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Protein reconstitution analysis can be useful for studies on protein evolution, protein folding and macromolecular assembly. AroA 
is a key enzyme in the pathway toward the synthesis of aromatic amino acids in microorganisms and plants, and is the target of 
the herbicide glyphosate. Our previous study showed that functional AroA enzyme from Escherichia coli could be reconstituted 
from two ~220-amino acid fragments of the protein. In this study, we explored this fragment complementation of AroA. Through 
a systematic study of fragment complementation, we show that successful fragment complementation can be achieved in vivo, 
when the split sites are within secondary structure elements as well as at loops between structure elements. In addition, we provide 
evidence, for the first time, that extra ligand, such as glyphosate, can function as a stabilizer of the reconstituted complexes in vivo. 
Therefore, our results may provide important implications for protein evolution and complex assemblies. 
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Proteins reconstituted from fragments produced by proteo- 
lytic, chemical, or genetic methods have been studied for 
the last 50 years [1−6]. A successful reconstitution implies 
that interchain packing interactions within the protein are 
specific enough to allow the fragments to form the native- 
like structure. Protein reconstitution has been used to study 
protein evolution, protein folding, macromolecular assem-
bly, and mapping contacts in membrane-embedded proteins 
[7,8]. However, little systematic exploration of the scope of 
protein fragment complementation has been done. 

5-enolpyruvylshikimate-3-phosphate (EPSP) synthase 
(AroA) is a key enzyme involved in aromatic amino acid 
biosynthesis in bacteria, fungi, and higher plants, and is the 
target of the global herbicide glyphosate [9,10]. AroA cata-
lyzes the reversible condensation of shikimate-3-phosphate 
(S3P) and phosphoenolpyruvate (PEP) to yield EPSP and 
inorganic phosphate [10]. Glyphosate, an analog of PEP, 
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binds to the binding site for PEP on the AroA enzyme and 
blocks enzyme activity by forming a more stable ternary 
complex with AroA and the other substrate, S3P 
(AroA·S3P·glyphosate) [11]. Glyphosate tolerant AroA can 
be obtained by a G96A substitution in the aroA gene of Es-
cherichia coli, and in this case, glyphosate can no longer 
bind this mutant to inhibit its enzyme activity [12,13]. 

AroA consists of two distinct globular domains and each 
domain contains 3 copies of a βαβαββ-folding unit [14]. The 
domains maintain an open conformation in the absence of 
substrates, whereas binding of S3P in combination with 
PEP or glyphosate to AroA induces a conformational 
change into a closed stage [11,15].  

Our previous study showed that functional AroA could 
be reconstituted from two fragments of the protein corre-
sponding to a.a. 1−218 and 219−427 [16]. These fragments 
result from a split site located in the loop between two β 
strands (Table 1). To test whether this split site is unique for 
fragment complementation of AroA, we systematically 
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tested the complementation of protein fragments created by 
split sites in other parts of the protein. In our study we 
found that AroA activity reconstitution could be achieved, 
when the split sites are located at loops between folding 
units, or within secondary structure elements, or at loops 
between secondary structure elements. Moreover, it was 
observed that stability of the reconstituted enzyme com-
plexes, but not of the intact counterpart, can be enhanced by 
the presence of moderate levels of herbicide glyphosate, as 
extra ligand in vivo. Therefore, our results may provide im-
portant implications for the evolution and assembly of pro-
teins and complexes. 

1  Materials and methods 

1.1  Medium and chemicals 

S3P (barium) was a gift from Prof. Nikolaus Amrhein (ETH, 
Zurich, Switzerland). Glyphosate free acid form and phos-
phoenolpyruvate (PEP) were purchased from Sigma. For 
testing complementation in vivo cells were grown on M63 
minimal medium supplemented with 0.4% glucose as car-
bon source, plus appropriate antibiotics [17].  

1.2  Strain and plasmid constructions  

An aroA deletion strain, BD2100, was constructed from E. 
coli Bl21(DE3) by allelic replacement using pKO3 plasmid 
as described previously [18].  

