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Peptides and proteins have attracted scientific and technological interest largely be- 
cause of their intriguing properties as catalysts, receptors, signalling molecules, and 
therapeutic agents. In attempts to understand and exploit these properties, protein en- 
gineering has been used primarily to obtain precious proteins in increased quantities, 
or to explore systematic alterations in protein sequence through site-directed mutage- 
nesis. Design of protein structures de novo ("from scratch") has attracted less atten- 
tion, and has been directed in the main toward studies of protein folding (Kamtekar et 
al., 1993). Such studies represent a key element in the current vigorous investigation 
of the connections between amino acid sequence and the three-dimensional structures 
of isolated protein chains in aqueous solution. This chapter describes protein engi- 
neering of quite another sort, in which the proteinacious nature of the product is less 
important than its macromolecular character. 

Engineered Proteins 

The chemical processes used to prepare the macromolecular materials (polymers) of 
commerce produce complex mixtures of products, in which chain length, sequence, 
and stereochemistry are characterized by broad statistical distributions. As an exam- 
ple, Figure 14-1 shows a matrix-assisted laser desorption mass spectrum of poly(methy1 
methacrylate) (PMMA), an important polymer sold under tradenames such as Lucite 
or Plexiglas. The sample represented in Figure 14-1 is far better defined in terms of 
molecular weight distribution than is the typical commercial PMMA, yet it is clear 
from the spectrum that no single molecular species constitutes more than a small per- 
centage of the chain population. Similar complexity characterizes the distributions of 
monomer sequences in commercial copolymers, and the stereochemistry of vinyl poly- 
mers is generally discussed only in statistical terms. This complexity of structure has 
had profound consequences for polymer science and technology, because it means that 
this is a science and technology of mixtures. This is not necessarily an impediment to 
the development of useful properties, and conventional polymers are enormously im- 
portant as practical, commercial materials. At the same time, because mixtures behave 
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Figure 14- 1. MALDI mass spectrum of poly(methy1 methacrylate). Reprinted from Bahr et al., 
1992, with permission. 

differently from pure substances, one wonders what kinds of new materials properties 
might be achievable through better control of macromolecular architecture. 

Protein engineering is now the most powerful means of controlling the architecture 
of macromolecular substances, and offers an important alternative to conventional poly- 
merization processes as a route to new classes of polymeric materials. The exploita- 
tion of protein engineering to create new materials is outlined in schematic form in 
Figure 14-2. The process begins with design of a target structure, or more typically, a 
family of related target structures. The targets here are artificial proteins, amino acid 
copolymers designed to exhibit interesting materials properties, for example, interest- 
ing properties in the solid state, at interfaces, or in liquid crystal phases. The design of 
such proteins must take into account both "biological" and "materials" concepts in or- 
der to succeed. Once designed, the primary sequence of the target artificial protein is 
encoded into a complementary DNA, which is then made by solid phase synthesis and 
enzymatic ligation of oligonucleotide fragments. Conversion of the artificial gene to 
the artifical protein is then accomplished via the same kinds of genetic manipulations 
and biochemical engineering methods used to produce other classes of heterologous 
proteins in microbial hosts (Sambrook et al., 1989). 

In our own laboratories, we have used this approach to address four issues in ma- 
terials design and synthesis: (1) design and preparation of macromolecular crystals of 
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Figure 14-2. Outline of gene construction and protein synthesis. 

controlled thickness and surface chemistry, (2) incorporation of nornatural amino acids, 
(3) synthesis of rodlike helical macromolecules of uniform chain length, and (4) de- 
velopment of hybrid proteins comprising natural and artificial domains. We describe 
in this chapter the progress that has been made toward these objectives, and we hope 
thereby to illustrate some of the exciting opportunities that we perceive at this new in- 
terface of materials science and the biological sciences. 

Crystal Design: The Solid-State Protein Folding Problem 

A logical starting point for the design of macromolecular crystals is provided by the 
sequence-dependent secondary structures (helices, P-strands, and reverse turns) found 
in fibrous and gIobular proteins. For example, a repetitive polypeptide comprising P- 
strands followed by reverse turns would be expected to assemble into a lamellar ag- 
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gregate like that shown schematically in Figure 14-3, in which lamellar thickness is 
controlled by the length of the strands, and surface chemistry is determined by func- 
tional groups contributed by amino acid residues confined to the turns. Such lamellar 
crystals are well known in polymer materials science (Keller, 1957), but are usually 
only metastable structures trapped by the kinetics of crystal growth. In the design shown 
in Figure 14-3, the lamellar structure should not only be stable, but should be pre- 
dictable on the basis of the secondary structural elements used for its construction. 

In order to test this approach to crystal design, we have prepared and expressed a 
family of artificial genes encoding polypeptides built from repeating units represented 
as sequence 1 (Deguchi et al., 1994; Krejchi et al., 1994,. 1996). 

Z = Ala, Asn, Asp, Glu, Leu, Met, Phe, Ser, Tyr, Val, and ProGlu 

In the crystal structures of synthetic aliphatic polyamides (nylons), kinetic factors 
limit the length of the crystal "stem" to that defined by six to eight lateral hydrogen 
bonds (Atkins et al., 1992; Dreyfuss & Keller, 1970a, b); the choice of n = 3 to 6 in 
1 reflects that consideration. It has also been observed that the egg-stalk protein of 
Chrysopa Java (Geddes et al., 1968) folds at intervals of eight amino acid residues, 
giving rise to a lamellar thickness of about 3 nrn. Bulky and polar amino acids in the 
Z position were chosen because such amino acids should be excluded from the inte- 
rior and should therefore decorate the surfaces of the lamellar crystal. Glutamic acid 
in particular was chosen because it is the poorest P-sheet former of the twenty natural 
amino acids according to the Chou-Fasman predictions of protein structure and con- 
formation (Chou & Fasman, 1974% b). 

Synthesis 

The following paragraphs provide a brief description of the methods used in our lab- 
oratory to prepare polymers of repeating units such as 1 (Fig. 14-2). 

