Chapter 6

Development of a 3-sheet propensity scalevia
Backbone Thioester Exchange (BTE)



6.1 Introduction

6.1.1 Study of the protein secondary structure: the 3-sheet

The research of this chapter was performed at the University of Wisconsin-Madison (USA),
during a six-months leave in the group of Prof. Samuel H. Gellman.

Although it is well-documented that a protein’sdetl three-dimensional structure is encoded
by its amino acid sequence, currently the foldedcstire cannot be predicted from sequence
information aloné, so the studies of protein stability, protein setzy structure ande novo
protein design are intimately interconnected. Jitgtstudies provide insight for the design of
proteins that will fold into predetermined struasirand perform specified functions, while
protein design provides an opportunity to test gineerstanding of the rules that underlie
protein structure and stability.

Three types of regular secondary structures anadfdm proteins: helix, sheet and tdrithe
frequency with which these few secondary structpedlerns are found in folded proteins has
led many researcher to focus on model systems iohwdn well-defined secondary structure
occurs in the absence of a tertiary structural edntto provide a way to separate intrinsic
sources of secondary structural stability fromiaeyt context effects. Among the regular
secondary structures, sheets have received the ddastion because, until recently, there
were no well-behaved model systems. Within the [2&styears discret@-sheet model
systems have become available. These systems gneniog to provide insight into the
factors that influenc@-sheet stability and they promise to give importafdtrmation in the
next few years.

B-Hairpin is a common supersecondary structural elemenhiohawo adjacent antiparallel
strands are linked by a short loop. Understanflirgipeet formation is the key to a host of
problems and applications involving protein foldiagd design. For example, the formation
of aB-hairpin has a profound effect on reducing the conformali@pace and defining the
long-range interactions for a folding protein. Recstudies have emphasized that there are
many proteins in whicl8-sheets play functionally important roles, partaiy in protein-
DNA,? protein-RNA? protein-protein recognitionand aggregated protein fibrils exhibiting
predominantlyB-structure have been implicated in amyloid dise&gd= loop size can vary,
usually from two to six residuésyhere the two loop residues are the central twiwves of

a PB-turn. In 1993 the first short peptide was repdttethich folds to ap-hairpin

conformation in aqueous solution. Some other ingiadies showed thft-sheet could form

206



in agueous solution at concentrations that do hatvaaggregation. The monomeric nature of
thesef-hairpins was important because of prior demonstrations ghatt3-strand-forming
peptides can readily self-associate.

Apparently, proper covalent linkage of strand-farghisegments withif3-hairpin peptides
allows the strands to engage in intramolecular ainat at concentration sufficient for
spectroscopic analysis. These initial studies slsawed that extractin@-hairpin sequences
from folded proteins does not reliably produce fs&endingp-hairpins, therefore tertiary
context is often crucial fof3-hairpin stability. Use of autonomously foldirf$thairpins to

explorep-sheet stability requires the ability to desfshair pins of a specific shape.

6.1.2 Designing B-hair pin peptides and turns

The design of3-sheet proteins has proven more difficult than tfai-helical proteins.The
B-sheet is composed of many structurally distindiaes with different conformational
requirements, all of which must be incorporatea iat single design. To form hydrogen-
bonded 3-sheets,3-strands necessarily interact with one another.igdesot only must
include favourable interactions between sev@rsirands, but also must disfavour unplanned,
competing interactions with oth@rstrands. Despite these diverse considerationggraeor
B-sheet proteins an@-hairpin have met with some succefsSheet structureHg. 6.1) is
very complex: the different hydrogen bonding paigeof antiparallel and parallel sheets
produce definite structural differences within steeet itself3-Sheets may twist, curl, and
even fold back on themselves to varying degreedisfnct feature of §-sheet is the pattern
of hydrogen bonds formed between the amide andogttgroups of the protein backbone.
In parallel B-sheets, where th@-strands run in the same amide-to-carbonyl diraectibe
backbone hydrogen bonds are evenly spaced and emgleed to the adjacent main chain. In
contrast, the hydrogen bonds formed in antiparahekets are approximately perpendicular to

the main chain.
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Fig. 6.1. Hydrogen-bonding pattern for parallel and antigatd-strands and illustration of cross-strand side-
chain pairs. Hydrogen bonds are represented byhéatblocks and side chains by grey filled circlesows
show the amide (N) to carbonyl (C) direction of steand"

Because eacf-strand necessarily interact with others to formsthhydrogen bonds, tie
sheets can bring close together amino acids whiglvery distant in sequend&.Sheet side
chains alternate above and below the plane oflibetsalong each strand. A paraftesheet
arrangement produces an asymmetric cross-stramdopamino-acids which do not share
hydrogen bonds with each other. In antipardllasheets, there are two types of symmetrical
cross-strand pairs: a narrow hydrogen bond pairaanite paif® also called H-bonded and
non-H-bonded pairs, hydrogen bond either to soleemd another adjacent strand.

To allow detailed thermodynamic and structural gsed of g3-hairpin peptide, it is critical
that it exhibits a significant degree of secondsirycture, a discrete oligomeric state, and
high solubility in water solution. One of the firsticcessful designs was the conversion of a
homodimeric protein,A\-Cro, to a folded and functional monomeric struetdr The
intermolecular dimer interface, formed by two aatgllel 3-strands, was replaced by an
intramolecularB-hairpin in which thep-turn sequence was optimized by selection. The
protein containing the best turn (Asp-Gly) behaasdhe predicted monomer in solution, and
its crystal structure confirmed that theirpin design was successfilRecently, a certain
degree of native-likeB-hairpin structure was observed in aqueous solution forrtsho

monomeric, linear peptides, derived from naturatgins®®
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The relationship betweef-turn conformation and right-handed twist of stranl 3-sheets
has turned out to be critical in developing sniatiheet model§ One strategy for creatirfgy
hair pins with tight two-residue loops has been to useastlene D residue at loop position.
The rational design of the turn regions of antigllaf 3-sheets has greatly benefitted from the
statistical analysis of protein structures in thetgin data bank’ The early systematic
classification ofp-turns reveals a wide variety of geometries anessiaf loop’*® For the
design off-hairpins, the emphasis has been on incorporation of thdleshaurn sequence
possible to limit the entropic destabilisation efte

The classic definition of a tight tuthis in terms of a four-residue corner with a hyanog
bond between the CO of the first residue and thedNtthe fourth residue. There are at least
five distinct combinations apandy torsion angles for the two central residues thatatbbw
formation of this H-bond. The only turn type, cdllgpe |, that has bottpand ( pairs with
freely permissible values is the most common typeim, since any residues are permitted,
with residue 2Zx-helical and residue 3 ip@conformation. The second most common type is
the “glycine” turn, called type Il, with residuei poly-Pro conformation and residue 3 in
left-handed g conformation. Their mirror images are called typeand type II’,
respectively’

The backbone conformation of type | and type Ihsyrdefined bypand y torsion angles,
results in a local left-handed twist, which is rompatible with the right-handed twist found
in protein B-sheets. It was showhthe importance ofpand g angle preferences for the
residues in the turn sequence by comparing thelistadf a number off3-hairpin peptides
derived from ubiquitin sequence. Replacing in thentthe “Pro with °Pro, the twist is
switched from left-handed (type | or Il) to rightsided (type I' or II'’) making the latter
compatible with thdairpin conformation. Statistical analyses from a numbegroups have
identified X-Gly as a favoured type I’ turn. A nuerbof studies have used the NG sequence
to designB-hairpin motifs that showed a high population of the fold#tucture with the
required turn conformation and strand alignmétdsing NMR and CD measurements it was
concluded that X= Asn > Asp > Gly > Ala > Ser iroprotinghair pin folding, in agreement

with the intrinsicp andy preferences of these residues.