All strains and plasmids used in this study are listed in 
supplementary data. 

1.3  Growth rates 

E. coli BD2100 harboring plasmids were inoculated into 25 
mL M63 minimal medium with an initial A600 of approxi-
mately 0.02. Cells were grown with shaking at 37°C and 
their densities were measured at A600.  

1.4  Preparation of crude enzymes  

Crude enzymes were prepared as described previously 
[16,17]. Cells containing different plasmids were grown in 
300 mL LB broth or M63 minimal medium supplemented 
with glyphosate at various concentrations to a cell density 
of A600 2.0. The cell pellets were collected and re-sus-   
pended in 30 mL buffer A (50 mmol/L Tris buffer (pH 7.8), 
0.4 mmol/L dithiothreitol). After lysis and centrifugation, 
ammonium sulfate was added to the supernatants. The frac-
tions between 50% and 70% saturation of ammonium sul-
fate were collected and dialysed overnight in buffer A.  

1.5  Western blot analysis of AroA fragments  

Western blot analysis was performed as described pre-  
viously [16]. Briefly, proteins were applied to a 16% 
SDS/polyacrylamide gel, and separated polypeptides were 
analyzed using immunoblots. The immunoblots were 

Table 1  Reconstitution of AroA activity by fragment complementation 

 EPSPS fragments a)   Complementation c)   

 N-term C-term  
Split regionb) 

 N-term C-term N+C  
Growth ratesd) 

 

 N85 C86  Loop between folding units  − − +  98+9  
 N104 C105  α helix  − − −  / e)  

 N154 C155  Loop between folding units  − − +  91+7  

 N165 C166  Loop between α helix & β strand  − − +  399+35  

 N182 C183  β strand  − − +  605+47  

 N184 C185  Loop between domains  − − +  120+13  

 N218 C219 f  α helix  − − +  101+8  

 N224 C225  β strand  − − +  105+8  

 N227 C228  Loop between folding unit  − − +  88+8  

 N234 C235 f  Loop between folding unit  − − −  /  

 N238 C239  β strand  − − −  /  

 N240 C241  Loop between domains  − − −  /  

 N245 C246  α helix  − − −  /  

 N259 C260  β strand  − − +  205+18  

 N298 C299  Loop between folding unit  − − +  95+9  

 N371 C372  Loop between folding unit  − − +  85+10  

 N384 C385  Loop between α helix & β strand  − − −  /  

 Intact AroA        85+6  
   a) DNA fragments producing amino-terminal and carboxyl-terminal fragments were cloned into pACYC184 and pBR322, respectively. b) The splits sites 

were chosen based on the structure of AroA. c) Cells harboring different AroA fragments were tested for growth on the M63 agar plates. d) Cells harboring 
different AroA fragments were tested for growth in M63 liquid medium. e) “/” means not determined. f) N218/C228 and N234/C235 have been interpreted 
previously. +, Reconstitution of AroA activity happened by fragment complementation; −, reconstitution could not be determined. 
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probed with 1:2000 dilution of AroA rabbit polyclonal anti- 
body [16]. The antibody-antigen complex was visualized 
with alkaline phosphatase conjugated to goat anti-rabbit IgG 
(Promega). 

1.6  Enzyme assay 

AroA enzyme activity was determined by measuring phos-
phate release using the malachite green dye assay method as 
described previously [17]. Briefly, the standard reaction was 
carried out at 28°C in a final volume of 50 μL containing 50 
mmol/L HEPES (pH 7.0), 1 mmol/L S3P, 1 mmol/L PEP, 
and the crude enzyme. After incubation for 1–10 min, 800 
mL of malachite green–ammonium molybdate colorimetric 
solution was added, and 1 min later, 0.1 mL of a 34% so-
dium citrate solution was added to stop the reaction. After 
30-min incubation at room temperature, absorbances of 
samples were measured at 660 nm. In this case, the same 
reaction solution without S3P was used as the zero control. 