Figure 14-3. Schematic drawing of a chain-folded lamellar crystal. Reprinted from Parkhe et al., 
1993, with permission. 
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Stop Gly A h  GIy A h  CIy Ah Cly Ala CIy Ra Glu Gly AIa Gly A h  Cly Ah CIy A h  Cly Ro Clu CIy A h  
AArrCG TAA GGT GCC GGC CCT GGT GCT GGG GCC GGT CCG GAA GGT GCA GGC CCT GGC GCG GGC GCG GGC CCG GAA GGT GCC G 

GCA7TCCACGCCCGCGACCACGACCCCGGCCAGGCCrrCCACGTCCGCGACCGCGCCCGCGCCCGGGCmCCACGGCffAG 
EcoRI Ban1 A@ Ban1 BamHI 

2 

Oligonucleotides encoding one or two repeats of the target repeating unit sequence 
are prepared via solid phase organic synthesis (McBride & Caruthers, 1983). After pu- 
rification, the oligonucleotides are phosphorylated at the 5'-termini, annealed, and then 
ligated into appropriate restriction sites in a bacterial cloning vector. Oligonucleotides 
are typically designed according to the following rationale. First, as shown in fragment 
2 (which encodes two copies of repeating unit 1 with n = 4 and.2 = ProGlu), a stop 
codon immediately following the 5' restriction site ensures disruption of the P-galac- 
tosidase a fragment encoded in common cloning vectors, and thus allows facile color 
screening for plasmids carrying the insert. Second, the oligonucleotides are designed 
so that the sequence encoding the repeating unit is flanked by two restriction sites 
which are used to isolate the fragments of interest after cloning and amplification (Cap- 
pello et al., 1990). Finally, the choice of codons for each amino acid in repeating unit 
1 is determined by (1) the pattern of codon use in E. coli (Aota et al., 1988), (2)  avoid- 
ance of strict sequence periodicity within the oligonucleotide, (3) the need to eliminate 
all Ban1 sites except for those flanking the coding sequence, and (4) inclusion of an 
ApaI site to be used for screening transformants containing the insert. 

. ,. . 
.v.;. :. . . . .  

4: . . 
Figure 14-4. In vivo labeling of proteins 
acrylarnide gels. pET3-5, pET3-9, pET3-14 
(AlaGly)sProGluGly sequence, respectively. Time points ih minutes dre' relative to IPTG addition. 
Reprinted from McGrath et al., 1992, with permission. 
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Figure 14-5. Plot of electrophoretic mobility versus reciprocal of log MW for a series of polypep- 
tides containing 5, 9, 14, and 27 repeats of the (AlaGly)3ProGluGly sequence. Standards: a-lactalbu- 
min, P-Iactoglobulin, carbonic anhydrase, egg albumin, bovine serum albumin, phosphorylase B (rab- 
bit muscle). Reprinted from McGrath et al., 1992, with permission. 

The presence of the insert in transformed bacterial cells can be confirmed by re- 
striction analysis (for sequence 2, for example, with the restriction enzymes ApaI and 
BanI), and standard DNA sequencing methods are used to verify the integrity of the 
insert. The target DNA fragments are liberated by restriction digestion, purified, and 
self-ligated to produce a population of multimers. Inversion of repeats of the monomer 
sequences is suppressed by the fact that nonpalindromic ends are generated in BanI di- 
gestion of the plasmid. Multimers of appropriate size are inserted (usually after an in- 
termediate cloning step, which allows selection of coding sequences of preferred 
lengths) into an expression vector, which is chosen to direct bacterial synthesis of the 
target protein. At this point, the coding sequence may include N- and C-terminal ex- 
tensions derived from the cloning and expression vectors; these are generally removed 
later by cleavage with CNBr or with appropriate enzymes. 

Target protein synthesis can be demonstrated in a variety of ways. Because artificial 
proteins such as 1 bind conventional protein stains weakly, radiolabeling protocols or 
Western blots are most convenient. In a typical labeling experiment, transformed cells 
are grown in minimal medium supplemented with 3~-glycine and a mixture of unlabeled 
amino acids lacking glycine. Following induction of protein synthesis, new protein bands 
corresponding to the target can be detected on autoradiograms of gels (Fig. 14-4). Pro- 
tein products of sequence 1 may be present either in the soluble fraction of the cell lysate 
or in inclusion bodies, depending on charge density and the nature of residue(s) 2. 

The apparent molecular weights of these artificial proteins as reported by gel elec- 
trophoresis are much higher than the expected molecular weights (Fig. 14-5). Highly 
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acidic polypeptides such as 1 (2 = Glu or ProGlu) probably bind SDS weakly and 
may, therefore, adopt unusual micellar structures under the conditions of electrophoretic 
separation. The anomalously low average residue mass of these alanylglycine-rich poly- 
mers surely contributes further to this effect. 

In our work with proteins such as 1, neither the artificial genes nor the protein prod- 
ucts have proven prohibitively unstable. Plasmids from transformed cells in some cases 
have been recovered and subjected to electrophoresis; even after 35 generations, no 
length polymorphism was observed. The protein products are sufficiently stable that 
they continue to accumulate in transformed cells for 2 to 3 hours (and perhaps longer) 
following induction (for an exception, see later). Typical yields from batch fermenta- 
tion procedures have been in the range of 100 mg of protein per liter, and recent ex- 
periments using fed-batch fermentation methods have afforded yields of nearly 0.5 g 
of purified protein per liter of culture. 

Molecular Structure 

The primary structures of polymers of repeating units such as 1 are generally as 
expected. In one interesting exception, matrix assisted laser desorption (MALDI) 
mass spectrometry of the protein comprising 14 repeats of the sequence 
-(AlaG1y)4ProGluGly- (3), showed evidence of degradation of the product protein 
(Beavis et al., 1992) (Fig. 14-6). The spectrum of the isolated protein contained a se- 
ries of signals that could best be explained by successive additions of amino acid 
residues, in the N- to the C-terminal direction, consistent with the anticipated amino 
acid sequence. MALDI mass spectrometry also gives an accurate measure of the mass 
of the polymer, and shows that mass determinations by SDS polyacrylamide gel elec- 
trophoresis are grossly in error. 