6.1.3 Length, aggregation and cooper ative folding
Understanding the forces that control conformatiopeeferences within the common

secondary structur&sshould contribute to interpret the conformatiopiferences at tertiary
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and quaternary levelsi-Helices become more stable as the chain lengtease$! because
helix initiation is thermodynamically unfavourabibeit helix propagation is favourable, at
least for some residuésAnalogous length-dependent stabilization is obsgrfor double-
helical nucleic acid conformatiofisand for unnatural oligomers that adopt helical seeny
structures? Length-dependent stabilization is a more complesudsfor sheet secondary
structure: two dimensions must be considered fsheet® along the strand direction and
perpendicular to the strand direction, while onhealimension is important for a hef?®
along the helix axis. Each dimension can be evetuatdependently to design short peptides
that displayp-sheet conformations containing a predeterminedbauraf strands with defined
lengths. There is an intrinsic limit on strand lém@ antiparallel3-sheets, at least for some
sequence®’

The earlier difficulties with peptide aggregationdalow solubility appear to have been
partially overcomé? Examining successfully designed sequences, oategir seems to be
the insertion of solubilising charged residues teatl to mutual repulsion in the aggregated
state, even if these problems appear to run haauma with stability of the foldefl-sheet,
resulting in problems with intermolecular interacis at NMR concentrations.

While the number o8-hairpin model systems is expanding rapidly, the numberttaa been
amenable so far to quantitative analysis and thdymamic characterisation remains small.
The problems are several, related to the natutieeoffolded” state, not entirely clear in terms
of the dominant stabilising interactions. The feeit limiting™* parameters for the fully folded
state are subject to some uncertainty, making gatwé analysis of folded populations
problematic, and finally because folding models laased on the assumption of a two-state
cooperative process, which has not generally besamlg justified an may not be appropriate.
So this field is lacking the rigorous quantitataygproaches to measurifiesheet stability that
are now well-established in the field athelical model systems. Eve§thairpin contains
several levels of complexity requiring dissectioh lwth the B-turn and thep-strand
contributions to the stability of the folded confation and an understanding of the nature of
the stabilising interactions and the influencentfinsic propensities to secondary structure.
The physical techniques, particularly NMR, are gaised to probe folding in solution at the
individual residue level, but the whole area[®$heet peptide design would significantly
benefit from a more quantitative approach to untders the nature of the stabilising weak

interactions involved and the thermodynamics anetics of3-sheet formation.
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6.1.4 Side chain interactionsin the stabilisation

The origin of the specificity d8-hairpin folding has been discussed above and relatedyarge
to the conformational preferences of the turn segeieHowever, the origin of the stability of
the folded state has been attributed to interstdaydrogen bonding and/or hydrophobic
interactions.

While hydrogen bonds in aqueous solution have loegn associated with very small free
energy contributions, on the basis that a peptejgige hydrogen bond is isoenergetic with a
peptide-water hydrogen bond, hydrogen bonds institeent-excluded core of proteins are
thought to contribute significantly to stabilityjtiv a substantial cost associated with burying
an unsatisfied hydrogen bond donor or acceftbtore recent examination of the effects of
interstrand salt bridges between C- and N- termmesidues of $-hairpin has established a
small but measurable effect, despite the solvepbsed nature of the interacting residtfes.
Other groups have highlighted pH-dependent effamtshairpin stability?® p-Strands
necessarily interact to formfasheet, and it seemed likely that side-chains agtesns could
make a substantial contribution to its stabilityatiStical survey reveals a non-random
pairwise distributions of amino acids in cross+strgositions in antiparallgd-sheets® The
specific pairing of amino acids depends on thesifmns in H-bonded and non H-bonded
sites®® Furthermore, theoretical analyses suggest thatifapénteractions between side
chains play an important role in determinfigheet stabilit} and such pairwise interactions
have been included in protein structure predictfaddowever -sheets are often amphipathic,
with one face solvent exposed and the other caritnigp to the hydrophobicity. The statistical
distribution is consistent with this possibilitydaas a result may not reflect any particular
interaction between cross-strand side chains. Sgag set out to measure the energetic
contributions of side-chain interactionsfiesheet stability using the B1 domd&imeasuring
interactions between residues which occupied a htbd site in an antiparallf-sheet
environment.

The most useful information for the design and eeegiing of stable and soluble protein can
be gained from studying the interaction betweemspai amino acid with high intrinsig-
sheet forming propensities and pairs of complemmgntharge. Such pairs were substituted
into a solvent-exposed “double” guest site andtlie@mal stabilities of these proteins were
measured. The side-chains interaction energy waslated as the difference in free energy
beyond that which the simple additive sum of theppnsities would predict. For example,

side chains interact favourably if the stability thfe double mutant is greater than that
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predicted by the sum of the intrinsic propensiti®tabilizing and destabilizing interaction
energies within a range of nearly 2 kcal/mol werend, which are comparable to that of the
measured propensities. The pairs found to be méstaictive experimentally, Phe-Phe, Phe-
Tyr, Glu-Arg, and Glu-Lys are indeed the pairs fdustatistically together most often.
Conversely, the least interactive pairs experimnt@rhr-Val and Thr-Trp) are found
together with low frequency. It was interestingtserve that absolute effects on stability and
side-chain interaction energy are not necessanolyetated. The intrinsid-sheet-forming
propensities and side-chain interaction energia&woconjunction to make a stable protein.
Long-range interactions may dominate if local disiion is low.

Overall protein stability is a balance between logad long-range interactions, and for
protein design it is important to optimize bddtsheet-forming propensities and cross-strand
side-chain interactions. In attempts to deconvotheefactors that contribute to a particular
residue in a particular context adopting a paréicudonformation, intrinsic backbong,

Y preferences have been examined using also othestisdly based analyses of high
resolution structures in the protein data bank. @veh approacl is to determine

@ U propensities of different residues in coil regiaigprotein structures, so residues not in
regular secondary structur@-¢heet ora-helix). The advantage of this approach is that
intrinsic conformational preferences can be idediffree of the interactions associated with
regular secondary structure.

