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BIOSYNTHETIC INCORPORATION AND CHEMICAL 
MODIFICATION OF ALKENE FUNCTIONALITY IN 
GENETICALLY ENGINEERED POLYMERS 

Timothy J. Deming,t § Maurille J. Fournier, * Thomas L. Mason,* 
and David A. Tirrell*t 
tDepartments of Polymer Science and Engineering and 
*Biochemistry and Molecular Biology 
University of Massachusetts at Amherst 
Amherst, Massachusetts 0 1003 

ABSTRACT 

Repetitive polypeptides of sequence [(AlaGly)3ProGluGly] 6 ,  3 a, 
have been prepared in Escherichia coli as overexpressed recom- 
binant proteins. Replacement of more than 90% of the naturally 
occumng proline (Pro) residues with 3,4-dehydroproline (Dhp) in 
sequence 3a was achieved by in vivo expression of the target 
protein in medium containing Dhp and lacking Pro. The resulting 
material (3b) was treated with H202 or Br2 to yield polymers con- 
taining 3,4-dihydroxyproline (Dhy, 3c) and 3,4-dibromoproline 
(Dbr, 3d), respectively, in place of the Dhp residue. These results 
represent the first demonstration of the incorporation and modifi- 
cation of alkene functionality in recombinant proteins. 

INTRODUCTION 

The incorporation of unnatural amino acid analogs into proteins allows the 
introduction of unusual reactive sites into these biological materials. Biosynthetic 

*To whom correspondence should be addressed. 
9 = Current address: Department of Materials, University of California Santa 
Barbara, Santa Barbara, CA 93 106 
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2 144 DEMING ET AL. 

incorporation of analogs has the advantage of placing these reactive sites at 
precisely defined locations in the polypeptide sequence [ 11. We have previously 
reported the incorporation of some reactive amino acids (e.g., selenomethionine 
[2] and 3-thienylalanine [3]) into repetitive polypeptides for just these reasons; 
namely, that the reactive group can be displayed in a regular pattern along the 
protein chain or perhaps on surfaces or in crystalline or liquid crystalline arrays. 
We now report the introduction of an alkene functional group into a repetitive 
polypeptide and subsequent chemical modification of this residue. This is the fust 
demonstration of alkene group incorporation into a recombinant protein. 

The source of the alkene group is the proline (Pro, 1) analog 3,4-dehydro- 
proline (Dhp, 2). Dhp has been shown to be incorporated in vivo and in vitro into 
the cellular proteins of Escherickia coli [4] as well as in chick embryos for studies 
on collagen biosynthesis [5]. Since Dhp is very similar in size and conformation 
to Pro, it readily replaces Pro in protein biosynthesis, and analog incorporation 
levels approaching 100% have been achieved [4b, 61. We sought to incorporate 
Dhp into the polypeptide of sequence 3a, since this polymer has the potential to 
adopt a lamellar morphology which would display the Pro (or Dhp) residues at the 
surface of crystalline aggregates, making the alkene groups accessible for subse- 
quent reactions [7]. 

[(AlaGly)~XxxGluGly] 16 

3a: Xxx = Pro 
3b: Xxx = Dhp 
3c: Xxx = Dhy 
d: Xxx = Dbr 

EXPERIMENTAL 

Analysis of Dhp Incorporation 
A single colony of BL21(DE3)pLysS pET3-8 Pro- was used to inoculate 

M9AA minimal medium (30 mL of M9 medium [8] containing the 20 natural 
amino acids at 20 pg/rd. and supplemented with 0.1 mh4 CaC12, 1.0 mM MgS04, 
25pg/mL chloramphenicol, and 200pg/mL ampicillin). The culture was shaken at 
37°C until the O.D. (600 nm) = 0.75, at which point IPTG (final concentration = 

0.4 mM) was added and shaking was continued for 10 minutes. Cells were iso- 
lated by centrifugation of 2/3 of the mixture (20 mL) and the pellet was washed 
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ALKENE FUNCTIONALITY 2 145 

with M9AA minimal medium without proline. The cells were resuspended in 
M9AA minimal medium without proline (20 mL). To the remaining 1/3 of orig- 
inal culture (10 mL) was added a solution of %-Met (20 pL, 300 pCi) and to the 
sample of washed culture (20 mL) was also added 35S-Met (40 pL, 600 pCi). The 
20 mL culture was divided into 2 equal portions. To one portion was added Dhp 
(400 pg of the racemate as a 1 mg/mL solution) and to the other portion nothing 
was added. All 3 samples were shaken at 37°C for 3.5 hours and aliquots (1.5 mL) 
were removed at time intervals of 15, 60, 120, and 210 minutes after addition of 
the analog. Cells were isolated from each aliquot by centrifugation and the super- 
natents were discarded. Cells were suspended in M9AA minimal medium without 
proline (1 .O mL), centrifuged again, and the pellets were then lysed and fraction- 
ated on a 12% polyacrylamide gel. The samples were electrophoresed at 12 mA 
constant current overnight and the proteins stained with Coomassie Brilliant Blue 
G-250. After destaining with 45% MeOH/10% HOAc the gels were dried and 
then exposed to X-ray film for 2 d at -80°C. 