2  Results 

2.1  Structural based functional assembly of split AroA 

Protein reconstitution resulting from the conversion of 
nonfunctional monomers to functional heterodimers is a 
reverse of the evolutionary process in which functional 
structural elements or domains are recruited and then fused 
at the genetic level. It has been suggested that AroA had 
evolved from 6-fold replication of a primordial gene for 
the folding unit [15], which suggests that reconstitution of 
AroA might be achieved when the split site is located within 
junctions of folding units. To test this hypothesis, 6 split 
sites at the loop between folding units were chosen based on 
the known crystal structure of E. coli AroA [16]. We also 
chose another 11 sites based on their structural locations 
(including the 2 sites tested previously): 1 at the loop be-
tween domains, 5 at the loop between α helix and β strands, 
and another 5 within α helix or β strands (Figure 1 and Ta-
ble 1).  

The resulting amino-terminal and carboxyl-terminal por-
tion of each pair was cloned downstream of the constitutive 
Tetr promoter and expressed from plasmids pACYC184 and 
pBR322 respectively. In vivo activities of these fragments 
were individually tested by introducing each plasmid into E. 
coli aroA deletion strain BD2100. None of the plasmids 
encoding either the amino- or carboxyl-terminal fragments 
alone could support growth of E. coli aroA deletion strain 
BD2100 on the M63 minimal medium, indicating that nei-
ther fragment alone has AroA activity. 

We next tested for assembly of AroA enzyme activity, by 
introducing pairs of amino- and carboxyl-terminal plasmids 
together into BD2100. We observed that 11 out of the in-
troduced 17 pairs were active, and could support growth of 

the complementing strain on M63 minimal medium.  
In order to eliminate the possibility that endogenous in-

tact enzyme may have been present in the cells, which may 
lead to the AroA activity, proteins from cells among these 
11 active split pairs of recombinants were analyzed with 
SDS/polyacrylamide gel electrophoresis and subsequent 
western blotting analysis against AroA antibodies. The re-
sults show that AroA fragments with expected sizes could 
be observed in most cases and more that no intact AroA 
enzyme could be detected in any of the cells (Figure 2).  
Therefore any AroA activity in these transformed cells was 
due to reconstitution from the introduced fragments and not 
due to any intact AroA activity. 

Under native conditions, gel filtration of the comple-
menting extracts of cells containing the active split pairs 
showed that AroA enzyme activity migrated at the identical 
position as that of the intact, monomeric wild-type enzyme 
(data not shown). This result is consistent with our previous 
report on the N218/C219 pair [16], which indicates they all 
can physically form active complexes in a “hetrodimeric” 
manner, which mimics the intact wild-type enzyme. 

2.2 Ligand mediated enhancement in the stability of 
complementation complexes  

These split sites of AroA were further characterized by 
measuring growth rates of E. coli aroA mutant BD2100 
harboring pairs of the appropriate plasmids in M63 minimal 
medium. The results showed that BD2100 strains that con-
tain N85/C86, N154/C155, N227/C228, N298/C299 or 
N371/C372 pairs, which were split at the loop of folding 
units, grow much better than strains harboring the other 6 

 

Figure 1  The location of spit sites. Locations of split sites are indicated 
in the schematic illustration of the chain tracing of E. coli AroA [15]. 
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pairs. In this case, during exponential growth phases, their 
doubling time is less than 100 min (ranging from 85 to 98 
min), which is similar to that of their intact counterpart (85 
min), and little better than that of previously identified 
N218/C219 pair (101 min, Table 1). 

To further test the above result, enzyme activities of 
N85/C86, N154/C155, N227/C228, N298/C299 and N371/ 
C372 complexes were assayed, in parallel with western 
blotting assays. In this case, enzyme complexes were par-
tially purified from cells grown in LB medium. To our sur-
prise, N85/C86 and N227/C228 showed some, but less en-
zyme activity than that of N218/C219, whereas N154/C155, 
N298/C299 and N371/C372 showed no enzyme activity 
(Table 2). Consistent with no detectable enzyme activity in 
the assays, fragments containing C155, C299 or C372 could 
not be detected by Western blotting (Figure 3).  