In this contextpandy angles are far from randomly distributed, but nmstupy regions of
Ramachandran space associated with regular segostdacture™*

The observedp, Y distributions for the individual residues have bégken as representative
of those found in denatured state of protein primgdhe base of “random coil” state from
which residue-specific NMR parameters can be ddrige a reference state for folding
studies®™ While B-propensity is found to vary significantly from one residue ttee next,

context dependent effects appear to play an important part.

6.1.5 3-Sheet construction and forming propensities

Statistical studies of proteins of known structwegeal that3-branched (lle, Val, Thr) and
aromatic amino acids (Trp, Tyr, Phe) occur mosydently inp-sheets® The implication is
that thep-sheet-forming propensities of the amino acidsiamgortant for(3-sheet stability.

Although early studies d3-sheet formation suggested that there are quaktalifferences in
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the B-sheet forming propensities of selected amino atitieere was a clear need for detailed
thermodynamic measurements in water-soluble, uegated model systems to extend these
initial results. Experimental measurements of m#ic conformational propensities of the
amino acids are based on a “host-guest” methotd@scribed fon-helical propensitie&?®

In host-guest studies, the stability of a stangaatein or peptide is compared with those of
mutants in which the other 19 amino acids are idd@&lly substituted into the guest site.

The results of the experimentally measumekelical propensities show correlations with each
other and with statistical preferend@3The first comprehensive experimental measurement
of the 3-sheet-forming propensities employed a guest sttatéd in a solvent-exposed, non-

H-bonded position on the antiparalfiebtrand of a consensus zinc-finger peptieig.(6.2).>
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to a-helix
Fig. 6.2. (A) Ribbon diagrarff of the consensus zinc-finger peptide. Bound zidlistrated by the black
sphere. (B) Hydrogen-bonding diagram of fiwsheet region. Hydrogen bonds are indicated byward he
guest site is highlighted in black. The nearesgimedurs to the guest residue on the same face @ sheet are
highlighted in grey.

Two subsequent host-guest studies used differerdnta of the B1 domain of streptococcal
protein G (the B1 domain) as the model systéifhe guest sites in both B1 domain studies
were positioned along a central strand in a solegpbsed, H-bonded, antiparalfekheet.

The three experimental studies showed, all togetivat there are measurable differences
between thg3-sheet forming propensities of different amino ac@iBranched and aromatic
amino acids tend to be the b@ssheet forming residues, while glycine and proterd to be
the poorest one. There was not an exact correspoadeetween the experimental studies, in
which host specific interactions can modulate tpecdic ranking, and the statistical data,

which average over different environments, andvidméous types of-strands. However, the
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results of these studies show a strong overalletatron with statistical and theoretical
analyse¥3¢*and indicate that the amino acids have differetinisic propensities to adopt
B-sheet conformation.

The energetic range between the best and porelséet-forming amino acids measured in
the zinc-finger study (0.5 kcal/mol) is less thhattof the B1 domain system (2.8 kcal/mol).
This difference may results from the different libmas of the two guest sites, in a non-H-
bonded edge and a H-bonded central strand, regelgctBoth, the edge location, in which
there are fewer interactions with tResheet than in a internal strand, and the lacg-sheet
hydrogen bonds in a non-H-bonded site can incréeseonformational freedom of the guest
site. These factors could attenuate the magnitdidbeodifferences in th@-sheet-forming
propensities at this edge-strand position.

Edge-strand propensities have also been measuted Bl domain on a solvent-exposed H-
bonded position on an antiparalfesheet’® TheB-branched and aromatic residues were still
among the bettep-sheet-forming amino acids, and glycine and prokvere among the
poorest. Greater deviations from the Chou-Fasmatistital preferencé8were observed in
the edge-strand B1 domain study, than in the ettiges zinc-finger study. Perhaps related to
the H-bonded position of the guest site, the rangbe B1 domain edge-strand study was not
significantly attenuated relative to the centra&stl study. These results demonstrate that
positioning the guest site in an edge central strand can modulate the rankings of the
measure@-sheet propensities.

Statistical and theoretical studies also revededihces between the ranking of the residues
preferred in ap-sheet when edge and central strands are considenearately’*** In

conclusion all these previous studies resuttedext dependent.

6.1.6 Backbone Thioester Exchange (BTE) method

The contribution of a specific residue to the fald#ability of a protein is usually studied via
mutagenesis, whereby the side chain of interestutated to another one that is expected to
diminish the folded stability. By comparing thedetl stability of the mutant protein to the
wild type protein (i.e AAGioiq = AGsoids wild Type = AGtold/Mutans WhereAGrq = free energy of
folding), one can gain an estimate for the contidyu of the wild type side chain to the
stability of the protein. Measurement A6y iS possible via a variety of techniques, each
with its own advantages and disadvantages. Theaustbf protein denaturatidi hydrogen-

deuterium exchang®and dynamic combinatorial chemistry (DC¢Gire the most common.
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Backbone thioester exchange (BTE) is a dynamic aoandrial chemistry method developed
in Samuel H. Gellman’s group for the determinatmnconformational stability in small
folded peptides and proteiffs. This approach is expected to provide information
complementary to those available from thermal drethrdcal denaturation studies because all
measurements are made under native conditions strategy should permit the separation of
the contributions of autonomously formed secondstrycture and those of higher order
structure to net stabilityBTE is implemented by replacing a backbone amida withioester
linkage bond in a protein of interest. Secondarydanand thioester groups have comparable
conformational properties, but they differ in their hydrogen bonding abilitieShis
modification allows the equilibration of the thideswith thiols via a transthioesterification
reaction, which achieve equilibrium rapidly in aque solution at neutral pH and at ambient
temperature (native conditions for the folded prgteTransthioesterification occurs via
attack on the carbonyl by a thiolate ion (dependimgits pKa) to form a tetrahedral

intermediate, followed by expulsion of a thiolateacthiol to reform the thioester boA.

Knowledge of Kyq, the equilibrium constant for the exchange betwdwse two states,
allows the determination of the folded stabilitytbé peptide, through the relationsiiq

= -RTInKsg4. Kioig cannot be determined directly, but can be indyeassessed via BTE.
TransthioesterificationScheme 6.1) is initiated by the addition of thioester (A)ttuol (B) to
form a full length thioester (a thiodepsipeptidealague to the native amide peptide of
interest) (C) and a small thiol molecule (D), mdimpglycolate for this project. After a

proper time the equilibrium is reached and it hasrestant lre.

I Her(()S 2 |
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Scheme 6.1. Cartoon depicting a general backbone thioestelnange reaction (from Erik B. Hadley's thesis).
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Kgte can be measured via the relative HPLC quantificatf A, B, C equilibrating species,
which have cromophores. Concentration of C is assuto be equal to concentration of D,
starting from the same concentration of A and Bargified by HPLC. kK could be
calculated from a simple equation from which itules that Koq = Kgte — 1, because
conservative assumptions can be made (see Sumpbrtormation for algebraic expressions
in ref. 46).