Isolation of the Polymer 
Polymer 3a was prepared by growth of the host strain in rich medium (2x 

YT) [8] followed by expression of the target sequence by addition of isopropyl p- 
D-thiogalactopyranoside (IPTG). The polymer was expressed as a fusion protein 
of overall sequence, MASMTGGQQMGRDPMFKY SRDPMG [AGAGAGPEG] 16 
ARMHIRPGRYQLDPAANKARKEAELAAATAEQ; the flanking segments of 
which were encoded by pET3b and p937.51 vectors used for cloning and expres- 
sion [7]. For the synthesis of 3b, cells were grown in rich medium and then 
shifted to medium containing Dhp followed by induction with IPTG. The recom- 
binant proteins partitioned into the soluble portion of the cell lysate and were 
isolated by lowering the pH of the lysate to 4.0 and then precipitating the target 
protein with increasing concentrations of (NH&S04. Proteins 3a and 3b were 
found to precipitate in the range of 40-60'%, (NH4)2S04 saturation at ambient 
temperature. Removal of the fusion segments with CNBr gave the target poly- 
peptides which were purified by dissolution in 96% formic acid ( 1  .O mL per 100 
mg polypeptide) and then precipitated by addition of 3 volumes of methanol. The 
precipitates were washed with 5 x 4 volumes of methanol and then dried in vucuo 
to give the polypeptides in overall yields of 30 mg/L (3a) and 20 mg/L (3b) which 
represent approximately 20% and 13% of total cellular protein, respectively, at the 
cell densities used in these experiments [3]. 
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Figure 1. SDS-PAGE analysis of whole cell lysates visualized by %-Met 
labeling. Lanes 1-4 contain target protein from cells shifted to medium lacking 
Pro; lanes 5-8 contain target protein from cells incubated in medium containing 
Pro; and lanes 9- 12 contain target protein from cells shifted to medium containing 
Dhp. The target protein is indicated by an arrow. Molecular weight standards are 
listed to the left of the autoradiogram: the apparent molecular weights of 3a and 3b 
were estimated from these size standards. The target protein migrates at a 
molecular weight of about 38,000, which is significantly higher than the predicted 
value (1 6,900). This anomalous migration behavior is consistent with previous 
observations and is not a result of genetic instability [7]. 

RESULTS AND DISCUSSION 

Construction of an artificial gene encoding 3a has been described prev- 
iously [7]. Proteins 3a and 3b were synthesized by using a T7 RNA polymerase 
expression system in E. coli; the host strain BL21(DE3)pLysS pET3-8 Prcr was 
grown in medium containing Pro or Dhp respectively (Figure 1). From the figure 
it can be seen that protein accumulates to significantly higher levels in Dhp 
medium than in proline-free controls, suggesting that Dhp is incorporated into the 
polypeptide. The relative amounts of Pro and Dhp in the polypeptides were first 
determined using amino acid compositional analyses (Table 1). The data show 
that the samples are at least 90% pure and that the extent of substitution with Dhp 
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TABLE 1, Amino Acid Compositions of Proteins 3a, 3b, 3c, and 3d. 

mol % (obsdl 
amino acid mol YO (theor) 3a - 3b &d a d  

gl ycine 29.0 27.9 27.4 31.0 31.2 
alanine 34.5 35.3 34.5 34.8 37.9 
glutamic acid 9.5 10.6 10.5 10.8 11.4 
proline 10.0a 10.1 1.4 1.6 1.5 
dehydroprolin 1O.Ob NDc 9.0 ND ND 
e 

a Expected for 3a. 
b Expected for 3b. 
C None detected. 
d Dhy and Dbr were found to degrade under the conditions (6N HC1 or CH3S03H) 
used to hydrolyze and analyze the peptides and so could not be measured directly 
by this technique. 

is about 90% for protein 3b. The extent of analog substitution can also be 
estimated from 1H NMR spectra of the purified polymers. Integration of Dhp 
resonances at 6.12 and 5.88 ppm versus those of Ala (1.36 ppm) and Gly (4.13 
ppm) placed the amount of analog incorporation at >95% Electrospray ionization 
mass spectrometry gave the mass of polymer 3b as 11,090 after CNBr cleavage, 
compared with an expected mass of 1 1,094, assuming 100% Dhp substitution and 
pairing of 3 Na ions with the glutamate side chains [9]. 

Both 3a and 3b were soluble in water and were found to be reluctant to 
crystallize. However, protein 3b has the advantage of possessing chemically 
reactive sites at the putative turn positions (Pro residues) [7] in the sequence. To 
explore the reactivity of Dhp, we converted it as the free amino acid into 3,4- 
dihydroxyproline (Dhy, 4) [lo] or 3,4-dibromoproline (Dbr, 5 )  via the model 
reactions shown in Equations 1 and 2. Both of these reactions proceeded 
essentially quantitatively [ 1 13 to yield the diastereomers indicated. When applied 
to the polymer these reactions should convert the small, hydrophobic Dhp residue 
to the hydrophilic Dhy and to the large, heavy atom-labeled Dbr residues, respec- 
tively. 
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2 
65% 35% 

4 

Samples of protein 3b were treated with either H202 or Br2 in formic acid 
solutions at room temperature for 3 d to prepare samples of 3c and 3d. IH NMR 
analysis of the resulting materials revealed that the alkene proton resonances (6.12 
and 5.88 ppm) had disappeared, indicating complete reaction of the Dhp Units. 
The other resonances in the spectra remained unaffected by the treatment, attesting 
to the specificity of the reagents for the alkene functionality. Amino acid analysis 
of 3c and 3d also indicated complete reactivity of the Dhp units (Table 1). 

CONCLUSION 

These results demonstrate the insertion of multiple reactive alkene func- 
tionalities into genetically engineered polypeptides and the subsequent site-spe- 
cific modification of these groups. This strategy should be useful for introducing a 
variety of novel side groups into recombinant proteins. The physical properties of 
modified polymers 3c and 3d are currently under investigation. 
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