Solid-State Structure 

Proteins built up from repeating units of sequence 1 (Z = ProGlu) do not readily form 
P-sheets (McGrath et al., 1992). Under most of the crystallization conditions we have 
investigated, these polymers form amorphous solids, as indicated by wide-angle X-ray 
powder patterns that consist only of diffuse halos. Moreover, the amide I and amide 11 
bands in the infrared spectrum are observed at 1653 and 1540 cm-', respectively, and 
not at the anticipated frequencies (1630 and 1525 cm-') characteristic of ,&structures 
(Moore & Krimm, 1976). We have considered several explanations including (1) the 
odd number of amino acids in the repeating unit sequence precludes formation of hy- 
drogen bonds over the full extent of the sheet (McGrath et al., 1992), (2) the geome- 
try of the turn (presumably comprising the ProGlu dyad) is inconsistent with the par- 
allel (or nearly parallel) trajectories required of the flanking strands, and (3) the steric 
bulk of the ProGlu dyad frustrates packing of sheets at a separation distance consis- 
tent with the small size of the Ala and Gly residues comprising the sheets. Whether or 

Figure 14-6. Matrix-assisted laser desorption mass spectrometric analysis of {(AlaGly)4ProGluGly} r4. 

(A) Spectrum of the target protein. RNAse A is included as an internal standard. (B) Spectrum ex- 
panded in the region of low molecular weight contaminants. (C) Mass spectrum of the protein sam- 
ple after low molecular weight substances were removed by dialysis. Reprinted from Beavis et al., 
1992, with permission. 
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not any of these explanations is correct, it appears that the regularly folded conforma- 
tion is destabilized to such an extent that the gIassy state is preferred at room temper- 
ature or, alternatively, that crystallization is prohibitively slow. 

In order to address these concerns, we explored a second generation of designed 
structures in which Pro was deleted from the repeating unit. We first considered poly- 
mers of repeating unit sequence -(AlaGly),GluGly- (4, n = 3, 4, 5, 6), and found that 
such polymers form P-sheet structures readily under conditions that failed to produce 
crystalline forms of the "ProGlu" polymer (Krejchi et al., 1994). 

The infrared spectrum of {(AlaGly)3GluGly)36 (Fig. 14-7) shows amide I, 11, and 
111 vibrational modes at 1623, 1521, and 1229 cm-I, respectively, all of which are 
characteristic of the P-sheet structure (Moore & Krimm, 1976); and a weak amide I 
vibration at 1698 cm-I indicating the regularly alternating chain direction that defines 
antiparallel P-sheets (Miyazawa & Blout, 196 1). Additional vibrational modes are 
thought to arise from reverse (P- or y-) turn structures (Krimm & Bandekar, 1986). 

Rarnan spectroscopy of {(AlaGly)3GluGly)36 further supports the proposed struc- 
ture, showing the characteristic amide I band at 1664 cm-I and splitting of the arnide 
111 band into two components at 1260 and 1228 cm-I (Frushour & Koenig, 1975; 

Figure 14-7. Vibrational spectra of {(AlaGly)3GluGly}36. (A) Fourier transform infrared spectrum 
of a KBr pellet of ((AlaGly)3GIuGly}36 powder. (B) Expansion of the amide I region of the spectrum 
shown in A. (C) Raman spectrum of {(AlaGly)3GluGly]36. Reprinted from Krejchi et al., 1994, with 
permission. 
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Table 14-1 Chemical Shifts and Assignments for Selected Peaks Observed in CPIMAS I3C 
NMR Spectra of {(AlaGly)3GluGly}36 and Poly(~-alanylglycine) (p-form) 

Chemical Shift (ppm) 

( (AlaGly)3GluGly 136 Poly(~-alanylglycine) Assignment *: 
49.9 48.5 

P 

20.7 20.0 

171.4 171.8 Ala C 4  

43.6 43.3 Gly Ca 

171.4 168.4 Gly C 4  

Moore & Krimm, 1976). Weaker signals in the 1300 to 1330 cm-I region have been 
attributed to turns (Krimm & Bandekar, 1986). 

Cross-polarization magic angle spinning nuclear magnetic resonance (CP/MAS @ NMR) spectra provide additional confirmation that {(AlaGly)3GluGly}36 forms an- 
tiparallel P-sheets. Table 14-1 shows a comparison between the chemical shifts ob- 
tained for poly(~-alanylglycine) (Saito et al., 1984) and for { (AlaGly)3GluGly}36. The 
assignments are consistent with an antiparallel P-sheet structure, though there is evi- 
dence for other conformational states as well. For example, a shoulder at 16.8 ppm, 
assigned to the P-carbon of alanine, arises either from a fraction of the silk I structure 
(Ishida et al., 1990), or from amino acid residues in turn sequences (as proposed above 
to explain the infrared and Raman spectra). 

Strong evidence for a chain-folded lamellar structure as the basic crystalline unit @ is provided by X-ray diffraction results obtained on the sedes of polymers, 
-{(AlaGly),GluGly},- (4) (Krejchi et al., 1997). The dimensions of the corresponding 
orthorhombic unit cells are listed in Table 14-2, and small angle X-ray scattering gives 
a long-period spacing of 3.6 nrn (for the polymer with n = 3), consistent with the an- 
ticipated lamellar thickness. 

The unit cell parameters are consistent with those published for silks and for syn- 
thetic polypeptides known to adopt P-sheet architectures (Brown & Trotter, 1956; War- 
wicker, 1960). The value of the unit cell parameter a, 0.948 nm, was assigned on the 
basis of the second diffraction order spacing at 0.474 nm, which is characteristic of the 

Table 14-2 Unit Cell Dimensions for Polymers of -((AlaGly),Gl~Gly}~- 
--  

Sample Unit Cell Dimensions (nm) 



1245-e14p446-472 10/21/97 4: 21 PM Page 456 + 
456 1 Tirrell, Tirrell, Mason, and Fournier 

Figure 9 4-8. Computer-generated representation of the solid-state structure of {(AlaGly)3GluGly]36. - 
interchain distance in hydrogen-bonded, antiparallel /I-sheets (Dreyfuss & Keller, 
1970a, b; Hirichsen, 1973; Keller, 1959). Thus a is associated with the hydrogen bond 
direction. The value 1.060 nm observed for b represents twice the average periodicity 
of intersheet stacking. The intersheet spacing in P-sheet polypeptides is dependent on 
amino acid composition (Lucas et al., 1960), since the amino acid side chains protrude 
from the surfaces of the sheets and must be accommodated in the intersheet volume. 
The intersheet spacing for polyglycine has been reported as 0.34 nm (Nemethy & Printz, 
1972), while that of Nephila senegalensis fibroin, which contains a high percentage of 
amino acid residues with bulky side chains, is 0.79 nm (Warwicker, 1960). The val- 
ues reported for poly(~-alanylglycine), 0.44 nm (Fraser et al., 1965), and the P-form 
of poly(~-alanine), 0.54 nm (Brown & Trotter, 1956), are consistent with the results 
obtained for the series of polymers 4. 

