Chapter 1

Unnatural Amino Acids in Biomaterials

and Protein Engineering



Proteins, which dominate the physiology of all life, are biopolymers
comprised of 20 amino acids. Specific structural motifs, generated by complex
folding phenomena, allow these macromolecules to accomplish the myriad of tasks
needed for life. Post-translational modifications provide further diversification to
change not only overall activity, but also spatial and temporal responsiveness [1].
However, in essence proteins are comprised of 20 simple building blocks, many of
which are chemically and physically very similar from a chemist's point of view. It is
therefore not surprising that a great deal of effort has been directed toward expanding
the existing amino acid pool, particularly with moieties distinct from the natural
building blocks.

Solid-phase peptide synthesis (SPPS) is a straightforward method for
incorporation of unnatural amino acids [2, 3]. SPPS is technically easy and allows
the incorporation of any amino acid but is limited by the size of the peptides
produced; 50 amino acid peptides can be very challenging to create. However, there
are a variety of chemistries, known as chemoselective ligations [4-10], which allow
the stitching together of peptide fragments or adding peptides to biosynthetically
produced proteins. Recently these techniques, particularly native chemical ligation
[11], have allowed the production of large proteins incorporating unnatural amino
acids.

A competing focus is based upon subverting the natural biosynthetic
machinery to allow incorporation of unnatural amino acids [12-14]. The potential for
natural processing of the resultant polypeptides, including folding and post-

translational processing, make this approach attractive. Translation, the process of



Figure 1.1. Simplified schematic overview of transcription and
translation.
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creating polypeptides on messenger RNA templates, is catalyzed by the ribosome.
Fidelity in this process is dependent upon the correct pairing of the codon of
the messenger RNA and the anticodon of the aminoacylated transfer RNA (figure
1.1). The frequency of error at this step is estimated to be in the order of 10 [15,
16]. Notably, the codon-anticodon pairing is independent of the nature of the amino
acid appended to the tRNA [17]. Naturally many groups have focused on producing
misacylated tRNA, which can then be accepted by the ribosome and allow the
production any protein containing this amino acid. The Chamberlain and Schultz
groups first reported the successful incorporation of unnatural amino acids using cell
free translation systems in conjunction with chemically acylated suppressor tRNA
(Figure 1.2) [18-21]. Subsequently it was shown that Xenopus oocytes, injected with
chemically acylated suppressor tRNA and mRNA encoding a target gene with an
internal suppression site, could synthesize a target protein bearing the unnatural
amino acid site-specifically (Figure 1.3) [22]. The target protein in these studies,
nicotinic acetylcholine receptor (nAChR), is ideal because although the technique
produces very little protein modern electrophysiology allows the detection of a very
small number of active membrane ion channels, attomols of protein are sufficient
(Figure 1.4)[23]. This system has allowed the elegant biophysical probing of
structure/activity relationships of nAChR [24-27], but highlights the general caveats
of chemical acylation for in vivo unnatural amino acid incorporation, production and
delivery of chemically acylated tRNA and yield of the target protein.

An alternative strategy focuses upon the enzymes responsible for the

biosynthesis of aminoacyl-tRNA, a diverse family known as the aminoacyl tRNA



Figure 1.2. Schematic representation of in vitro amber suppression.
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Figure 1.3. Schematic representation of amber suppression technology

used to probe acetylcholine receptor by voltage clamp electrophysiology
in Xenopus oocytes.
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Figure 1.4. Two-step aminoacylation of tRNA catalyzed by aaRS.
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synthetases (aaRS). The aaRSs have been intensely studied because of their central
role in translation [28-30], as well as their evolutionary importance [31, 32] and
involvement in a variety of other processes. Each member of this family catalyzes a
two-step reaction. Initially, each amino acid is activated by ATP to form an
aminoacyl adenylate. The cognate tRNA(s) then nucleophilically attacks this
asymmetric anhydride to form the aminoacyl-tRNA [33] (Figure 1.4). Characteristic
motifs and catalytic mechanism divide this family into two parts [34, 35]. The
KMSKS and HIGH motifs generally define the class I synthetases, which charge the
2' terminal hydroxyl with the corresponding amino acid. Class II aaRSs exhibit
conserved motifs 1,2 and 3 and acylate the 3' hydroxyl, with one exception.

