Chapter I

NON-CANONICAL PROLINE RESIDUES IN PROTEIN SCIENCE AND
ENGINEERING

1.1 Contributions

Stephanie L. Breunig and David A. Tirrell contributed to the writing of this text.

1.2 Abstract

Proline residues are unique in the extent to which they constrain the conformational space
available to the protein backbone. Because the conformational preferences of proline
cannot be recapitulated by any of the other proteinogenic amino acids, standard
mutagenesis approaches that seek to introduce new chemical functionality at proline
positions unavoidably perturb backbone flexibility. Here, we describe some unique
conformational properties of proline and non-canonical proline variants, and their use in
modifying and understanding protein behavior. We further detail the incorporation of
proline analogs into recombinant proteins in Escherichia coli via a residue-specific
mutagenesis strategy. The ability of proline analogs to maintain backbone conformational
restraints while introducing new chemistries grant them a useful and intriguing role in

protein science and engineering endeavors.



1.3 Main text

1.3.1 The conformational properties of proline

As the sole a-imino acid among the canonical building blocks of proteins, proline is
unique. Its pyrrolidine ring imposes conformational constraints on the polypeptide
backbone that are essential to protein structure and function (Figure 1.1a,b). The backbone
dihedral angle ¢ of proline residues is restricted to 63+15° (Ref. 1), limiting the
conformational trajectories that are available to the polypeptide chain. The reduced
conformational space sampled by the peptide backbones of proline residues is illustrated
by the Ramachandran plots for proline and the acyclic amino acids (Figure 1.1a,b). The
pyrrolidine side chain is also limited in its conformational flexibility, and generally adopts
one of only two rapidly-interconverting ring puckers: C'-endo or C'-exo? (Figure 1.1c-d).
The conformation of the five-membered ring can be described quantitatively through the
concept of pseudorotation, in which the two defining parameters, phase angle and
amplitude, are calculated from the pyrrolidine torsional angles.>* The highly populated
phase angles of the C"-endo and -exo puckers are approximately 198° and 18°, respectively;

intermediate phase angles describe other higher energy envelope and twist conformations.

Because the proline amide linkage cannot serve as a hydrogen-bond donor, the presence of
proline residues within a-helical or B-strand structural motifs is disfavored.® Proline’s cis
and trans conformers are nearly isoenergetic, and the barrier to cis-trans isomerization is
reduced in comparison to the other amino acids. Consequently, cis isomers are more
common for proline than for any other canonical amino acid,' and cis-trans isomerization

at proline residues can play important roles in protein folding® and function.’
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Figure 1.1. Proline conformational preferences. a-b. Backbone conformations of, and
Ramachandran plots for, non-proline (a) and proline (b) residues found in structural data
deposited in the Protein Data Bank (PDB). The torsional angles ¢, @, and o, along with s and
trans amide isomers are indicated in the amino acid structures. c-h. Exo and endo ring pucker
preferences for select proline analogs. ncPro residues with 4R- electron-withdrawing groups or
bulky 4.5- substituents prefer the exo pucker (c); those with 45- electron-withdrawing groups or
bulky 4R- substituents prefer endo (d). In basic conditions, 45-NH, prefers the pseudoequatorial
position in the exo ring pucker (e). When protonated, the ammonium group functions as an
electron-withdrawing substituent; a transannular hydrogen bond further stabilizes the endo
pucker (f). 3R-F (g) and 35-F (h) prefer the exo and endo puckers, respectively, due to a gauche

effect.