Figure 14-8 shows a computer generated representation of the unit cell of polymer 
4 (n = 3) in which the /I-sheets are stacked along the b axis, the c axis extends hori- 
zontally in the plane of the image, and the hydrogen bond direction, a, is perpendicu- 
lar to the plane of the page. The polymer chains in the crystals must fold back at the 
lamellar surfaces and reenter the crystalline lamellae, as indicated by the crystal di- 
mensions observed, since the lamellar thickness is always shorter than the molecular 
length of the chains. 

Since {(AlaGly)3GluGly)36 exhibits a well-defined psheet conformation and a uni- 
form lamellar structure, it serves as a good model for studying the relationships between 
hydration and crystal structure. Infrared and Raman spectral studies of the 
{ (AlaGly)3GluGly )36 polypeptide have shown that hydration is a stepwise process (Chen 
et al., 1995). At low water contents, the crystalline regions are not affected (Murthy et 
al., 1989; Tirrell et al., 1979; Vergalati et al., 1993). As the water content increases, the 
sheets become accessible to water and changes in intersheet spacing, and ultimately chain 
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conformation, occur. Figure 14-9 shows the effects of humidity on the infrared spectrum 
of the carboxylate form of the sample. Increasingly marked effects on both the COO- 
and the amide I and I1 signals are observed as the water content increases. Figure 14-10 
shows the intersheet distance as a function of humidity as determined by wide angle X- 
ray scattering, infrared spectra of the amide I and 11 regions at different relative humidi- 

1 I 1 1 

a: dry 1623 
b: 141 hours (5.1 %) I 

c: 328 hours (9.6%) 

a 

- b 

C 

1900 1800 1700 1600 1500 1400 
wavenum bers 

B 
I 1 

water content from top to bottom: 

1 % 
2.1 % 
9.6% 

1410 1370 
wavenurr~ bers 

Figure 14:9. (A) Infrared spectra of the arnide I and I1 region of { (AlaGly)3GluGly in the car- 
boxylate form as a function of hydration. (B) Effect of hydration on the symmetric COO- band in 
the infrared spectrum. Reprinted from Chen et al., 1995, with permission. 
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Figure 14- 10. (A) Changes in intersheet spacing as a function of hydration. (B) Infrared amide I 
and I1 regions at different relative humidities. (C) Water content of hydrated samples in (A) and (B). 
Reprinted from Chen et al., 1995, with permission. 

ties, and water contents of these same samples (from gravirnetric measurements). The 
intersheet distance begins to change at low water contents, indicating hydration of the 
ionic groups at the lamellar surface; however, the infrared spectra reveal no changes in 
the chain conformation until the water content is quite high, that is, after the intersheet 
spacing has expanded, providing accessibility of the crystalline region to water. 
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humidity p/p, (%) 

Figure 1 4- 1 0. (Continued). 

Artificial Proteins from Artificial Amino Acids 

For some materials applications, it would be desirable to expand the set of monomer units 
available for construction of polymer chains beyond those normally used by organisms as 
substrates for protein synthesis. This section describes the incorporation of several non- 
natural amino acids-selenomethionine, p-fluorophenylalanine, 3-thieny@anine, 5',5',5'- 
trifluoroleucine, azetidine-2carboxylic acid, and 3,4-dehydroproline-into genetically en- 
gineered artificial proteins expressed in bacterial hosts. Because of the relatively large 
sample size requirements of materials research, we have not yet exploited the intriguing 
approach of chemical misacylation of tRNAs and in vitro translation, a strategy developed 
and exploited successfully by others (Ellman et al., 1992; Hecht, 1992). 

It has been known since the 1950s that selenomethionine (SeMet, 5) can be substituted 
for methionine in the in vivo synthesis of bacterial proteins (Cowie et al., 1959; Cowie 
& Cohen, 1957; Hendrickson et al., 1990; Tuve & Williams, 1957). SeMet supports 
growth of E. coli methionine auxotrophs (Cowie & Cohen, 1957; Tuve & Williams, 
1957) and has been shown to replace methionine virtually completely in thioredoxin 
of E. coli and phage T4 (Hendrickson et al., 1990). In addition, SeMet, with the bulky 
selenide group in the side chain, would be expected to be excluded from the interior 
of lamellar crystals, and thereby provide a population of reactive functional groups at 
the lamellar surface (Dougherty et al., 1993). With these ideas in mind, we undertook 
the synthesis of polymers of repeating unit sequence -(Gl~Ala)~GIySeMet-. 

The expression plasmid chosen for these experiments (pGEX-2T) (Smith & Johnson, 
1988) encodes a 26 kD fragment of glutathione-S-transferase (GST) at the amino terminus 
of the target protein. The host methionine awrotroph was prepared from E. coli strain HI3101 
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by mutagenesis with ethyl methanesulfonate and antibiotic selection in the absence of me- 
thionine (Miller, 1972). Auxotrophs were characterized by strict dependence on added me- 
,onhe (or SeMet) for growth. As shown in Figure 14-1 1, substitution of SeMet for me- 
thionine allowed the mutant cells to grow, but with a two-fold increase in generation time. 

To assess the level of SeMet substitution in the target protein, competition experi- 
ments were conducted using 35S-methionine and unlabeled SeMet; labeled SeMet is not 
readily available. Cultures of transformed auxotrophs were grown to logarithmic phase 
in the presence of a small amount of methionine and with increasing amounts of SeMet. 