6.2 Results and Discussion
6.2.1 Development of a [3-sheet propensity scalevia BTE

The propensities reported to date, based on "hasttf studies in tertiary folding units that
contain a surface-expos@dsheet? 9414350 ppear to be alfontext dependent and could
therefore not yield to a general scil@ecause of their intrinsic simplicit@-hairpins can
potentially be used to remove tbantextual effects present in more complicated systems.
Previously, in Samuel H. Gellman’s laboratory itsashown that the stability of&hairpin
can be studied via BTE.Using this methodology, the goal of the projectodie®d in this
chapter is the design of an antiparaBehairpin in an effort to determine an experimerfial
sheetpropensity scale fora-amino acid residues, based on the stability ¢3-laairpin
conformation in aqueous solution. Before my arritalMadison this model system was
designed, inspired by bairpin with a tryptophan zipper motif, a structural paitevhich
greatly stabilizes this secondary structufeg(6.3).> This work was carried out by Erik B.

Hadley and Dr. Felix Freire-Iribarne.

%M§¢ J%%#

H%&r&r&rx

Fig. 6.3. Atomic detail of backbone structure bfHydrogen bonds are indicated by dotted lines. Jiest site
is labelled as Xxx (from Erik B. Hadley’s thesis).
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Initially hydrogen bonded position 13 was choserfqagest site”, that would be changed to
different residues to determine their effect loarpin stability. For each mutant a great
variation in the measurefiGgre was observed when the experiments were repeatesl. Th
cause of this variability remains unknown, but @saconcluded that a site between two Trp
residues in a tryptophan zipper motif may have i§peconformational requirements that
render it unsuitable as a guest site.

To circumvent this problem of irreproducibility, ptede | was modified(Fig. 6.4) to include

an inserted segment derived fror-hairpin previously studied in Samuel Gellman’s group
(Xxx = lle, the red residue shown Fig. 6.4°%. Initial efforts involved the placement of the
insert either between the loop and the TrpZip mtif or between the TrpZip motif and the
strand termini Ill) as indicated by the green boxes. In most caseproducible
thermodynamic stabilities measurements could beemad BTE. However, repeated
measurement of the Xxx= Ala mutant indicated thag particular substitution resulted in
larger errors in the BTE stability measurements.

H N-RRWTWRYVE

HO,C-EQQLIR

Fig. 6.4. Sequence of extenddairpin peptided|-I11. Inserted sequence is surrounded by the greerabdx
the amino acid designated for substitution is showred. Hydrogen bonded positions are indicatea loptted
line. Hydrogen bonded positions of the insert Va@jween the two structures (from Erik B. Hadleyisdis).

Unfortunately, the peptides were observed to pitg out upon preparation of M
samples for CD analysis in 50 mM phosphate buftér7p the resultant CD spectra were
therefore uninterpretable.

Modifications to either the parent peptide sequenrdhe conditions of analysis were needed,
to improve the solubility. Two approaches were takehanging the buffer or, alternatively,
chemically modifying the peptide to discourage aggtion.

The modification of the buffer involved the idemddtion of appropriate components that
would allow thiol-thioester exchange and were aldé in deuterated form for NMR
analysis. Buffers were chosen from Good's ffsHEPES (50 mM, pH 7) and MES (50 mM,
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pH 7) were found to solubilize peptitld and were therefore tested for their ability to &llo
thioester exchange. In each case, the BTE experiynelded reproducible results, however,
the determined\Gyo 4 varied based on the chosen buffer indicating thatfolded stability is
solvent dependent. To discourage aggregation teenidal modification of thg3-hairpin
model system was undertaken. PeptidgsVIIl (Fig. 6.5) were designed to vary the
sequence of the insert and/or the position of tiseried region. PeptidéX-X1V (Fig. 6.5)
were designed to incorporate charged residues attum region, which is primarily
hydrophobic and could potentially promote aggregatlUnfortunately, each of the all amide
peptides was found to precipitate from solution whkiessolved in 50 mM phosphate buffer
pH 7. This result suggests that the aggregatiomeiss phosphate buffer is related to the
extended length of the peptide and not to the ijewtf the insert sequence or to the
hydrophobicity of the turn region. Subsequent sititylstudies at 7QuM in HEPES and MES

indicate that most of these designed peptidesauble under these conditions.

H N-RRRYTVWTWNPAGGRWIWITVSQE-COH |V

H N-RRYVEVWTWNPAGGRWIWRRILQE-COH V/

HZN—RRRLQYWTWNPAGGRWTW\?NITQE—COzH VI

HzN—RRYVERWTWNPAGGRWTWQRILQE—COQH \VAR

H N-RRRYTRWTWNPAGGRWTWQTVSIE-CO_H AL

H N-RRYVERWTWRPDGGRWTWQRILOE-CO_H I X

H N-RRYVERWTWDPRGGRWTWQRILOE-CO H X

H N-RRYVERWIWRPRGGRWTWQRILOE-COH X|

H N-RRYVERWIWRPAGGRWTWQRILOE-COH Xl

H,N-RRYVERWIWDPAGGRWTWQRILOE-COH XI|II

H N-RRYVERWTWNPRGGRWTWQRILOE-CO_H X1V
Fig. 6.5. Sequences of extendhdirpin designs with modifications intended to increadetstity in phosphate
buffer. Insert sequences are highlighted in greehather modified residues are highlighted in fEtke inserted
sequence for peptidé¥ andVII1, andI X-XIV were adapted fromaairpin designed by Stangétthe inserted
sequence for peptidasandVIl were adapted from laair pin developed by Searfé and the inserted sequence

for peptigeeVI was de novo designed using data reported for duuémcy of amino acids [frsheet proteins in
the PDB?

6.2.2 Synthesis of the BTE system components

From the preliminary studies performed before myval at the University of Wisconsin-
Madison and described in the previous sectiondgbegdeptide of the seriédV, from now on
83, had the most promising properties for the devabpp[3-sheetpropensity scale based on
BTE.
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Here are the sequencelid. 6.6) of the full-amide peptide33, its analogue full length
thioester84, of the thioestei85 and the thiols86-100. They were synthesized, purified,

analyzed and studied via BTE.

(= — =
H, N-RRYVERWTWNP :

2 ? LT T T . . R — HydrogenBond Contact _ X=G|Y°(')ne=,83

:_ _' _ . . l \G — Tetrapeptide insert X=Ho/l\/sm = 84

HO, C-EQLaRQWTWRX

0
b) H,N-RRYVERWTWNPR-~ =, s

c) A RWTWQRALQECO,H 86-100

Fig. 6.6. Primary sequences of a) the full-amide pep®8eand its full length thioester (thiodepsipeptide)
analogued4, b) the thioesteB5, c¢) the thiols86-100 (a is the substitution position), studied in the exments.

Full-amide peptideé83 (Fig. 6.7) was synthesized manually on a Wang resin, usinglatd
Fmoc solid phase peptide synthesis, and used &NMR and Sedimentation Equilibrium

Analytical Ultaracentrifugation studies.

H,N-RRYVERWTWNP
v T . . R - HydrogenBond Contact

HO,C-EQL

' 1 » (@ — Tetrapeptide insert

QWTWRG

Al

Fig. 6.7. Structure of the full-amide pepti@3.