Among Class II aaRSs, phenylalanyl-tRNA synthetase (PheRS) is unique in
that it attaches its cognate amino acid, phenylalanine, to the 2°OH of the terminal
ribose of the tRNA™ [36, 37]; further it is an a,p, hetero-tetrameric enzyme, rather
than an o, homo-dimer as most of this class of enzymes [38, 39]. The crystal
structure of PheRS from Thermus thermophilus (PheRS) reveals that the a-subunit is
the catalytic unit and the major function for 3-subunit is recognition and binding of
tRNA™ (Figure 1.5) [38, 39]. As is characteristic of Class II enzymes, the active site
of PheRS is relatively rigid, as revealed by the similar conformations of the ligand-
free, Phe-bound and Phe-adenylate analog bound structures of PheRS [39].
Recognition of Phe by PheRS involves hydrogen-bonding interactions with the polar
ammonium and carboxylate moieties and multiple van der Waals interactions with
hydrophobic side chains. The phenyl ring of substrate Phe is oriented between the

hydrophobic side chains of F258 and F260 in the a-subunit, with additional back wall



Figure 1.5. Ribbon representation of the portion of catalytic
a-subunit of PheRS from T. thermophilus. The active site,
expanded below, demonstrates bound Phe in space filling
model and proximal residues in stick representation.
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constraints constituted by the side-chains of V261 and A314 in the binding pocket
[39].

While the aaRSs have developed mechanisms to prevent the mischarging of
natural amino acids, their fidelity wanes in the face of unnatural analogs. This
phenomenon has been recognized for decades [40]. Recently, this strategy has been
utilized to produce proteins with unnatural physical characteristics. Introduction of
fluorinated side chains can stabilize coiled-coil proteins to an extent that would be
very difficult to achieve by only canonical amino acids (Figure 1.6) [41, 42]. Ordered
protein surfaces displaying trifluoroleucine exhibit a hexadecane contact angle of 70°,
in contrast to 17° for the same protein displaying leucine [43] (Figure 1.7).
Introduction of amino acid analogs depends upon expression of the target protein in a
host auxotrophic for the natural amino acid in the presence of a large amount of the
analog of choice. A surprisingly large number of amino acids can be misincorporated
applying this technique (Figure 1.8). The range of analogs can be expanded further
by overexpression of the aaRS of interest [44-46]. Alternatively, disabling editing
functions inherent to some aaRSs can increase the number of accepted analogs [47].

Despite these advances, viable analogs, on the whole, are still limited to those
sterically similar to the natural amino acid. Chapter 2 details our efforts to increase
the number of analogs that can infiltrate the phenylalanine codon through the use of a
known mutant PheRS with an expanded binding pocket. Despite the large number of
diverse and chemically interesting analogs this mutant was able to tolerate, it was not
able to process para-acetylphenylalanine. This analog was particularly interesting

because of it would provide access to the ubiquitous ketone coupling chemistry. To
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Figure 1.6. Stabilization of coiled coil peptides as a result of
introduction of fluorinated leucine analogs. (a) Ribbon model of coiled
coil peptides with leucine residues highligted in yellow space filling
mode. (b) CD spectrum of thermal denaturation curves of coiled
peptides with either leucine (squares, filled 85 uM, open 35 uM) or
trifluoroleucine (circles, filled 85 uM, open 35 uM).
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Figure 1.7. B-lamellar structure exhibits surface properties defined by
exposed amino acid. Diagram displaying B-lamellar with leucine
positions designated by balls on a stick at the interface.
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Figure 1.8. Subset of analogs incorporated in vivo via “media shift” method.
Analogs in black are incorporated into auxotrophic strains with no further
alteration of metabolism. Boxed residues required overexpression of given aaRS.
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this end we developed a novel computationally designed mutant that was able to
accept this analog (Chapter 3). In Chapter 4 we use in vivo protein production assays
as well as in vitro kinetic assays to characterize the above two mutants plus an
additional new mutant for their ability to tolerate a wide array of unnatural amino
acids. Combined, these efforts resulted in the incorporation of a large number of
unnatural amino acids, which differ substantially from phenylalanine in both size and
electrostatic nature. These analogs also contain a large number of chemically
interesting functionalities previously unknown within the context of proteins.