Time (min) 

Figure 14- 1 1. Growth kinetics of transformed E. coli cells grown in medium lacking methionine 
(-Met, -SeMet), with selenomethionine added without methionine (+SeMet), or methionine added 
with selenornethionine in different ratios (+Met). Reprinted from Dougherty et al., 1993, with per- 
mission. 
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Expected Relative Band Intensity 

Figure 1 4- 12. Effect of selenomethionine on the incorporation of 35S-methionine into a polypep- 
tide of repeating unit sequence -(GlyAla)3GlySeMet-. Comparison of experimental and predicted in- 
corporation values for the induced polypeptide at different ratios of selenomethionine to methionine. 
Experimental ratios were obtained by scanning autoradiographic signals. Each experimental value con- 
sists of intensity measurements taken from at least three separate time points and averaged to yield 
the experimental ratio. 0, 10:l/lOX Met; 0,2.5:1/5:1; +, 5:1/1OX Met; V, 5:1/10:1; B, 2:5:1/10:1; 
A, 2.5; l/lOX Met. 10X Met represents a control consisting of a 10-fold excess of unlabeled me- 
thionine. The theoretical ratios correspond to the intensities expected if the incorporation of se- 
lenomethionine is equivalent to that of methionine at each concentration tested. Reprinted from 
Dougherty et al., 1993, with permission. 

35~-~ethionine was then added to the cultures, and protein synthesis was induced five 
minutes later by addition of isopropyl P-thiogalactopyranoside @PTG . Samples were A removed after varying periods of time, and analyzed by SDS polyacry$amide gel elec- 
trophoresis. Autoradiograms and stained gels were scanned densitometrically. Figure 0 14-12 illustrates the decrease in incorporation of radioactive methionine observed with 
increasing concentrations of SeMet in the growth medium; in fact, there is excellent 
agreement between the experimentally determined ratio of SeMet to methionine in the 
product, and the ratio of concentrations of the two amino acids in the medium. These 
data are consistent with complete or near complete substitution by SeMet. . 
p-Fluorop henylalanine 

Polymers containing fluorinated amino acids are expected to exhibit many of the use- 
ful characteristics of conventional fluoropolymers, including low surface energy, low 
coefficient of friction, and excellent solvent resistance. In our first studies of geneti- 
cally engineered fluoropolymers (Yoshikawa et al., 1994), p-fluorophenylalanine (pfF, 
6)  was substituted for phenylalanine in a polymer comprising thirteen repeats of the 
octapeptide sequence - { (A1aGly)3PheGly) -. 
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E. coli phenylalanine auxotrophs were generated by infecting a donor strain con- 
taining the PheA::TnlO mutation with the transducing phage P1 and then transferring 
the transposon to the bacterial strain containing the expression vector pET3-b (Bochner 
et al., 1990; Miller, 1972; Rosenberg et al., 1987). This vector requires expression of 
bacteriophage T7 RNA polymerase for transcription of the target gene (Studier et al., 
1990). In experiments directed toward incorporation of amino acid analogues, it might 
be anticipated that substitution of the analogue for the natural amino acid would result 

-In uivo Synthesis of -I(AlaGly)3 fPheGlyl13- - 

lVqgative Control Control 

- Phe & - fPhe - Phe & + fPhe + Phe & fPhe 

Time (rnin) after 
mediumshirt 30 60 120 180 30 60 120 180 30 60 120 180 

Figure 14-13. Expression of target protein labeled with 3H-glycine. For lanes 1 4  the culture 
medium lacks both phenylalanine and p-fluorophenylalanine; for lanes 5-8, the medium contains p- 
fluorophenylalanine but lacks phenylalanine; for lanes 9-12, the medium contains phenylalanine but 
lacks p-fluorophenylalanine. The arrows indicate the target protein; time points are relative to medium 
shift. Reprinted from Yoshikawa et al., 1994, with permission. 
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Monomer 

Phe 

Polymer , 

7.4 7.3 7.2 7.1 7.0 6.9 6.8 7.4 7.3 7.2 7.1 7.0 6.9 6.8 
PPN PPM 

Figure 1 4- 1 4. lH NMR spectra of - { (AlaGlyhPheGly 1- and - ((AlaGly)3pfFGly} - in DCOOH. The 
aromatic regions of the spectra are compared with those for L-phenylalanine and p-fluoro-L-phenyl- 
alanine. The signal at 6.9 ppm for the protein containing phenylalanine is attributed to the solvent; 
this signal is obscured in the spectrum of protein containing p-fluorophenylalanine. Reprinted from 
Yoshikawa et al., 1994, with permission. 

in an inactive polymerase. Therefore, we have adopted a protocol in which expression 
of the target protein begins with a ten minute induction in the presence of the twenty 
natural amino acids (but in the absence of pfF) followed by a shift to medium con- 
taining pfF after a pool of active polymerase has been established (Fig. 14-13). 

Analysis of amino acid composition and integration of the relevant signals in the 
NMR spectra of target polymers made by such a protocol show a level of replacement 
of phenylalanine of 95 to 100% (Fig. 14-14, Table 14-3). The target proteins- 
{(AlaGly)3PheGly} and {(AlaGly)3pfFGly}-were also analyzed by Fourier transform 

Table 14-3 Amino Acid Composition Analysis of Target Proteins Containing Phe and pff 

Mol% (observed Mol% (observed 
for proteins for proteins 

Mol% containing 
Amino acid (theoretical) e -4 '?k e 

Glycine 50.0 

Alanine 37.7 

Phenylalanine 12.3= 
p-Fluorophen ylalanine 12.3b 
Aspartic acid 

Leucine 

Valine 

?Expected for proteins containing phenylalanine. 
%xpected for proteins containing p-fluorophenylalanine. 
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infrared spectroscopy, which provides evidence for the antiparallel P-sheet architec- 
ture; the arnide I bands are observed at 1625 cm-l and the arnide I1 bands at 1525 
cm-I (Krimm & Abe, 1972; Moore & Krimm, 1976). Evidence for P-sheet structure 
is also observed in wide angle X-ray scattering patterns of oriented crystal mats. 