6.2.2.1 Sedimentation Equilibrium Analytical Ultracentrifugation of full-amide peptide

This part of the work was performed in collaboration with Jay Seinkruger.

The absence of intermolecular aggregation is crdicrathe successful interpretation of data
from the studied3-hairpin model system. The derived thermodynamic model rassua
monomeric species. Sedimentation Equilibrium AnedjtUltracentrifugationKig. 6.8) was
carried out to determine the aggregation stateulbtfafnide peptide83 (Fig. 6.6) under the
conditions used for the BTE experiments (full léngioesterd4 (Fig. 6.6) could not be
analyzed due to the significant thioester hydralysihich occurs over the experimental
timeframe). Samples were spun at a various roteedp (between 24 and 48 krpm) using
peptide concentrations of 100 and|8@. The 97resultant data fit well to a monomer model,
indicating that no significant intermolecular asation is occurring under the conditions of

the BTE experiment. The full-amide pepti8&was also analyzed at the concentration of 150
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UM, where a loss of material was seen, observeddeciease of optical density across the
entire cell, which indicates aggregation. So, foe BTE experiments, it is important to

implement the assay at or below 104.
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Fig. 6.8. Representative Sedimentation Equilibrium Analytithiracentrifugation data for full-amide peptide

83 at 100 and 5QM (top to bottom), in the upper scheme (regres$idnin the lower scheme, in coloured
circles, there are the collected data. The datadit to a single species model of molecular weig®63 g/mol
as judged by the randomness of residuals. The tegbetass of the monomer is 3231 g/mol.

6.2.2.2 NMR spectroscopic studies
This part of the work was performed by Dr. Felix Freire-Iribarne.
Full-amide peptide83 and full length thioesteB4 were studied by 1D and 2D NMR

spectroscopy and every proton was assigned. Therbagplution conformational analysis of
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these peptides allowed us to examine the foldinfylbfength thioesteB4 in more detail, by
comparing the chemical shifts of theproton PC,H) of each residue in the two sequences.
3C.H values are influenced in characteristic waysdmal secondary structute®® Relative

to “random-coil” values, théCyH values for residues in sheet secondary structure are
shifted downfield (a shift in the opposite directis observed foa-helical residues)ig. 6.9
comparefddCyH data POC,H= dC,H (observed)AdC,H (random coil)]. From these studies
the full-amide peptid&3 and the full length thioester are folded in aquesaisition and are
consistent with @-hairpin molecule. These data are very important becausenécessary to
avoid deviations in the folded structure of thetl@psipeptide from the full-amide peptide of

interest, that could lead to the misinterpretabbBTE data.

0.8
0.6

-0.8 | : # Amide Peptide 83

-1 5 B Thioester Peptide 84
-1.2

1 3 5 7 9 11 13 15 17 19 21 23
Amino Acid Residue

Fig. 6.9. Chemical shift deviation (CSD) for full-amide piele 83 and full length thioester peptict: the
structures are folded similarly.

Crucial to the success of BTE is the ability toicéntly synthesize and purify thioester-
containing peptides. These peptides focused omgbeof Ellman’s 4-sulfamylbutiryl safety
catch linker attached to an appropriate resin, sschM NovaGel from Novabiochem.

The thioester peptid85 (Fig. 6.10) was synthesized on a Fmoc-Gly-4-sulfamylbutyriil A

NovaGel resin, according to the safety catch metfstheme 6.2 and Experimental

section).
4]
H,N-RRYVERWTWN PR\N/\l/S\)kBMa
T

Fig. 6.10. Primary sequence of the thioes3gr
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The safety catch strategy relies on the alkylatiba sulfonamide nitrogen, after peptide has
been assembled, with either iodoacetonitfte’®or TMS-diazomethan&**®to activate the
sulfonamide, which is subsequently displaced bu@eophile of choice. If a thiol is chosen
as the nucleophile, cleavage from the resin geeemipeptide with a C-terminal thioester.

The microwave irradiation is used to speed up theation/cleavage steps.

tBlu
HaN- [ peptide ] vﬁ\ pt //M\/ﬁ\ - PEG\@
|
Trt
Boc,0,
DCM, EtgN

tBu

N PEG
BocHN-[ peptide ]/HNQJ\N/S N
H H

Trt
Microwave l

ICH,CN,
DIEA, DMF

tBu o
O« 0
| /Hvﬁ\ S~ M PEG
BocHN—[ peptide ] N H @
\\

Trt N
Microwave HS\/ﬁ\OMe
DMF
tBu

BocHN-[ peptide ]\ S\J\
N OMe
g

Trt

TFA, TIS, H,O

H,N- [ peptide ] ~ S\/ﬁ\
2 N OMe
H/\(ljr

Scheme 6.2. Cartoon depicting the thioest®s synthesis.

The thiols86-100 (Fig. 6.11) were synthesized manually in parallel on a Wangqressing
standard Fmoc solid phase peptide synthesis, &uandl scale.
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= A RWTWGQROALQECO,H

Fig. 6.11. Structure of the synthesized thi@&-100. a is the substitution positioro(= 19 proteinogenic amino
acids, except cysteine, because its side chaithi®k.

The purification of the peptides by HPLC resultedte difficult due to MeCN shortage. This
forced the laboratory to find alternative orgaratvents (B solvent). Ifrig. 6.12 an example
of purification is shown; this study indicates tiMeCN is the best solvent for obtaining
higher yields and a better HPLC resolution. In factMeOH and in EtOH the peaks are
broader and less resolved than in MeCN. In thigesdl on the left and on the right of the
main principal desired peak there are two smakekp which probably are superimposed in
the alcoholic solvents. Moreover MeOH and EtOH amere dense than MeCN, and
consequently give problems of counter pressurehén HPLC instruments. The alcoholic
solvents, in presence of TFA, fundamental componeitthe purification, form the
correspondent methyl/ethyl TFA esters, changing tboenposition of the eluents, and
consequently, their separation ability, during fheification. A percentage of water can be
added to the alcoholic B solution to overcome gincblem.

The alcoholic solvents had also to be removed hgryoevaporation, before the peptide
liofilization. However with MeOH and MeOH:#D = 9:1 as B solvents the purification was
possible, with longer time, higher cost and loweeld; The product to be purified
corresponded always to the principal peak, indctddy the arrows. After purification, the
collected fractions were evaporated and injecteth@éanalytical column, in the following
HPLC conditions: C18 analytical column (4.6x250 mihgw rate 1 mL/min, gradient of
solvent 10-60% B (CECN:CRCO.H, 100:0.1, v/v) in A (HO:CRCOH, 100:0.1, v/v) over

50 min. A purity >= 95% was considered acceptable.
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Fig. 6.12. Example of the thioesteB5 purification, using different B solvents: a) MeCK) EtOH, c)

MeOH:H,0O = 9:1.