1.3.2 Non-canonical proline residues

Non-canonical amino acids (ncAAs) have found extensive use in chemical biology and
related fields.®'° They serve many roles, such as providing chemical handles for protein
modification,'! serving as probes in time-resolved and cell-selective proteomic analyses,'?
interrogating the effects of post-translational modifications,'? identifying protein-protein
interaction partners,'* tracking protein location in vivo,'> and probing the importance of

non-covalent interactions in protein behavior.!®
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The utility of standard mutagenesis at proline sites is limited by its impact on chain

conformation. ncAAs provide a means of addressing this limitation, as replacement of
proline by non-canonical analogs allows introduction of new chemical functionality while
maintaining conformational constraints. For instance, the hydroxyl groups of the non-
canonical proline (ncPro) variants 4R-hydroxyproline (4R-OH) and 4S-hydroxyproline
(4S-OH, Table 1.1) permit hydrogen-bonding interactions; one such hydrogen bond has
been suggested to alter the behavior of an engineered insulin variant.!” Expanding or
contracting the five-membered pyrrolidine ring can add (piperidine-2-carboxylic acid, Pip,
Table 1.1) or remove (azetidine-2-carboxylic acid, Aze, Table 1.1) hydrophobic packing
interactions.!® The alkene functionality in 3,4-dehydroproline (Dhp, Table 1.1) has been
used as a chemical handle to modify protein-based materials.'® Fluorinated proline variants
can be used as conformational reporters in '°F NMR experiments.?° For instance, cis-trans
isomerization of the sole 4,4-difluoroproline (44-diF, Table 1.1) residue in a modified 2

microglobulin could be monitored by '°F NMR.?!

Many ncPro analogs have well-documented conformational biases; we here describe the
conformations of a selection of proline analogs, though others are extensively reviewed
elsewhere.???> Most widely studied are proline variants containing substituents at the CY
position. The presence of a 4R- electron-withdrawing substituent (as in 4R-OH and 4R-
fluoroproline, 4R-F; Table 1) stabilizes the C'-exo ring pucker through a gauche effect
(Figure 1.1c). The exo ring pucker, in turn, pre-organizes the amide in the trans

conformation. Conversely, ncPro residues with 4S5- electron-withdrawing groups (such as

45-OH and 4S-fluoroproline, 4S-F; Table 1.1) favor the endo ring pucker (Figure 1.1d),
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and have a higher propensity for the cis amide isomer compared to canonical proline. The

presence of a 4-fluoro substituent (and presumably any electron-withdrawing group)

lowers the energy barrier to cis-frans isomerization, as the substituent decreases the bond

order of the preceding amide.??

Table 1.1: Proline analogs used for residue-specific incorporation into recombinant

proteins
Proline Proline ProRS Reported Reported level of
analog structure variant [NaCl] (M) proline replacement Reference
HO
4R-OH q(on wt 0.3 88% 17
N
o
HO
4S5-OH 2%(0,., wt 0.3 91% 17
H
o
F,
4R-F %OH wt 0.3 96% 24
H
o
F
4S-F 2%(0,1 wt 0.3 97% 24
N
o
£ F
44-diF h\(w wt 0.3 86% 24
N
o
Q‘F
3S8-F <Nj\'(0H — — “virtually complete” 25
" o
F
3R-F @(OH — — “virtually complete” 25
H
o



Proline Proline ProRS Reported Reported level of
analog structure variant [NaCl] (M) proline replacement Reference

dhp wt 0.3 <100% 18

N
H
(o]
S
<N OH wt 0.3 90% 18
H
(o]
Aze ?}(“ wt 0.3 <100% 18
(o}
Pip Q(OH C443G 0.3 89% 18
H
(o]

4R-Me @(OH C443G 0.6 >60% 26
H
o

Sterically-demanding groups at the C' position instead prefer the pseudoequatorial
position, rather than pseudoaxial favored by electron-withdrawing substituents. 4R-
methylproline (4R-Me) thus enforces the endo ring pucker and cis amide isomer compared
to proline (Figure 1.1d), while the 4§ diastereomer (4S-Me) prefers the exo pucker and
trans amide (Figure 1.1¢).?” Similar effects were observed for the 4-mercaptoproline
derivatives,?® though their conformational biases are less pronounced. Other bulky

substituents at the C” position are expected to behave similarly.