5',5',5'-Trifluoroleucine (TfL, 7) has been shown to be incorporated into proteins syn- 
thesized by E. coli leucine auxotrophs (Fenster & Anker, 1969), and incorporation of 
TfL into artificial proteins would be expected to allow placement of fluorinated residues 
at well-defined locations on the polymer chain. 

The sequence of the protein in which we investigated the substitution of TfL for 
leucine was {(GlyAla)3GlyLeu) 12GlyAla (Kothakota et al., unpublished). Gene syn- 
thesis, leucine auxotroph construction, and protein expression were carried out as de- 
scribed for expression of the protein containing pfF. 

No target protein was produced by the host leucine auxotroph in the absence of 
leucine and TfL, while lH NMR spectra of proteins prepared in media supplemented 
with TfL indicated successful incorporation of the analogue. The level of substitution 
of TfL for leucine was estimated at a maximum of about 90% from NMR determina- 
tion of the ratio of the methyl protons of TfL to those of alanine. 

Of the stereoisomers of TfL (2S,4S; 2S,4R; 2R,4R; 2R,4S), only the 2 s  isomers, or 
L-amino acids, are used in biological protein synthesis. In 1 9 ~  NMR spectra of 
monomeric TfL and {(GlyAla)3GlyTfL} 12GlyAla, two sets of signals, attributable to 
the 2S,4S;2R94R and 2S,4R;ZR,4S isomers, respectively, were observed both for the 
monomer and for the polymer, indicating that both of the 2S isomers are incorporated 
into protein to similar extents. The fact that either of the two diastereotopic methyl 
groups can be fluorinated without loss of translational activity, suggests that perhaps 
both can be fluorinated. Experiments with hexafluoroleucine are underway. 

Infrared spectroscopy and X-ray diffraction studies indicate the presence of stacked 
antiparallel P-sheets in crystalline samples of both {(GlyAla)3GlyLeu} 12GlyAla and 
{(GlyAla)3GlyTfL} 12GlyAla. Vibrational modes similar to those observed for the pe- 
riodic proteins discussed above (and characteristic of antiparallel P-sheets) are observed 
in the IR spectra. 

The surface properties of thin films of {(GlyAla)3GlyLeu)12GlyAla and 
{(Gl~Ala)~GlyTfL} 12GlyAla were assessed by measuring the advancing contact an- 
gles for water and hexadecane. The fluorinated fomi of the polymer exhibits decreased 
wettability by hexadecane, a sensitive indicator of surface fluorination. 
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3-Thienylalanine (3-TA, 8) was chosen for study because of its similarity to the 3- 
allcylthiophenes (Kothakota et al., 1995). Poly(3-alkylthiophene)~ form excellent or- 
ganic conductors, showing conductivities of about 2000 S cm-' after doping (Roncali 
et al., 1988). The incorporation of 3-TA into engineered proteins may provide a means 
for electrodepositing such materials on electrodes or for fabrication of enzyme-based 
sensors or controlled delivery devices (Kothakota et al., 1995). 

The target chosen for these experiments was a repeating polymer of sequence 
-{(GlyAla)3GlyPhe)-13, in which 3-TA was substituted for phenylalanine. Gel elec- 
trophoresis (Fig. 14-15) and amino acid composition 
strated efficient incorporation of 3-TA into 
phenylalanine. 

Figure 14- 15. Autoradiogram of 3H-labeled proteins produced by transformed phenylalanine aux- 
otrophs induced to synthesize protein in the presence of the 20 natural amino acids and shifted after 
ten minutes to media lacking Phe and 3-TA, containing Phe, or containing 3-thie#ylaIanine (3-TA). 
Reprinted from Kothakota et al., 1995, with permission. 

'0 
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Table 14-4 Amino Acid Compositions of Target Proteins Containing Phe or 3-Thienylala- 
nine (3-TA) 

Mol% Mol% (observed for Mol% (observed for 
Amino acid (theoretical) - ( (G1~Ala)~GlyPhe ] -13 -{(GlyAla)3Gly3-TA}-13 

Glycine 

Alanine 

Phenylalanine 

3-Thienylalanine . 

"Expected for -((GlyAla)3GlyPhe)-13. 
!Expected for -{(GlyAla)3Gly3-TA)-13. 

The relative amounts of phenylalanine and 3-TA in the product were also assessed 
quantitatively by ultraviolet spectroscopy (which takes advantage of the fact that the 
phenylalanine absorption maximum lies at 256 nm while that for 3-TA is at 233 nm), 
and by NMR spectroscopy. Figure 14-16 shows UV spectra for target proteins pro- 
duced by cultures in which protein synthesis was induced in media supplemented ei- 
ther with phenylalanine or with 3-TA; the phenylalanine absorption maximum is ab- 
sent from the spectrum of the target protein containing the electroactive analogue. Three 

I sets of signals arising from the monosubstituted thiophene ring are observed in the 
NMR spectrum of -{(GlyAla)3Gly3-TA)-13, while two broad resonances attributed to 
the phenyl protons appear in the spectrum of - { (GlyAla)3GlyPhe) - 13. Integration of the 

- - - - 3-Chicnylalanine protein 

phenylalanine protein - - 

l , r , r , , , , ~ l ~ ~ . . ~ , . ~ : , . , , , , ~ . . r ,  

Wavelength in nm 

Figure 14-1 6. UV spectra of -((GlyAla)3GlyPheJ-13 and -{(GlyAla)3GIy3-TA)-13. Reprinted from 
Kothakota et al., 1995, with permission. 
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spectrum of the 3-TA polymer indicates the extent of substitution of 3-TA for phenyl- 
aIanine to be approximately 80%. Artificial proteins containing 3-TA have now been 
fabricated into composite films with poly(3-methylthiophene); studies of the electro- 
chemical properties of such films are in progress. 