To investigate if the effect observed above could be af-

fected by growth medium, similar assays were carried out 
when cells were grown in M63 minimal medium. The result 
showed that except N154/C155 and N371/C372 pairs, 
which showed very little enzyme activity in LB rich me-
dium, a general enhancement in enzyme activity was ob-
served for the other four pairs of enzyme complexes as well 
as their intact counterpart. However, to our surprise, the 
enhancements observed are not to the same extent among 
different samples. We observed that the enhancement be-
came more drastic for some complementing complexes than 
that of the intact counterpart. For instance, the activity of 
N298/299 complex increased almost 10-fold when cells 
grown in M63 minimum medium than that in LB rich me-
dium. In contrast, for the intact enzyme, only a 1.9-fold en-
hancement was observed (Table 2).  

Many reasons could account for the results observed 
above. However, the fact that when E. coli cells grown in 

 

Figure 2  Western blot analysis of AroA fragments that were produced in complemented cells. Intact AroA (lane 1), N85/C86 (lane 2), N104/C105 (lane 3), 
N154/C155 (lane 4), N165/C166 (lane5), N184/C185 (lane 6), N218/C219 (lane 7), N224/C225 (lane 8), N227/C228 (lane 9), N259/C260 (lane 10),
N298/C299 (lane 11) and N371/C372 (lane 12) grown in LB medium. Locations of size markers are indicated at the left. Fragments of the expected size are
indicated by filled arrowhead. 

 

Figure 3  Western blot analysis of AroA fragments that were produced at different conditions. N85/C86 (a), N154/C155 (b), N227/C228 (c), N298/C299 (d)
and N371/C372 (e) grown in LB medium (lane 2), M63 medium (lane 3), M63 medium with 1 mmol/L glyphosate (lane 4) and M63 medium with 10 
mmol/L glyphosate (lane 5). Intact AroA grown in LB medium (lane 1) used as control. Locations of size markers are indicated at the left. Fragments of the 
expected size are indicated by filled arrowhead. 
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LB rich medium do not need to synthesize as much aro-
matic amino acids as that of in M63 minimum medium, and 
the fact that S3P and PEP are substrates of the AroA en-
zyme and therefore can be used as extra ligand for the com-
plementing enzyme complexes, one could propose that 
higher concentrations of ligands (such as S3P and PEP) may 
play a role in the drastic enhancement of enzyme activities 
observed for the complementing pairs. 

In order to verify the above hypothesis, we took the ad-
vantage that the herbicide glyphosate, as an analogue of 
PEP, can also bind to the AroA enzyme in the presence of 
S3P [11], and thus can be used as an extra ligand in an arti-
ficial system. In this case, similar assays were carried out 
when cells were grown in M63 minimum medium in pres-
ence of moderate concentrations of glyphosate. The results 
showed that when moderate levels of glyphosate were pro-
vided in the growth medium, glyphosate-dependent drastic 
enhancements of enzyme activities were observed (Table 2).  
The enhancement in enzyme activities can be described as 
below: First, the enhancement is specific for complementing 
pairs, but not for the intact counterpart. Second, the en-
hancement was bigger in 10 mmol/L than in 1 mmol/L gly-
phosate, indicating that the glyphosate-dependent enhance-
ment of enzyme activities is dose-dependent (Table 2). 
Third, a trend in enzyme activities of the complementing 
pairs in the function of growth media could be observed as 
M63+10 mmol/L glyphosate>M63+1 mmol/L glyphosate> 
M63>LB. In parallel, Western blotting analysis also showed 
that all fragments except C373 (which is too small to be 
detected) increased their expression in the pre- sence of 
glyphosate. A similar trend in protein fragment concentra-
tions as that in enzyme activities in the function of growth 
mediums could be observed, i.e. M63 + 10 mmol/L gly-
phosate > M63+1 mmol/L glyphosate>M63>LB (Figure 3). 
In contrast, enzyme activities of the intact counterpart did 
not follow the same trend (Table 2).  