In the next tableTable 6.1) there is a summary of the BTE data (Egperimental section),

expressed a&Groq (Kcal/mol).
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Mutant Average STDEV

Val -1.44 0.08

lle -1.41 0.06
Glu -1.00 0.04
Thr -0.78 0.07
Ser -0.73 0.04
Ala -0.60 0.10
Leu -0.63 0.10
Asn -0.22 0.11
Gly -0.13 0.08
Arg -0.06 0.08

Table6.1. BTE summary of thAG;,q (Kcal/mol) obtained with 10 of 19 full-length tléster mutants.

The B-branched amino acids, such as valine and isolep@re known to favoup-sheets
whereas glycine and asparagine are known asplapensity amino acids in formings-
sheets (seéntroduction). From theTable 6.1 it was confirmed that our scale is in good
agreement with what is known in literature, for #maino acids which favour or disfavo
sheet formation. Then, with these preliminary datapmparison was startefig. 6.13-6.18)
with different3-sheetpropensity scales, to see if there is an agreement betweescale and
others reported in literaturand to study a possibleontext dependence. In the case of
agreement, the data should lie on a straight line.

The Mufioz & Serrarfé® (Fig. 6.13) correlation is the more interesting. If glutanaicid and
arginine are left out, the correlation is quite godhis particular scale should be the most
appropriate, sinceontext effects should be minimized, and since their apphao statistical
analysis of the protein structure database is rsophisticated than that of Chou & Fasrifan
(Fig. 6.14).

The glutamic acid mutant (E) really seems to baemomaly in the BTE studied system. All
the other scales ranked it quite low (£L4however, in this one is ranked pretty high (it

of 10).
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Propensities scale comparison
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Fig. 6.13. Propensity scales comparison between the BTE scale and thtihoz & V. Serrano’s scaf®

Propensities scale comparison

PB Chou and Fasman

-1.5 -1.0 0.5 0.0
AG Our system

Fig. 6.14. Propensity scales comparison between the BTE scale and tieGhou & G. D. Fasman’s scale.
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Fig. 6.15. Propensity scales comparison between the BTE scale and tié @. Kim & J. M. Berg’s scalé®
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Fig. 6.16. Propensity scales comparison between the BTE scale and theinor & P. S. Kim's scalé’
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Fig. 6.17. Propensity scales comparison between the BTE scale and thedinor & P. S. Kim’s scalé®
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Fig. 6.18. Propensity scales comparison between the BTE scale and thé Smith, J. M. Withka & L. A.
Regan’s scalé&"
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If the sequence diagram is consider&tg( 6.19), the three cross strand neighbors of the
mutated amino acid are tyrosine, valine and glutaatid, so there is no immediate cross
strand salt bridge, but there is an arginine ondtier strand (diagonal + 1) that could be
potentially involved and could justify these dategking our systernontext dependent.

Several of the better amino acids from the scatenaissing, so it will be interesting to see

how the comparison develops with the new BTE mstant

T_yr Glu Trp

Thr

o N X~ G

Fig. 6.19. Cartoon depicting the reciprocal position of #mino acids close to the mutants site in the stiiie
hairpin, which could explain thAGs,q data and the propensities scales comparisons.

Thr

6.3 Conclusions

In conclusion, an antiparallf-hairpin (83, Fig. 6.6) was designed, synthesized, purified,
characterized by 1D and 2D NMR and Sedimentationuilibgum Analytical
Ultracentrifugation. Having shown that it is s&laind is folded, and does not aggregate in
aqueous solution below 1QM, it was studied via backbone thioester exchaong#etermine

an experimentgb-sheetpropensity scale fora-amino acid residues.

Up to nowAGs g data for 10 of the 19 amino acids (cysteine wdasstalied because its side
chain is a thiol) were obtained, and a comparisas started with differemr opensity scales.
These preliminary results are very promising beedhs trends observed are consistent with
what is known in literature. The BTE assays havbedinished with the last nine mutants to
complete the comparison with othgropensity scales and to understand if there is a good
agreement with them, and if and how the synthesipeamising system iscontext

dependent.

6.4 Experimental section
Materials

N-9-Fluorenylmethoxycarbonyl (Fmoc) d-amino acids were obtained from Novabiochem.

All Fmoc-amino acids with side chains that requipedtection are listed with the protecting
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groups in parentheses: Arg (Pbf), Asn (trityl), Agert-butyl), GIn (trityl), Glu (tert-butyl),
His (trityl), Lys (Boc), Ser (tert-butyl), Thr (tebutyl), Trp (Boc), Tyr (tert-butyl). All solid
phase resins were purchased from Novabiochem. NsNpdopylethylamine was distilled
over CaH before use. GBI, andDMF were obtained from Aldrich Chemical Co. as teich
grade, >99.9%” and used without further purificati6lPLC grade MeCN, MeOH and EtOH
were obtained from Burdick & Jackson, Aldrich oslier Scientific.

The HO used in HPLC separations was millipore grade.ofler reagents were obtained

from Aldrich Chemical Co. unless otherwise noted.

Procedures

All HPLC runs were carried out on Shimadzu systemspped with UV/Vis detectors.

HPLC traces were collected at 220 and 275 nm. Skvewverse phase columns were
purchased from Vydac: C18 preparative (25x250 n®i)8 analytical (4.6x250 mm), C18
semipreparative (10x250 mm), and C18 semipreparafiverest’ (10x250 mm). The
columns denoted C18 are the standard polymeriangesihe two different versions of C18
columns provide slightly different retention patteiof peptides.

Mass spectra (MS) for peptides were obtained usintatrix-assisted laser
desorption/ionization time-of-flight mass spectréme (MALDI-TOF) on a Bruker
spectrometer. The peptides were embedded in axedim-cyano-4-hydroxycinnamic acid.
General Peptide Synthesis

Several protocols for solid phase peptide synthesiglescribed below.

Automated peptide synthesis was typically usedituiaBons where peptides were needed
promptly, such as thioest@&5, because automated synthesis is generally fastkrmeore
reliable than manual synthesis. The Symphony sgitbe was used. Manual solid phase
peptide synthesis was used in situations where 3more related peptides could be
synthesized in parallel (manual synthesis is mione-effective in a parallel mode), so for the
thiols 86-100, or if the sequence was difficult to get with thenthesizer, like the full-amide
peptide83.

Solid Phase SynthesisMethod 1: on Symphony Automated Synthesizer.

Thioester 85 was partially synthesized on solid phase using yan@dony automated
synthesizer (Protein Technologies Inc.). This unsient can routinely synthesize peptides on

a 15-50umol scale, and may be modified for synthesis ofoup50umol.
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Synthetic cycles were completed with a standardploog time of 30-60 min using
Obenzotriazol-1-ylI-N,N,N’,N’-tetramethyluronium haftuorophosphate (HBTU, 5 eq.), N-
Methyl Morpholine (NMM, 20 eq.), with DMF as thelgent. Five eq. of Fmoc amino acid
were used for each coupling cycle. Deprotectiopssiessed 20% piperidine in DMF for 1x5
min + 1x15 min. C-terminal amide peptides were areg on rink amide NOVAPEG resih.
Solid Phase Synthesis M ethod 2: manual synthesis.