One especially interesting 4-substituted proline analog is 4S-aminoproline (4S-NH>).?
Changes in amine protonation state over physiologically-relevant pH ranges alter the ring
puckering preferences of this analog: under basic conditions, sterics dominate, and the exo

conformation is preferred (Figure 1.1¢). The ammonium formed upon protonation behaves
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as an electron-withdrawing substituent, and a transannular hydrogen bond with the

backbone carbonyl further reinforces the preference for the endo pucker (Figure 1.1f). In
the case of 45-NHo, both protonation states prefer the trans amide isomer. These properties

of 4S-NH> have led to pH-responsive collagen-like peptides.?’

Functionalization at the CP position, as in 3R-F and 3S-F, similarly leads to conformational
biases relative to proline. 3R-F prefers the C'-exo pucker (Figure 1.1g), and 3S-F the endo
(Figure 1.1h).% The conformational preferences of 3R-F and 3S-F prolines are opposed to
those of prolines with 4-fluoro substituents (Figure 1.1c-d). In the context of a polypeptide
chain, a-methylproline (2-Me) exists nearly exclusively as the trans amide isomer, due to
steric clash between the a-substituent and the side chain of the preceding residue.?® The
backbone trajectories of 2-Me are even more constrained than that of proline: this residue
overwhelmingly prefers the 310/a-helical conformation and promotes B-turns at the i + 1

corner position.?!

1.3.3 Proline analogs in modifying protein behavior

The established conformational preferences of proline analogs provide a means of
interrogating the effects of conformational properties (such as pyrrolidine ring pucker or
amide isomerization) on protein structure and function.?? For instance, ncPro residues have
been used to identify a key proline cis-trans isomerization event in ion channel opening,’
demonstrate the stereoelectronic basis of collagen stability,” and modulate the properties

of protein-based materials.
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In many cases in which the conformational preference of the ncPro residue matches that in

the native protein structure, the protein fold is stabilized.?*=¢ For instance, in the first
example of the biosynthetic incorporation of fluorinated proline residues, barstar Pro46 (cis
in the native protein) was replaced with 4R-F, 4S-F, and 44-diF.3¢ Pro46 exists in the cis
conformation in the native protein. Satisfyingly, the stability of the fluorinated barstar
variants correlated well with the cis-trans isomerization preferences of the individual

proline analogs.

However, protein behavior is complex, and not all reported examples are
straightforward.>”*! In its native fold, thioredoxin (Trx) contains a proline residue in the
cis conformation; trans to cis isomerization is the rate-limiting step in Trx folding, and is
essential for Trx function. Despite the opposed cis-trans preferences of 4R-F and 4S-F,
proline monofluorination destabilized Trx independent of stereochemistry.’® 4.4-
difluorination, which should lower the energy barrier to cis-trans isomerization,*® did not
accelerate Trx folding.*!' In another context, the two proline residues in the foldon domain
were replaced with six proline analogs carrying CY substituents; changes in stability did not

correlate with known cis-frans isomerization preferences.’®

32 microglobulin (B2m) fibrillation was probed by proline mutagenesis in an example that
exemplifies the complexity of protein biophysics. Pro32, which exists in the cis
conformation in the native state, but trans in the fibril, was replaced with 4R-F, 4S-F, and
44-diF.?! Stability against chemical denaturation correlated well with the established cis-

trans isomerization preferences of the proline analogs, suggesting that the backbone
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conformation at Pro32 is important for B2m behavior. Interestingly, 44-diF, which exhibits

similar cis-trans isomer preferences as proline, led to increased structural disorder and the
greatest propensity to form amorphous aggregates. This effect was attributed to a lowered
energy barrier to cis-trans isomerization, rather than a thermodynamic preference for one
isomer. The authors observed diverse fibril morphologies and fibrillation behaviors after

seeding among the fluorinated B2m variants.?!