If glyphosate could be used as an extra ligand to stabilize 
the complementing enzyme complexes in vivo, then one 
would expect that glyphosate can not function as stabilizer 

when it is not bound to AroA. In this case, we took advan-
tage of a mutant of AroA, AroA-G96A, which cannot bind 
glyphosate (glyphosate tolerant), but to some extent, re-
tained its enzyme activity [12,13]. It was shown that split 
fragments of this mutant AroA, N218/C219-G96A and 
N227/C228-G96A, can reconstitute the enzyme activity in a 
glyphosate tolerant manner [16] (Li et al., unpublished re-
sults). We tested these fragment pairs along with intact 
AroA-G96A, for enzyme activity in our assays. As expected, 
none of the pairs showed enhanced enzyme activities in the 
presence of glyphosate in the growth medium (Table 2). 
Therefore, there is a direct correlation between glyphosate 
binding and enhancement of enzyme activities of the com-
plementing complexes.  

Taken together, the above results demonstrate that extra 
ligand (such as glyphosate) can function as a stabilizer for 
the complementing enzyme complexes in vivo. 

3  Discussion 

In this study, we systematically explored the scope of frag-
ment complementation in the reconstitution of activity of 
the AroA enzyme. The successful reconstitution of active 
enzyme activity from 11 fragment pairs suggests that the 
internal complementarity is generally sufficient to overcome 
breaks in the peptide backbone to allow assembly of a func-
tional structure. The locations of cleavage sites that allow 
successful reconstitution can be grouped according to the 
position of the split sit in relation to the structural features 
of the crystal structure determined AroA protein; Group I 
fragments were split within β strands, group II fragments 
were split at the loop between secondary structures and 
group III fragments were split within the loops of folding 
units. The most successful fragment complementation oc-
curred with fragments with group III split sites. In these 
cases, as each of the fragments is a complete folding unit by 
itself, it is expected that they can be properly folded respec-
tively, which may result in better complementation. This is 

Table 2  Specific enzyme activity of intact- or reconstituted- AroA under different gorwth conditionsa) 

Specific activity (nkat/mg protein)b) 
Enzyme 

LB M63 M63 (1 mmol/L GLP） M63 (10 mmol/L GLP) 

Intact 8.40+1.51 24.21+3.46 23.36+2.98 22.40+4.96 

N85/C86 0.41+0.14 1.28+0.21 1.71+0.15 4.46+1.20 

N154/C155 0.01+0.01 0.06+0.01 0.16+0.03 1.64+0.38 

N218/C219 0.46+0.20 1.63+0.39 2.22+0.34 /c) 

N227/C228 0.36+0.16 1.33+0.38 1.87+0.30 8.18+2.31 

N298/C299 0.02+0.01 0.03+0.01 0.44+0.10 5.65+1.34 

Intact G96A 2.31+0.28 3.29+0.21 2.83+0.12 2.75+0.35 

N218/C219-G96A 0.15+0.03 1.03+0.13 0.82+0.10 0.69+0.12 

N227/C228-G96A 0.14+0.02 1.17+0.11 0.83+0.15 0.72+0.09 
a) The results presented are an average of two sets of experiments done in triplicate. AroA fragments produced from complemented cells grew in LB me-

dium, M63 medium, M63 medium with 1 mmol/L glyphosate and M63 medium with 10 mmol/L glyphosate. b) Specific activity was determined at 
1.0 mmol/L PEP and 1.0 mmol/L S3P. c) Cells harboring N218/C219 can not grow in M63 medium with 10 mmol/L glyphosate. 
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supported by the fact that BD2100 containing these AroA 
fragment pairs grow very well in M63 media, that is, in all 
cases with a doubling time of less than 100 min (Table 1).  