Multi-site incorporation of unnatural amino acids, afforded by the above
method, is particularly useful in the construction of protein-based biomaterials [14].
To this end we produced an artificial extracellular matrix (aECM) protein, designed
as a synthetic vascular graft material [48-50], which incorporates para-
azidophenylalanine (pN;Phe) [51-53] for the purpose of photochemical crosslinking
(Chapter 5). The construct incorporates an endothelial cell-binding domain from
fibronectin [54-56] and a structural motif derived from elastin, a natural structural
protein within the vasculature [57]. This aECM construct was designed to avoid two
problems commonly seen with synthetic vascular grafts, failure due to modulus
mismatch and thrombosis resulting from the failure to form an endothelial cell lining
[58-61]. Incorporation of pN;Phe allows for crosslinking, via photolytic formation of
the reactive nitrene, needed for the construct to form a cohesive vessel with the
proper modulus able to withstand the pulsatile stress of the vasculature [62].

Photochemical crosslinking is advantageous because it avoids the used of chemical
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crosslinkers which can cause difficulties with graft production and acceptance [63].
Photodecomposition of the arylazide also enables this protein to be used as a negative
type photoresist [64]. Photopatterning spun aECM films armed with pN,;Phe provides
a novel method of forming bioactive protein patterns, which is useful in a variety of
biotechnologies [65-69]. Chapter 6 details photochemical patterning of our construct
and the cellular patterns that develop in response to protein patterning.
Chemoselective ligations refer to a limited set of reactions that exhibit the
ability to modify a specific chemical moiety in the presence of a large number of
competing functionalities [4, 6, 11]. Our ability to introduce unnatural amino acids
expands the number of selective chemistries that can be accessed for modification of
biomolecules. Chapter 7 describes efforts directed towards development of Pd(0)
cross coupling chemistry as a chemoselective chemistry [70-72]. Use of Pd(0)
chemistry requires introduction of either an aryl halide, as phenylalanine analogs, or
terminally unsaturated moieties, as either phenylalanine or methionine analogs [73-
75]. Through the use of a model system and two protein systems we demonstrate that
Pd(0) couplings satisfy the requirements for chemoselective ligations. These
reactions proceed very well in water, do not generate any side reactions and are not
affected by the natural amino acids, with the exception of cysteine in the case of Heck
couplings. We demonstrate the use of these chemistries for the labeling of proteins,

produced from E. coli, with epitope tags and fluorescent markers.



16

References

1. Walker, J. M., Proteins. 1984, Clifton: Humana Press. 365.

2. Chan, W. C. and P. D. White, Fmoc solid phase peptide synthesis : A
practical approach. 2000, Oxford: Oxford University press. 346.

3. Bodansky, M., The practice of peptide synthesis. 2nd ed. 1994, Berlin:
Springer-Verlag. 217.

4. Gryaznov, S. M. and R. L. Letsinger, Chemical ligation of oligonucleotides in
the presence and absence of a template. Journal of the American Chemical
Society, 1993. 115(9): p. 3808-3809.

5. Jencks, W. P., Studies on the mechanism of oxime and semicarbazone
formation. Journal of the American Chemical Society, 1959. 81(2): p. 475-
481.

6. Muir, T. W., A chemical approach to the construction of multimeric protein
assemblies. Structure, 1995. 3(7): p. 649-652.

7. Sayer, J. M., M. Peskin, and W. P. Jencks, Imine-forming elimination-
reactions .1. General base and acid catalysis and influence of nitrogen
substituent on rates and equilibria for carbinolamine dehydration. Journal of
the American Chemical Society, 1973. 95(13): p. 4277-4287.

8. Saxon, E., J. I. Armstrong, and C. R. Bertozzi, A "traceless" staudinger
ligation for the chemoselective synthesis of amide bonds. Organic Letters,
2000. 2(14): p. 2141-2143.

9. Saxon, E. and C. R. Bertozzi, Cell surface engineering by a modified
staudinger reaction. Science, 2000. 287(5460): p. 2007-2010.