Peptide synthesis was carried out using Alltedbrfilubes. Manual synthesis allows the scale
to be conveniently adjusted from &nol-50 umol. Synthetic cycles were completed with a
standard coupling time of 120 min using O-benzatidl-yl-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HBTU, 3 eq.). DMF was the ealvFour equivalents of Fmoc amino
acid were used for each coupling cycle.

Deprotection steps used 20% piperidine in DMF fomiin. C-terminal amide peptides were
prepared on rink amide resin. N-terminal thiols eveybtained by the coupling of S-
tritylthioglycolic acidf? as the last residue under standard conditionsdong the residue
directly to the reaction vial at the appropriapst

Full-amide and thiol peptide synthesis

The synthesis was done manually, on aubl scale for the full-amide peptid3, and on a
25 pmol scale for the thiol86-100, starting from a Wang resin for both.

Thioester 85 synthesis

After all the amino acid sequence was synthesizedutomatic synthesizer on a hfnol
scale, with Fmoc amino acids, the N-terminus was Bootected by adding 14:5:1
Boc,O:CH,Cl:EtsN w/v/v (ca. 2.5 mL) to the resin and rocking for.ZThe resin was washed
five times with CHCI, and dried under vacuum. The dry resin was swollehmL DMF in a

4 mL fritted filter tube, and 0.5 M DIEA in DMF (®.mL) and iodoacetonitrile (3@L, 442
pumol) were added to the resin. The iodoacetonitvilas filtered over basic alumina
immediately prior to use. The filter tube was pthae a CEM Discover™ microwave system
and heated 30 min at 50 °C. The reaction mixture than filtered, and the resin was washed
with CH,CI, (5x5 mL) and DMF (5x5 mL). DMF (1 mL) and meth¥yidglycolate (91uL,
1.0 mmol) were added to the resin. The Alltech twlas again placed in a glass microwave
tube and microwaved 30 min at 50 °C. The liquid Wared into a flask, and the resin was
then washed three times with gk, (5 mL), collecting the filtrate each time. The danmed
filtrates were condensed with a stream of &hd placed under vacuum prior to global
deprotection.
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Deprotection

Peptides were cleaved from resin and deprotected Byirring  with
(CRCO,H:H,O:triisopropylsilane, 90:5:5, v/iviv) (2 mL/ 2Gmol) for 3 h, followed by
precipitation into cold diethyl ether. The precg@ was collected by
centrifugation/decantation prior to purification-t€minal thioester peptide (already cleaved

from resin) was deprotected using the same cleguaggedure.

Purification and Characterization

[ Thiols 86-90 were synthesized, purified and characterized by Jay Steinkruger, thiols 97-100
were purified and analyzed together with Kelsey Mayer]

All the peptides were purified by reverse-phase BRInd characterized by analytical HPLC
(Table 6.2), for the purity, and MALDI, for the identity. Thestimated purity of the peptides
is above 95%, based on the analytical HPLC.

Peptide Retention time [M + H]" calculated [M +H]"
(min)* observed**
83 26 3230.7 3231.2
85 23 1864.0 1864.4
86, lle 29 1489.8 1489.7
87, Vval 27 1475.8 1476.3
88, Ala 25 1447.8 1447.5
89, Gly 21 1433.8 1433.7
90, Asn 19 1490.8 1490.7
91, Ser 23 1463.8 1464.2
92, Thr 23 1477.8 1477.9
93, Leu 29 1489.8 1489.9
94, Asp 26 1491.8 1492.3
95, Arg 22 1532.8 1533.2
96, GIn 23 1504.8 1505.5
97, Glu To be done 1505.8 1505.9
98, Tyr To be done 1539.8 1539.8
99, His 26 1513.8 1514.0
100, Pro 25 1473.8 1474.2

Table 6.2. Characterization data for the peptides describékisnchapter.

* HPLC Conditions: C18 analytical column (4.6x25@njn flow rate 1 mL/min, gradient of solvent 10-6@%
(CH;CN:CRCO,H, 100:0.1, v/v) in A (HO:CRCO.H, 100:0.1, v/v) over 50 min. ** MALDI-TOF
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Representative MALDI analysis follows:
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Fig. 6.20. MALDI of the full-amide peptid&3.
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Fig. 6.22. MALDI of the arginine thiol95, full spectrum (upper image) and zoom on the [sictpattern (lower
image).

Representative characterization of the purity efgikptide follows:
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Fig. 6.23. Purity check of the full-amide pepti@8.
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Fig. 6.24. Purity check of the thioest8b.
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Fig. 6.25. Purity check of the serine thi8l.

Sedimentation Equilibrium Analytical Ultracentrifugation

[Analysis by Jay Steinkruger]

Sedimentation studies were conducted on a Beckniah Mtracentrifuge at 25 °C. Peptide
solutions in 50 mM pH 7 HEPES buffer were loadet ih.2 cm cells and absorbance was
monitored at 301 nm. At each speed, data wereatetlenith a 0.001 cm step size every 2 h
until two consecutive spectra were identical (tgbiequilibration times were 10 h). Non-
linear regression was performed in accordance trexpression; = ¢, exp [M(1-vp)w?(r? -
r2)/2RT] + base, where is the concentration (in absorbance units) at tamtiaitionr, ¢, is
the concentration at an arbitrary reference positipnear the meniscug, is the partial
specific volumep is the solvent densityy is the rotor speed, R is the gas constant, Tes th
temperature, and base is a baseline absorbancectonr to account for non-sedimenting

species. Molecular weight estimates were obtainaah the parametdvl. Global fits to the
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data at all speeds and concentrations were judgbd aidequate by randomness of residuals.
A partial specific volume of 0.7 mL/g was calcuthateased on amino acid composition.

Thioester Exchange Assays

Stock solutions of 250 mM sodium phosphate buibét 7.0 at 250 mM) and 20 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) weredpced by using Millipore #D.
Typically, assays were initiated by mixing approately equal portions of a C-terminal thiol
peptide and the N-terminal thioester. Approximat@lpinch of spatula of each dry peptide
was placed into a 500L vial insert. Most assays were conducted on a [380Gscale by
addition of liquids into the vial insert, to givaitial assay concentrations of maximum 0.1
mM peptides, 2.0 mM TCEP, and 50 mM buffer (TCER wetluded in the assay solutions to
prevent disulfide formation during the thioesteclegange equilibration). ¥0 was used for the
excess volume. Typically 30-54L of assay solution were injected per HPLC run, fibaks
area were quantified and tiA5;,4 was calculated as explained in theroduction. Each
assay was allowed to equilibrate ca. 2 h before Glirljection. The HPLC column used in
every case was either agEverest or a GgVydac analytical column (4.6 mm i.850 mm
length) at a flow rate of 1.0 mL/min. A gradient Bfsolvent (CHCN:CRCO,H, 100:0.1,
v/v) in A solvent (HO:CRCO,H, 100:0.1, v/v) was used for elution. Equilibratispecies
were identified by HPLC retention time and MALDI ssaspectrometry.

