
Sequencing 

scribed by Kraft et al." 
Enzyme Assays 

Arabinose isomerase assays were performed as de- 
scribed by Schleif and Wen~ink.~' For p-galactosi- 
dase assays in yeast, cells were grown in an appro- 
priate selective media, and quantitative assays were 
performed as de~c r ibed .~~  In all cases enzyme mea- 
surements were made on each of a t  least three sep- 
arate cultures. The values reported are averages, 
and individual differences from the average rarely 
exceeded 10%. 
Western Blot Transfer Experiments 

Cells carrying the plasmids containing the genes 
for the various AraC fragments were grown in YT 
medium3' to about 2 x lo8 celldml, spun down, 
lysed, and loaded on a sodium dodecyl sulfate SDS 
polyacrylamide gel. After electrophoresis the pro- 
teins were transferred to nitrocellulose by electro- 
blotting26 (Biorad) and incubated with antibody spe- 
cific for the C-terminal DNA-binding domain of 
AraC. Antigen was detected using alkaline phos- 
phatase-conjugated anti-mouse antibody (Promega) 

Double-stranded sequencing was performed as de- 
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Fig. 1. Procedure for introducing randomly located duplica- 
tions and deletions in AraC. Two partial copies of araC were 
cloned next to one another in a plasmid with a unique cleavage 
site between them. After endonuclease digestion, €la131 exonu- 
clease treatment, ligation, and transformation, AraC+ transfor- 
mants were selected on minimal arabinose plates.*' 

using the Protoblot Western Blot AP system from 
Promega. 

Strains and Plasmids for Yeast 
Two-Hybrid Assay 

All constructs expressing AraC protein fragments 
fused to Gal4 domains were transformed into strain 
Y190 (MATa, leu2-3,112, ura3-52, trpl-901, his3- 

GAL-HIS3, ~ y h ~ ) ~ ~  by the method of Schiestl and 
G i e t ~ ? ~  Control plasmid pCLl expresses wild-type 
Gal4 protein. Constructs expressing fragments of 
AraC fused to the Gal4 DNA-binding or activation 
domain were made by PCR amplification of a region 
of araC and cloning the product into the polylinker 
region of either pAS232 or pACT2, which consists of 
the plasmid  PACT^^ with the pAS2 polylinker re- 
gion. 

MOO, add-1 01, ga14Aga180AURA3 GAL-lmZ, LYS 

RESULTS 
Initial Isolation 

A plasmid was constructed containing a promoter 
followed by the coding region for the first 314 of 
AraC, 17 base pairs including a unique restriction 
endonuclease site, followed by the coding region for 
the last 314 of AraC. Neither region alone produces a 
functional protein, but active protein can be ob- 
tained by removal of all or part of the redundant 
coding information. This removal was accomplished 
by restriction enzyme cleavage of the plasmid at  the 
unique site between the two coding regions, diges- 
tion with the endonuclease Bal31, ligation to reform 
the plasmid circle, and selection of AraC+ transfor- 
mants following transformation of the plasmid into 
AraC- cells. Internal duplications or deletions, the 
original intent of this work,20 result from the re- 
moval of less than or more than the redundant cod- 
ing regions (Fig. 1). 

Two of every three constructs made using the 
above technique should carry an out-of-frame fusion 
at  the ligation site between the digested araC frag- 
ments. Such frameshift mutations will always lie in 
the center of the duplicated or deleted portions of 
araC. A translation termination codon must inevi- 
tably lie downstream of any frameshift mutation. 
We expected all the constructs containing frame- 
shifts to code for truncated protein, which would fail 
to activate transcription. We found, however, that a 
large number of plasmids with active AraC carried 
out-of-frame connections. These were located within 
a restricted region of the part of the araC that codes 
for the dimerization domain (Fig. 2). The protein 
fragment resulting from these constructs should 
lack the DNA-binding domain and therefore fail to  
activate transcription. Not only did cells containing 
these plasmids display an AraC+ phenotype on 
plates,20 but arabinose isomerase assays measuring 
the level of transcriptional activation from a r d A D  
also showed activation levels similar to those from 
wild-type protein (Fig. 2). 