In a follow-up study, Pro32 was replaced with 2-Me.*? This residue’s enhanced preference
for the trans isomer was hypothesized to promote 2m fibril formation. While o-
methylation of f2m did lead to greater conformational flexibility of the protein and
promoted oligomerization, fibril formation was not observed unless the sample was seeded
with pre-formed fibrils. Together, these studies demonstrate that f2m fibrillation is more
complex than simple association of frans-Pro32 B2m conformers, and highlight the

unexpected effects that functionalized proline variants can have on protein behavior.?!#?

The effect of proline analogs becomes more complex when many proline residues are
modified. Global proline mutagenesis has accelerated the folding of EGFP* and mRFP1,*
and stabilized a single-chain Fv fragment.*> Simultaneous incorporation of 4S-F (replacing
six proline residues), 4-fluoro-phenylalanine (sixteen phenylalanine residues) and 6-
fluorotryptophan (2 tryptophan residues) into lipase did not significantly affect the
protein’s structure or catalytic activity.*® Incredibly, replacing 32 proline residues in the
KlenTag DNA polymerase with 4R-F led to an active polymerase with no appreciable

differences in activity,*’ though thermal stability was modestly affected.*® In many of these
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examples, incorporation of the opposite ncPro diastereomer led to insolubility*** or

apparent instability?®*’ during recombinant expression. Due to the number of proline
residues modified in these cases, it is difficult to attribute changes in protein behavior to

any single effect.

1.3.4 Incorporation of non-canonical proline residues into polypeptide chains

Virtually any ncAA can be introduced into a polypeptide chain through chemical means
(i.e., solid phase peptide synthesis). However, chemical synthesis approaches are typically
limited by polypeptide length and scalability, and restrict the ability to use ncAAs in vivo.
Alternatively, ncAAs can be introduced into ribosomally-synthesized proteins by hijacking
a cell’s translational machinery. Two general strategies have been developed for in vivo
introduction of ncAAs into proteins: site-specific and residue-specific replacement. Both
approaches rely on the availability of aminoacyl-tRNA synthetases (aaRSs) able to charge
their cognate tRNAs with the ncAAs of interest (Figure 1.2a). Site-specific approaches
(including nonsense suppression and related techniques) cause minimal perturbation of
protein sequence, and important advances in such methods (for example, Ref. 49—51) have
been accomplished since the first report of incorporation in Escherichia coli.>? In site-
specific ncAA mutagenesis, a re-assigned codon (most often the amber stop codon) is
matched with the ncAA of interest by an engineered, orthogonal tRNA/aaRS pair. The
resulting ncAA-charged tRNA competes with release factors for amber codon recognition
within the ribosomal complex, and successful translational read-through positions the
ncAA at the amber site.® Challenges in implementing site-specific methods include the

formation of truncation products that reduce recombinant protein yields, especially when
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ncAAs are incorporated at multiple positions; and the requirement for development of

orthogonal tRNA/aaRS pairs, which can be difficult.
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Figure 1.2. Non-canonical amino acid (ncAA) mutagenesis. a. For both site-specific and residue-
specific approaches, incorporation of ncAA residues into recombinant proteins relies on the ability
of the translational machinery of the host to accommodate the ncAA of interest. In many cases, the
limiting step is aminoacylation by the relevant aminoacyl-tRNA synthetase (aaRS, left). Upon
aminoacylation, the charged tRNA is delivered to the ribosome, which adds the ncAA to the
growing polypeptide chain (right). b. Residue-specific ncAA mutagenesis workflow. After growth
in medium that contains the canonical amino acid (AA) to be replaced, a shift to AA-depleted
medium is performed. After addition of the ncAA of interest, expression of the recombinant protein
of interest is induced. The ncAA replaces the canonical AA residues in all newly synthesized

proteins, including the recombinant protein.

In contrast to site-specific methods, residue-specific ncAA mutagenesis’ results in the
global replacement of a canonical amino acid with a non-canonical counterpart. This
technique typically uses defined expression media and amino acid auxotrophs (i.e., strains

deficient in biosynthesis of the amino acid of interest) as expression hosts. A generalized

workflow for residue-specific ncAA mutagenesis is depicted in Figure 1.2b. In some cases,
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the endogenous aaRS is promiscuous enough to allow the desired substitution;'? in other

cases, overexpression of the endogenous aaRS> or expression of a mutant aaRS is
required.>* Residue-specific replacement often requires less genetic manipulation than site-
specific techniques, and can produce high yields of the recombinant protein of interest:
typical yields are 50-60% of those obtained from expression in media that contain the

canonical amino acid.