Azetidine-2-carboxylic Acid 

Earlier in this chapter, we showed that repeating polypeptides of the sequence 
-(AlaGly),ProGluGly- adopted disordered structures in the solid state. To explore the 
role of proline in promoting (or frustrating) the formation of P-sheets, azetidine-2-car- 
boxylic acid (Aze, 9) was substituted for proline in polypeptides of repeating sequence 
-(AlaGly)3ProGluGly- (Deming et al., 1996). Previous studies have shown that the ef- 
fects of incorporating azetidine-2-carboxylic acid into proteins can be striking (Mauger 
& Witkop, 1966); replacement of about 4% of the proline in collagen with Aze desta- 
bilizes the triple helix bundle (Lane et al., 1971). Computational studies have suggested 
that proteins containing Aze are more flexible than those containing proline, and more 
likely to adopt @turn geometries (Zagari et al., 1990). Both characteristics should con- 
tribute to assembly of ordered P-sheets in periodic polypeptides. 

Because Aze does not support bacterial growth (Peterson & Fowden, 1963), we 
grew transformed cells in medium supplemented with proline and then induced syn- 
thesis of the target protein in medium containing Aze. Autoradiograms of 3~-labeled 
proteins produced in transformed proline auxotrophs show that more protein is pro- 
duced in Aze-supplemented growth medium than in medium containing neither pro- 

+@ 
line nor Aze. Direct determination of the relative amounts of proline and Aze in the 
product by amino acid analysis is precluded by the fact that Aze is degraded under 
the conditions used to hydrolyze and analyze peptides (Fowden, 1956). Nevertheless, 
the Aze content can be estimated reliably at about 25%, by determination of the ex- 
tent of diminution of proline concentration (Table 14-5). 

Also, 'H NMR spectroscopy can be used to measure the level of Aze incorporation; 
the intensities of the proline resonances (3.62 ppm), compared to those of the alanine 
and glycine resonances (1.32 and 4.20 ppm, respectively) indicate that Aze is incor- 
porated to a level of about 40%, somewhat higher than the estimate based on amino 
acid analysis. 

The Pro and Aze forms of the polymers exhibit marked differences in pH-depen- 
dent solubility. Both polymers precipitate when the glutamate side chains are acid 
titrated, but partial replacement of proline with Aze results in a shift of the cloud point 
from pH 5.5 for the -(AlaGly)3ProGluGly- polymers to pH 6.5 for those containing 
Aze. 

Beta-sheet structure was indeed observed in -(AlaGly)3ProGluGly- polymers con- 
taining Aze as shown by the typical amide vibrational modes in the infrared spectrum 
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Table 14-5 Amino Acid Compositions of -(AlaGly)3ProGluGly-Repeating Proteins Made in 
Media Supplemented with Pro or Aze 

Amino Acid 
Mol% 

(theoretical) 

Glycine 

Alanine 

Glutarnic acid 

Proline 

"Media supplemented with Pro. 
bMedia supplemented with Aze. 
?Expected for proteins made in medium containing proline. 

(Fig. 14-17). The Aze substituted polymer exhibited amide I and amide I1 absorptions 
at 1629 and 1522 cm-l, respectively, as expected for proteins containing P-sheet struc- 
tures (Moore & Krimm, 1976) while the corresponding vibrations observed for the pro- 
line form of the polymer (1654 and 1534 cm-') are not characteristic of p-sheets, as 
discussed previously (Bandekar & Krimm, 1986). 

The changes observed in the structure of -(AlaGly)3ProGluGly- upon low level sub- 
stitution by Aze are remarkable, in view of the fact that only four to six residues, out 
of a total of 148 in the polymer chain, are modified. The factors giving rise to the con- 
formational ordering of Aze-substituted polymers are currently under study. 

3,4-Dehydroproline (Dhp, 10) provides a means of introducing alkene groups into 
polypeptide chains at precisely determined locations. These groups are then available 
for subsequent site-specific chemical modifications, including oxidations, halogena- 
tions, and so forth. 

Dhp is incorporated into protein much more efficiently than Aze (Mauger & Witkop, 
1966; Rosenbloom & Prockop, 1970; Smith et al., 1962; Tristrarn & Thurston, 1966). 
In our experience, analysis of amino acid composition and 'H NMR spectra gives lev- 
els of incorporation ranging from 90 to 100% (Deming et al., unpublished results). 

Dhp in monomer form can be treated with H202 or with Br2 in formic acid to pro- 
duce 3,4-dihydroxyproline or 3,4-dibromoproline (Buku et d., 1980; Nakajima & Vol- 
cani, 1969), respectively, in virtually quantitative yields. Similar reactions can be car- 
ried out on Dhp polymers with essentially complete conversion of the Dhp residues, 
as indicated by the disappearance of the alkene proton resonances at 6.12 and 5.88 ppm 
in the lH NMR spectra 

Uniform Helical Rodlike Polymers 

Poly(a,~-glutamic acid) (PLGA) and its derivatives, as produced by traditional syn- 
thetic methods, are characterized by the same kinds of broad molecular weight distri- 
butions that one finds in synthetic polymers generally (Block, 1983). In addition, PLGA 
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Figure 14- 17. Fl lR  spectroscopy of unsubstituted -(AlaGly)3ProGluGly- polymer (top) and 
-(AlaGly)3ProGluGly- polymer containing Aze (bottom). Reprinted from Deming et al., 1996, with 
permission. 

is usually synthesized in the ester form (e.g., as the benzyl ester, obtained by ring- 
opening polymerization of the corresponding N-carboxy-a-amino acid anhydride) and 
subsequent reactions that convert the ester to the parent acid can result in substantial 
racemization (Block, 1983). PLGA has been used in fundamental studies of polyelec- 
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trolytes and of the helix-coil transition (Poland & Scheraga, 1970), and poly(y-benzyl 
a,~-glutamate) (PBLG), the most widely studied ester of PLGA, forms liquid crys- 
talline solutions (Horton et al., 1990) and ordered monolayer films (McMaster et al., 
1991). Because the heterogeneity of these materials complicates studies of their phys- 
ical properties, production of monodisperse PLGA and various derivatives should pro- 
vide significant new insights into the behavior of helical, rodlike macromolecules. Our 
own interest is directed in large part toward the development of novel smectic 
mesophases based on monodisperse PBLG. 