The reconstituted AroA complexes showed higher en-
zyme activities when cells were grown in M63 minimum 
medium than in LB rich medium (Table 2). It is known that 
in the shikimate pathway, the enzyme responsible for syn-
thesizing S3P is de-repressed 10-fold when cells are starved 
for tryrosine and tryptophan or the tryR regulatory gene is 
inactivated in the genome [19]. Therefore, one would expect 
that higher concentrations of S3P exist in M63 minimum 
medium than in LB rich medium. The extra S3P in M63 
grown cells could be used as extra ligand, and hence as sta-
bilizer for a reconstituted AroA complexes. Such a scenario 
would account for the observed activity measured for cells 
containing the various fragment pairs (Table 2). Glyphosate, 
an analogue of PEP, can also bind to AroA and is expected 
to act as extra ligand to stabilize the reconstituted complex. 
This notion is supported by the fact that addition of moder-
ate levels of glyphosate to the growth media also resulted in 
higher activities for the reconstituted AroA complexes, but 
not for the intact AroA enzyme in vivo (Table 2). When 
enzyme was prepared by dialysis of crude enzyme, gly-
phosate did not bind to enzyme. Since glyphosate is an in-
hibitor of AroA, if it were still bound to reconstituted com-
plexes, one would expect that enzyme activity would de-
crease. The fact is that higher activities were observed for 
the reconstituted AroA complexes when moderate levels of 
glyphosate were added to the growth media. One could pro-
pose that glyphosate may be enhancing the stability of re-
constituted enzyme complexes in vivo, thus increasing the 
quantity of reconstituted enzymes in the crude extracts, 
which in turn, results in enhanced enzyme activities ob-
served for the reconstituted complexes. This hypothesis is 
further supported by the Western blot results that show that 
more target protein fragments were produced with the mod-
erate levels of glyphosate present in the medium (Figure 3). 
In contrast, when a mutated form of AroA enzyme, which 
can no longer bind glyphosate was used in the assay, addi-
tion of glyphosate to the growth media no longer enhanced 
the activity of the complex (Table 2). Therefore, our results 
demonstrate that glyphosate can stabilize the reconstituted 
complex, only when it was used as ligand. 

AroA dissociated fragments may be stabilized by extra 
ligand. The reconstituted AroA complex is in a dynamic 
equilibrium of associated and dissociated fragments. Disso-
ciated fragments may be considered an abnormal structure 
for the complex and hence, are likely to be subjected to 
degradation by proteases [20], which may account for the 
instability of reconstituted AroA in vivo. Extra ligand, such 
as glyphosate, may bring the complementing fragments 
closer together, to a conformation similar to that of their 
intact counterpart. In this case, extra ligand could mediated 
conformational change from “open stage” to “closed stage”, 
as that observed in crystal structures for their intact coun-

terpart [11,15], which in turn, may increase the strength of 
the interactions between the complementing fragments, and 
shift the equilibrium towards associated complex, and thus 
prevent the AroA fragments from degradation. This is the 
first time someone has shown extra ligand can stabilize re-
constituted complex in vivo. 

Successful reconstitution in vivo requires that internal 
complementarity be highly specific to overcome competing 
interactions with other protein sequences. Non-covalent 
interactions such as hydrogen bonding, electrostatic interac-
tions and especially hydrophobic forces contribute signifi-
cantly to the specificity of internal complementarity 
[21−25]. These interactions govern a protein’s native struc-
ture, and have been optimized through evolution, yielding a 
strong preference for the native packing of structural ele-
ments. The dissociated sub-domains may overcome com-
peting interactions with other protein sequences, and find a 
way to spontaneously assembly to the native structure. Our 
results may have implications for the evolution and assem-
bly of large proteins and complexes starting from specific 
non-covalent interactions between individual structure ele-
ments. 
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