10. Saxon, E., et al., Investigating cellular metabolism of synthetic azidosugars

with the staudinger ligation. Journal of the American Chemical Society, 2002.
124(50): p. 14893-14902.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

17

Muir, T. W., et al., Design and chemical synthesis of a neoprotein structural
model for the cytoplasmic domain of a multisubunit cell-surface receptor -
integrin alpha(iib)beta(3) (platelet gpiib-iiia). Biochemistry, 1994. 33(24): p.
7701-7708.

Wang, L. and P. G. Schultz, Expanding the genetic code. Chem. Commun.,
2002(1): p. 1-11.

Wang, L., et al., Expanding the genetic code of escherichia coli. Science,
2001. 292(5516): p. 498-500.

van Hest, J. C. M. and D. A. Tirrell, Protein-based materials, toward a new
level of structural control. Chem. Commun., 2001(19): p. 1897-1904.

Parker, J., Errors and alternatives in reading the universal genetic code.
Microbiology Reviews, 1989. 53: p. 273-279.

Sankaranarayanan, R. and D. Moras, The fidelity of the translation of the
genetic code. Acta Biochimica Polonica, 2001. 48(2): p. 323-325.

Chapeville, F., et al., On the role of soluble ribonucleic acid in coding for
amino acids. Proceeding of the National Academy of Sciences, 1962. 48: p.
1086-1092.

Bain, J. D., et al., Biosynthetic site-specific incorporation of a non-natural
amino-acid into a polypeptide. Journal of the American Chemical Society,
1989. 111(20): p. 8013-8014.

Noren, C. J., et al., A general-method for site-specific incorporation of
unnatural amino-acids into proteins. Science, 1989. 244(4901): p. 182-188.

Cornish, V. W., D. Mendel, and P. G. Schultz, Probing protein-structure and

function with an expanded genetic-code. Angewandte Chemie-International
Edition in English, 1995. 34(6): p. 621-633.

Cornish, V. W. and P. G. Schultz, A new tool for studying protein-structure
and function. Current Opinion in Structural Biology, 1994. 4(4): p. 601-607.

Nowak, M. W., et al., Nicotinic receptor-binding site probed with unnatural
amino- acid-incorporation in intact-cells. Science, 1995. 268(5209): p. 439-
442,



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

18

Dougherty, D. A., Unnatural amino acids as probes of protein structure and
function. Current Opinion in Chemical Biology, 2000. 4(6): p. 645-652.

Miller, J. C., et al., Flash decaging of tyrosine sidechains in an ion channel.
Neuron, 1998. 20(4): p. 619-624.

Gallivan, J. P, H. A. Lester, and D. A. Dougherty, Site-specific incorporation
of biotinylated amino acids to identify surface-exposed residues in integral
membrane proteins. Chemistry & Biology, 1997. 4(10): p. 739-749.

England, P. M., et al., Site-specific, photochemical proteolysis applied to ion
channels in vivo. Proceedings of the National Academy of Sciences of the
United States of America, 1997. 94(20): p. 11025-11030.

Kearney, P. C., et al., Determinants of nicotinic receptor gating in natural and
unnatural side chain structures at the m2 9' position. Neuron, 1996. 17(6): p.
1221-1229.

Stathopoulos, C., et al., Aminoacyl-trna synthesis: A postgenomic perspective.
Cold Spring Harbor Symposia on Quantitative Biology, 2001. 66: p. 175-183.

Ibba, M. and D. Soll, Aminoacyl-trna synthesis. Annual Review of
Biochemistry, 2000. 69: p. 617-650.

Carter, C. W., Cognition, mechanism, and evolutionary relationships in
aminoacyl-transfer rna-synthetases. Annual Review of Biochemistry, 1993.
62: p. 715-748.

Ibba, M., A. W. Curnow, and D. Soll, Aminoacyl-trna synthesis: Divergent
routes to a common goal. Trends in Biochemical Sciences, 1997. 22(2): p. 39-
42,

Woese, C. R., et al., Aminoacyl-trna synthetases, the genetic code, and the
evolutionary process. Microbiology and Molecular Biology Reviews, 2000.
64(1): p. 202-+.