To examine the nature of the AraC protein that is 
synthesized by several of the mutants, we performed 
a Western transfer experiment using an antibody 
that recognizes the DNA-binding domain of AraC 
protein. No protein could be detected in cells con- 
taining plasmids encoding the araC frameshift mu- 
tants, however. From control experiments per- 
formed with cells containing plasmid coding for 
wild-type araC, we estimate that cells containing 
the frameshift mutations possess less than 11100 the 
amount of normal-sized AraC or of any fragment of 
AraC larger than 10,000 MW. Thus, whatever the 
mechanism that yields AraC activity, it is of low 
efficiency. 

In light of several p re~eden t s ,~~- '~  we consider 
translational reinitiation and fragment association 
to  be the most probable mechanism for suppression 
of the frameshift mutation and the generation of 
functional AraC protein. If this were true, then at  
the minimum, it should be possible to  arrange the 
synthesis of the appropriate N-terminal and C-ter- 
minal fragments of AraC and observe intracistronic 
complementation in vivo. We constructed two plas- 
mids that each express one of the predicted frag- 
ments and transformed them into cells. In the first 
test, one plasmid expressed AraC amino acids 
1-130, and the other expressed AraC amino acids 
117-291. To decrease the possibility of a recombina- 
tion event due to an overlapping sequence, we trans- 
formed all constructs into a RecA- strain, which is 
deficient in recombination. When the amino-termi- 
nal fragment (amino acids 1-130) was expressed 
alone, transcription levels were the same as in 
AraC- cells, and expression of the carboxy-terminal 
fragment alone (amino acids 117-291) yielded tran- 
scriptional activation at  only about ten times back- 
ground levels. While this level of activation is much 
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Fig. 2. Protein fragments resulting from translational reinitia- 
tion. Ribosomes translate mRNA through the out-of-frame region 
to a stop codon, indicated by a stop sign, forming an N-terminal 
fragment. Ribosomes reinitiate translation at one of several pos- 
sible start sites, indicated by green traffic lights, forming a C-ter- 
minal fragment of indeterminate length. Predicted pairs of frag- 
ments are shown for 27 out-of-frame constructs isolated in this 
work. Fraction of wild-type induction was determined by arabinose 
isomerase assay and is the average of two independent assays. 
The scale at the bottom of the figure indicates the amino acids 
included in the predicted fragments. 

lower than that of wild-type AraC, it is higher than 
has been shown with a monomeric AraC DNA-bind- 
ing domain," suggesting that the carboxy-terminal 
fragment has some dimerization capability. When 
both fragments were expressed in the same cells 
they activated transcription at  near wild-type levels 
(Fig. 31, which is about 100 times the basal level. 

Determining the Region Necessary 
for Association 

To determine the minimal amino acid sequence 
necessary for the generation of active AraC in vivo, 
we deleted from the end of each fragment. Small 
deletions in both the amino- and carboxy-terminal 
fragments allow transcriptional activation (Fig. 3) 
and also remove the overlapping DNA sequence for 
the two fragments, thereby eliminating the possibil- 
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Fig. 3. AraC protein fragments activate transcription from peAo 
when expressed together in cells. DNA coding for N-terminal frag- 
ments was cloned into the polycloning region of a derivative of 
pSE380 containing a pl5A origin of replication,'8 and DNA coding 
for C-terminal fragments was cloned into the polycloning region of 
pSE380 (Invitrogen). None of the clones individually had induc- 
ibility greater than lo%, and most were significantly lower. Per- 
cent inducibility was determined by arabinose isomerase assays 
with wild-type AraC inducing 100% upon the addition of arabinose 
and is the average of three independent assays. Amino acids 
included in protein fragments are labeled. 

ity (already remote since the cells are RecA-) of a 
recombination event resulting in a few gene copies 
in the cell population coding for a full-length pro- 
tein. Larger deletions disrupt transcription (Fig. 3), 
even though carboxy-terminal protein fragments 
are expressed at  high levels and are stable in cells as 
shown by Western blot transfer (data not shown). 