Residue-specific ncAA mutagenesis has been used in a variety of contexts. Global
incorporation of the methionine analog azidohomoalanine (Aha) enables ‘bio-orthogonal
non-canonical amino acid tagging’ (BONCAT), a proteomic method capable of enriching
for newly synthesized proteins.'? Various methionine analogs have also been incorporated
by residue-specific methods to study purified proteins, including elastin-based
biomaterials> and prion proteins.®. Leucine analogs have been used to alter the properties

of coiled-coil proteins®’ and introduced into GFP.*

Global incorporation of proline analogs has been used to modulate the properties of
purified, recombinant proteins. Many of the examples of proline mutagenesis in full-length
proteins discussed above were generated by recombinant expression. The first example of
biosynthetic ncPro incorporation in recombinant proteins expressed in E. coli was the
replacement of five proline residues in human annexin V with 1,3-thiazolidine-4-
carboxylic acid (Thz).> Since then, additional proline variants have been reported to show
translational activity in E. coli.>>%° The most commonly used analogs are 4R-F and 4S-F,

which have been found to alter the folding and fluorescence properties of fluorescent
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proteins**** the melting temperatures of elastin-mimetic peptides.?>*? Similar approaches

have been used to incorporate proline analogs into recombinantly-expressed barstar,??
ubiquitin,® thioredoxin,?®* DNA polymerase,*’ and 4-oxalocrotonate tautomerase.’! We
have found that replacement of proline B28 of human insulin by a variety of proline analogs
can be used to engineer the therapeutically-relevant biophysical properties of the
protein.!”!8 Because no aaRS/tRNA pair capable of site-specific incorporation of proline
analogs has been described to date, residue-specific ncAA mutagenesis provides the only
option currently available for introducing modified proline residues into recombinant

proteins produced in living cells.

The E. coli prolyl-tRNA synthetase (ProRS) and downstream translational machinery have
been shown to accommodate a variety of structural analogs of proline. For these analogs,
simple overexpression of the E. coli ProRS (or point mutants thereof), combined with
increased expression of proline transporters under hyperosmotic conditions,®? enables high
levels of proline replacement.®® Proline analogs that have been incorporated into

recombinant proteins are detailed in Table 1.1, along with reported expression conditions.

1.4 Overview of thesis chapters

In this thesis, I discuss the residue-specific incorporation of proline analogs into proteins
expressed in E. coli. Chapters II and III build upon previous work in our lab!7:182463 to
engineer the therapeutic protein insulin by proline mutagenesis. In Chapter II, we replace
ProB28 of human insulin with three aliphatic proline analogs and evaluate their effect on

insulin biophysics; the biosynthetic incorporation of two of these analogs had not
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previously been reported. In Chapter III, we expand these proline mutagenesis efforts to

the fast-acting insulin lispro, replacing ProB29 with a set of 4-fluorinated proline residues.
These two chapters demonstrate the utility of ncAA mutagenesis in probing and modifying

the therapeutically-relevant properties of protein drugs.

Chapter IV characterizes the incorporation of photo-proline, a photo-activatable proline
analog, into proteins in E. coli. We also describe initial attempts in studying the substrates
of peptidyl-prolyl isomerases in E. coli using this residue. Finally, proline analog
incorporation has thus far been fairly limited with respect to the diversity of proline analogs
accepted by E. coli. In Chapter V, we describe our efforts to engineer the EcProRS to
recognize an expanded set of ncPro residues. Together, this work expands the number of
proline analogs incorporated into recombinant proteins, and demonstrates their utility in

studying and engineering protein behavior.
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