Arnez, J. G. and D. Moras, Structural and functional considerations of the
aminoacylation reaction. Trends in Biochemical Sciences, 1997. 22(6): p.
211-216.

Eriani, G., et al., Partition of transfer-rna synthetases into 2 classes based on
mutually exclusive sets of sequence motifs. Nature, 1990. 347(6289): p. 203-
206.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

19

Burbaum, J. J. and P. Schimmel, Structural relationships and the

classification of aminoacyl- transfer rna-synthetases. Journal of Biological
Chemistry, 1991. 266(26): p. 16965-16968.

Sprinzl, M. and F. Cramer, Site of aminoacylation of trnas from E. coli with

respect to the 2'- or 3'- hydroxyl group of the terminal adenosine. Proc. Natl.
Acad. Sci. USA, 1975. 72: p. 3049-3053.

Fraser, T. H. and A. Rich, Amino acids are not initially attached to the same
position on trna molecules. Proc. Natl. Acad. Sci. USA, 1975. 72: p. 3044-
3048.

Mosyak, L., et al., Structure of phenylalanyl-trna synthetase from thermus
thermophilus. Nature Struct. Biol., 1995. 2: p. 537-547.

Reshetnikova, L., et al., Crystal structure of phenylalanyl-trna synthetase
complexed with phenylalanine and a phenylalanyl-adenylate analogue. J.
Mol. Biol., 1999. 287(2): p. 555-568.

Richmond, M. H., Effect of amino acid analogues on growth and protein
synthesis in microorganisms. Bacteriological Reviews, 1962. 26(4): p. 398-&.

Tang, Y., et al., Fluorinated coiled-coil proteins prepared in vivo display
enhanced thermal and chemical stability. Angew. Chem., Int. Ed., 2001.
40(8): p. 1494-1496.

Tang, Y., et al., Stabilization of coiled-coil peptide domains by introduction of
trifluoroleucine. Biochemistry, 2001. 40(9): p. 2790-2796.

Kothakota, S., Ph. D. Thesis, in Department of Polymer Science and
Engineering. 1995, University of Massachusetts: Amherst. p. 65.

Tang, Y. and D. A. Tirrell, Biosynthesis of a highly stable coiled-coil protein
containing hexafluoroleucine in an engineered bacterial host. J. Am. Chem.
Soc., 2001. 123(44): p. 11089-11090.

Kiick, K. L., R. Weberskirch, and D. A. Tirrell, Identification of an expanded
set of translationally active methionine analogues in escherichia coli (vol 502,
pg 25, 2001). FEBS Lett., 2001. 505(3): p. 465-465.

Kiick, K. L., J. C. M. van Hest, and D. A. Tirrell, Expanding the scope of
protein biosynthesis by altering the methionyl-trna synthetase activity of a



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

20

bacterial expression host. Angew. Chem., Int. Ed., 2000. 39(12): p. 2148-
2152.

Tang, Y. and D. A. Tirrell, Attenuation of the editing activity of the

escherichia coli leucyl-trna synthetase allows incorporation of novel amino
acids into proteins in vivo. Biochemistry, 2002. 41(34): p. 10635-10645.

Welsh, E. R. and D. A. Tirrell, Engineering the extracellular matrix: A novel
approach to polymeric biomaterials. 1. Control of the physical properties of
artificial protein matrices designed to support adhesion of vascular
endothelial cells. Biomacromolecules, 2000. 1(1): p. 23-30.

Panitch, A., et al., Design and biosynthesis of elastin-like artificial
extracellular matrix proteins containing periodically spaced fibronectin cs5
domains. Macromolecules, 1999. 32(5): p. 1701-1703.

Heilshorn, S. C., et al., Endothelial cell adhesion to the fibronectin cs5

domain in artificial extracellular matrix proteins. Biomaterials, 2003. 24(23):
p. 4245-4252.

Tabb, J. S.,J. V. Vadgama, and H. N. Christensen, Characterization of para-

azidophenylalanine as a system-l substrate and a photoaffinity probe.
Federation Proceedings, 1986. 45(6): p. 1940-1940.

Escher, E., et al., Para-azido-l-phenylalanine peptides .1. Synthesis of peptide
ligands for chymotrypsin and aminopeptidases. Israel Journal of Chemistry,
1974. 12(1-2): p. 129-138.