We have used the biosynthetic strategy described in previous sections to prepare 
monodisperse derivatives of PLGA (Zhang et al., 1992). An oligonucleotide sequence 
encoding seventeen glutamic acid residues followed by a single aspartic acid unit, was 
synthesized using phosphoramidite chemistry (McBride & Caruthers, 1983). Codons 
for aspartic acid were included in the coding sequence to provide recognition and cleav- 
age sites for the restriction endonuclease, BbsI, which was used to isolate the coding 
sequence after amplification. Although it is possible to devise coding sequences that 
use only glutamic acid codons, incorporation of flanking restriction sites into such a 
sequence would require that a single codon (either GAA or GAG) be used to construct 
the remainder of the oligonucleotide. We preferred to avoid such a design because of 
concern about genetic instability. 

A population of multimers of the oligonucleotide sequence was produced in E. coli 
strain DH5aFt, and a tetramer of this sequence was isolated and inserted into the ex- 
pression vector, pGEX-3X, which yields the target protein as a fusion with a 26 kD 
fragment of glutathione-S-transferase at its amino terminus. The protein was purified 
by affinity chromatography on a glutathione-linked matrix, and subjected to CNBr 
cleavage to remove the GST fragment. Analysis by electrophoresis under nondenatur- 
ing conditions revealed a single tight protein band. Comparison of PLGA produced via 
the biosynthetic route, with commercially available samples of PLGA produced by 
conventional chemical synthesis (Zhang et al., 1992), is striking and serves as a pow- 
erful example of the precision of the biosynthetic strategy in the production of monodis- 
perse polymeric materials. Studies of the benzylation of PLGA, and of the assembly 
behavior of the resulting poly(y-benzyl a&-glut am ate)^, are underway. 

Hybrid Artificial Proteins: Combining Materials 
Properties with Biological Function 

Naturally occurring proteins often have two or more domains that are responsible for 
different activities such as recognition, binding, and catalysis (Baneyx et al., 1990; 
Hunger et al., 1990). Using the biosynthetic approach described in this chapter, it is 
possible to extend this idea to the construction of hybrid artificial proteins that com- 
bine the materials properties of synthetic polymers and the biological functions of nat- 
ural proteins. 

We have expressed hybrid proteins composed of alanylglycine-rich leader sequences 
({(AlaGly)3GluGly)36 (Dong et al., 1994) or {(AlaGly)3ProGluGly) 16) (Dong et al., 
1996) attached at the N-terminus of the phosphotriesterase of Pseudomonas diminuta, 
which catalyzes efficient hydrolysis of organophosphorus compounds used as nerve 
agents and pesticides (Dumas & Raushel, 1989). The function of the artificial domains 
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Table 14-6 Catalytic Properties of Hybrid Protein and Phosphotriesterase 

Parameter Hybrid Protein Phosphotriesterase 

Specific activity 
(unitslmg protein) 

Michaelis constant 
(PM) 

Catalytic rate constant 
(s -9  

=One unit of enzyme activity will hydrolyze 1 mmol of paraoxon per minute. 

in these hybrids is to provide a simple and efficient means of immobilizing the phos- 
photriesterase on glass or on other basic surfaces. "Self-immobilizing" enzymes of this 
type might be expected to find application in detection of pesticides and in detoxifi- 
cation of nerve agents. 

Polynucleotides encoding the artificial domains were constructed as described pre- 
viously and ligated at the 5'-end of a plasmid-borne DNA sequence encoding the phos- 
photriesterase. The recombinant genes were expressed in E. coli and the hybrid pro- 
teins were purified by metal chelate affinity chromatography, taking advantage of an 
oligohistidine sequence encoded at the amino terminus. 

Enzyme activity was detected in whole cell lysates and in soluble fractions sub- 
jected to metal chelate affinity chromatography, by monitoring the hydrolysis of the 
pesticide paraoxon to diethyl phosphate and the p-nitrophenolate anion, which absorbs 
strongly at 400 nm. 

When cell lysates or purified proteins are loaded onto a DEAE-Sephadex anion-ex- 
change column, the hybrid protein binds to the resin via the acidic, repetitive polypep- 
tide domain. If paraoxon is then added to the column, the characteristic yellow color 
of the p-nitrophenolate anion is observed. Similar treatment of the unmodified phos- 
photriesterase reveals no activity on the column, as the enzyme has no strong affinity 
for the cationic resin. This experiment illustrates the functions of each of the two do- 
mains in the hybrid protein: binding activity arising from the artificial leader sequence, 
and catalytic activity from the phosphotriesterase domain. 

The catalytic activity of the hybrid protein carrying the {(AlaGly)3ProGluGly) 16 

leader sequence is compared to that of unmodified phosphotriesterase in Table 14-6. 
While the specific activity and the catalytic rate constant of the hybrid protein are lower 
than those of the unmodified enzyme, the hybrid protein also has a lower Michaelis 
constant, indicating a higher &nity for substrate than that of the free phosphotri- 
esterase. The pH profiles of catalytic activity of the hybrid protein and the unmodified 
phosphotriesterase are also very similar in the range of pH 6 to pH 11. Previous stud- 
ies have shown that the bacterial phosphotriesterase has a pK, of 6.1, indicating, to- 
gether with chemical modification studies, that catalytic activity depends on the ion- 
ization of a histidine residue (Dumas & Rauschel, 1990). We are currently exploring 
the immobilization of hybrid phosphotriesterases onto optical fibers for use as biosen- 
sors. 
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Summary 

Protein engineering is opening important new opportunities in the design and synthe- 
sis of new kinds of polymeric materials and materials systems. By using a protein en- 
gineering approach, one can prepare new macromolecules with precise control of chain 
length, sequence and stereochemistry, and thereby control conformational properties 
and assembly behavior. Progress has been made in the engineering of macromolecu- 
lar crystals (the "solid-state protein-folding problem"), and the prospects appear ex- 
cellent for the design of new kinds of liquid crystal phases and surface arrays. The ca- 
pacity of bacterial cells to accommodate nonnatural amino acids as substrates for protein 
biosynthesis extends the scope of the method, and has already led to artificial proteins 
with unusual surface properties and electrochemical behavior. Finally, the combination 
of artificial and natural protein domains provides a route to "hybrid proteins" in which 
both materials properties and biological function are subject to control. 
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