Lengthening the amino-terminal fragment also 
resulted in a decrease in transcriptional activation. 
The longer protein fragment may prevent associa- 
tion with the carboxy-terminal fragment if it in- 
cludes the region of protein responsible for the frag- 
ment interaction or if the amino-terminal fragment 
is degraded by processive pro tease^.^^ We were un- 
able to distinguish between these two possibilities 
without Western blot transfer experiments using an 
antibody specific for the amino-terminal fragment. 

Protein-Protein Interaction 
We tried several biochemical techniques to dem- 

onstrate an interaction between the protein frag- 
ments including ultracentrifugation in a glycerol 
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Association of AraC fragments in two-hybnd system 
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Fig. 4. Yeast two-hybrid system for determination of fragment 
association. Amino acids of AraC included in fragments fused to 
the Gal4 DNA-binding and activation domains are indicated. Fu- 
sion proteins were expressed in yeast cells either alone or in pairs. 
Transcriptional activation from a Gal4 promoter was measured 
with P-galactosidase assays and is shown as Miller units. Results 
are the average of three independent assays. 

gradient, migration on a nondenaturing protein gel, 
and migration of protein bound to DNA in a DNA 
mobility shift assay. None of these assays showed a 
protein-protein interaction, however, indicating 
that fragment association must be weak. Seeking 
additional evidence indicating an interaction be- 
tween the two portions of AraC, we turned to the 
yeast two-hybrid system. It is capable of identifying 
weak interactions between proteins. In this in vivo 
assay, pairs of proteins are fused to the DNA-bind- 
ing domain and the activation domain of Gal4 pro- 
tein. If the proteins interact, the Gal4 activation do- 
main is brought into the correct position to activate 
transcription in yeast from a Gal4 promoter fused to 
the lacZ reporter gene, and p-galactosidase is syn- 
t h e ~ i z e d . ~ ~  Since the tran,slational reinitiation event 
that produces active AraC protein always forms 
fragments separated within the dimerization do- 
main, the fragment-fragment interaction must lie 
within this domain. We therefore included in the 
Gal4 fusions only portions of AraC between amino 
acids 1 and 170, which comprise the functional 
dimerization domain." Yeast-containing amino ac- 
ids 1-110 of AraC fused to the Gal4 DNA-binding 
domain, and amino acids 117-170 of AraC fused to 
the Gal4 activation domain stimulate a 33-fold in- 
crease in transcription compared with the level with 
either protein expressed alone (Fig. 4), showing a 
noncovalent interaction between the protein frag- 
ments. To reduce the possibility of a false positive in 
the assay, the positions of the two regions of araC 
were reversed on the Gal4 DNA-binding and activa- 
tion domains. The results obtained were similar 
(data not shown). 

Since the AraC fragments used in the above ex- 
periment comprise the dimerization domain, we also 

made fusions to determine whether some fragments 
self-associate. AraC amino acids 1-110, when fused 
to each domain of the Gal4 protein, do not interact, 
while AraC amino acids 1'17-170 do interact (Fig. 4), 
suggesting that this fragment contains a self-asso- 
ciating region that could comprise the portion of the 
protein required for dimerization. 

DISCUSSION 
We have shown that AraC protein can activate 

transcription in vivo to near wild-type levels when 
expressed as discontinuous protein fragments. 
These fragments associate via an interaction within 
the dimerization domain. The carboxy-terminal 
fragment also self-associates, suggesting that it con- 
tains at least part of the dimerization region. 

Most other protein fragments known to associate 
and form active protein are the products of protease 
digestion2-7,9,11-13 or cyanogen bromide cleav- 
age.','' While some proteins have been expressed in 
vivo as separate fragments and allowed to associate, 
the design of the associating fragments was based on 
proteolytic cleavage sites.15-17 Th e associating 
AraC protein fragments described here were de- 
signed to correspond to the initial and translation 
restart fragments, which likely are synthesized in 
response to frameshift mutations and their resulting 
downstream nonsense codons located within a re- 
stricted portion of araC. 

It is interesting that all the fusions giving rise to 
frameshift mutations that yielded active AraC pro- 
tein were within one region of the protein. It seems 
likely that out-of-frame fusions were made through- 
out the araC gene, but only those within a restricted 
region yielded fragments capable of folding and as- 
sociating to form active protein. 
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