Escher, E. and R. Schwyzer, Para-nitrophenylalanine, para-
azidophenylalanine, meta- azidophenylalanine, and ortho-nitro-para-azido-
phenylalanine as photoaffinity labels. Febs Letters, 1974. 46(1): p. 347-350.

Massia, S. P. and J. A. Hubbell, Vascular endothelial-cell adhesion and
spreading promoted by the peptide redv of the iiics region of plasma
fibronectin is mediated by integrin alpha-4-beta-1. Journal of Biological
Chemistry, 1992. 267(20): p. 14019-14026.

Humphries, M. J., et al., Identification of an alternatively spliced site in
human-plasma fibronectin that mediates cell type-specific adhesion. Journal
of Cell Biology, 1986. 103(6): p. 2637-2647.

Mould, A. P., et al., The cs5 peptide is a 2nd site in the iiics region of
fibronectin recognized by the integrin alpha-4-beta-1 - inhibition of alpha-4-



57.

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

21

beta-1 function by rgd peptide homologs. Journal of Biological Chemistry,
1991. 266(6): p. 3579-3585.

Urry, D. W., et al., Elastomeric polypeptides as potential vascular prosthetic
materials. Abstracts of Papers of the American Chemical Society, 1988. 196:
p. 143-PMSE.

Nerem, R. M. and D. Seliktar, Vascular tissue engineering. Annual Review of
Biomedical Engineering, 2001. 3: p. 225-243.

Bos, G. W., et al., Small-diameter vascular graft prostheses: Current status.
Archives of Physiology and Biochemistry, 1998. 106(2): p. 100-115.

Conte, M. S., The ideal small arterial substitute: A search for the holy grail?
Faseb Journal, 1998. 12(1): p. 43-45.

Ross, R., The pathogenesis of atherosclerosis-a perspective for the 1990s.
Nature, 1993. 362(6423): p. 801-809.

Nerem, R. M., et al., Hemodynamics and vascular endothelial biology.
Journal of Cardiovascular Pharmacology, 1993. 21: p. S6-S10.

Jayakrishnan, A. and S. R. Jameela, Glutaraldehyde as a fixative in
bioprostheses and drug delivery matrices. Biomaterials, 1996. 17(5): p. 471-
484.

Madou, M., Fundamentals of microfabrication. 2nd ed. 2001, New York:
CRS Press.

Lee, Y. S. and M. Mrksich, Protein chips: From concept to practice. Trends
in Biotechnology, 2002. 20(12): p. S14-S18.

Liu, X. H., et al., Photopatterning of antibodies on biosensors. Bioconjugate
Chemistry, 2000. 11(6): p. 755-761.

Houseman, B. T. and M. Mrksich, Towards quantitative assays with peptide
chips: A surface engineering approach. Trends in Biotechnology, 2002. 20(7):
p. 279-281.

Folch, A. and M. Toner, Microengineering of cellular interactions. Annual
Review of Biomedical Engineering, 2000. 2: p. 227-+.



69.

70.

71.

72.

73.

74.

75.

22

Blawas, A. S. and W. M. Reichert, Protein patterning. Biomaterials, 1998.
19(7-9): p. 595-609.

Casalnuovo, A. L. and J. C. Calabrese, Palladium catalyzed alkylations in
aqueous media. J. Am. Chem. Soc., 1990. 112: p. 4324-4330.

Genet, J. P. and M. Savignac, Recent developments of palladium(0) catalyzed
reactions in aqueous medium. Journal of Organometallic Chemistry, 1999.
576(1-2): p. 305-317.

Hessler, A. and O. Stelzer, Water soluble cationic phosphine ligands
containing m-guanidinium phenyl moieties. Synthesis and applications in
aqueous heck type reactions. J. Org. Chem, 1997. 62: p. 2362-2369.

Tsuji, J., Organic synthesis with palladium compounds. 1980, New York:
Springer-Verlag. 270.

Tsuji, J., Palladium reagents and catalysts : Innovations in organic synthesis.
1995, New York: John Wiley and Sons. 560.

Heck, R. F., Palladium reagents in organic syntheses. 1985, Orlando:
Academic Press. 461.