BTE assay gradients

To establish in which time range the species atbeatquilibrium, time equilibrium studies
were performed, in which the mixture was injectecerg hour, and equilibrium was
considered when no significative changé &g was observed.

To study replicates of the BTE assays, differemigas were prepared with the same thiol
and thioester, which were injected consecutively.

To get the best separation between the speciex aoalytical columns were tried, and the
best resulted C18 Ever&%t Also different solvent gradients of MeCN:® with 0.1% TFA
were checked, because the species involved hawe sherilar retention times and their

separation resulted quite difficult.

Full-amide peptide 83 purification.
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HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 40-50% B
solvent (MeOH:CECO,H, 100:0.1, v/v) in A solvent (40:CRCO,H, 100:0.1, v/v) over 20
min.

Thioester 85 purification.

HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent ($0:CRCO:H, 100:0.1, v/v) over 20
min and, a second time, gradient of 40-50% B sdl\{&teOH:HO:CRCO,H, 90:10:0.1,
viviv) in A solvent (HO:CRCOH, 100:0.1, v/v) over 20 min.

Thiols purification.

Serine91.

HPLC: C18 preparative column (25x250 mm), flow rafe mL/min, gradient of 0% for 5
min, 0-40.2 over 5 min, 40.2-50.2% B solvent (MeOR;CO;H, 100:0.1, v/v) in A solvent
(H20:CRCO.H, 100:0.1, v/v).

Threonine 92.

HPLC: C18 preparative column (25x250 mm), flow rafe mL/min, gradient of 0% for 5
min, 0-40.2 over 5 min, 40.2-50.2% B solvent (MeOR;CO;H, 100:0.1, v/v) in A solvent
(H20:CRCO.H, 100:0.1, v/v).

Leucine 93.

HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 46-56% B
solvent (MeOH:CECO,H, 100:0.1, v/v) in A solvent (30:CRCOH, 100:0.1, v/v).

HPLC: C18 semipreparative column (10x250 mm), flae 3 mL/min, gradient of 52-62%
B solvent (MeOH:CECO;H, 100:0.1, v/v) in A solvent (}0:CRCO,H, 100:0.1, v/v).
Aspartic acid 94.

HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 40-50% B
solvent (MeOH:CECO,H, 100:0.1, v/v) in A solvent (}0:CRCO:H, 100:0.1, v/v) over 20
min.

Arginine 95.

HPLC: C18 preparative column (25250 mm), flow rafemL/min, gradient of 34-44% B
solvent (MeOH:CECO,H, 100:0.1, v/v) in A solvent (30:CRCOH, 100:0.1, v/v).
Glutamine 96 (still to be purified).

Glutamic acid 97.

HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 38-48% B
solvent (MeOH:CBCO,H, 100:0.1, v/v) in A solvent (30:CRCOH, 100:0.1, v/v).

Tyrosine 98.
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HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 23-33% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO.H, 100:0.1, v/v) over 20
min.

Histidine 99.

HPLC: C18 preparative column (25250 mm), flow rafemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO.H, 100:0.1, v/v) over 20
min.

Proline 100.

HPLC: C18 preparative column (25x250 mm), flow rafemL/min, gradient of 21-31% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO:H, 100:0.1, v/v) over 20

min.

BTE assays gradients.

I soleucine and L eucine mutants

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 8-32% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (30:CRCO,H, 100:0.1, v/v) over 10
min, then 32-42% over 10 min.

Valine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (30:CRCO,H, 100:0.1, v/v) over 30
min.

Alanine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (30:CRCO,H, 100:0.1, v/v) over 20
min.

Glycine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 16-26% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (30:CRCO,H, 100:0.1, v/v) over 40
min.

Aspar agine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (30:CRCOH, 100:0.1, v/v) over 20
min.

Serine mutant
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HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO.H, 100:0.1, v/v) over 20
min.

Threonine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 25-35% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO.H, 100:0.1, v/v) over 20
min.

Glutamic acid mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 25-35% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent (}0:CRCO.H, 100:0.1, v/v) over 20
min.

Arginine mutant

HPLC: C18 analytical column (4.6x250 mm), flow rdtemL/min, gradient of 19-29% B
solvent (CHCN:CRCO:H, 100:0.1, v/v) in A solvent ($0:CRCO.H, 100:0.1, v/v) over 20

min.

BTE assays

The HPLC traces for all the BTE assays studied aymdw, after equilibrium had been
attained, are shown below. In bold there are tkatified species, by MALDI, corresponding
to thioester hydrolysis (TE Hy), thioester (TE)| fangth thioester (FL) and thiol (TH).

The thioester hydrolisis was identified becausenfithe MALDI a loss of 88 uma of was

observed, which corresponds to a loss of methyjtiicmlate and in addition a OH.

1004 F100
804 Fa0
FL
504 FEO =
=
=
404 F40
E TH 3
a0 TEHyTE a0
[ i A o
o.o 2,‘5 5ID 7‘5 ‘||:|I ] 12‘ (=1 15‘,'3 ‘|7I =1 QDI o 22‘,5 25‘,0

Minutes

Fig. 6.26. BTE assay of the isoleucine mut&6t
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15.0 15.0
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2.5 TE Hy TE TH F2.5

oo e 0.0

o 5 10 15 20 25 30 35
Minutes
Fig. 6.27. BTE assay of the valine muta8it.
il 2:270 nm, & nm il
T VBADONT_J4SU2185 Ala 120 min
40 FL 40
Pl Pl
TE TH
TE Hy JL
0 e s 0
1] 2 4 ] d 10 12 14 16 18 20 2 L 26 5
Minutes
Fig. 6.28. BTE assay of the alanine muta&
25 [o5
204 FL =20
154 F15
10 r1o
TH TE

5] TE Hy =
a — FO
-5 T T T T T T T -5

o 5 10 15 20 25 30 35 40 45
Minutes

Fig. 6.29. BTE assay of the glycine mutasf.

mValts
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2:270 nm, & nm
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Fig. 6.30. BTE assay of the asparagine mutaht
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Fig. 6.31. BTE assay of the serine mut&xit
_2:270nm, 8nm
VBAO1100_VBA01039 Thr 120 min
151
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=
<
£ 5
TE Hy TETH
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Fig. 6.32. BTE assay of the threonine mut&at
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Fig. 6.33. BTE assay of the leucine mut#8&
18 2:270nm, 8 nm 15
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Fig. 6.34. BTE assay of the glutamic acid mut&6t

15 _ 2270 nm, 8 nm FL 15
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10 10
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Minutes

Fig. 6.35. BTE assay of the arginine mute3g.
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There is a by-product forming from the thioestebirffer solution, which was analyzed by
MALDI and HPLC after one day, and corresponds tyelic product. In fact a loss of 106

uma respect to the thioester was observed, whiclregmonds to the loss of
methylthioglycolate and of a proton.

a0 a0
B0 FE0
Thioester

] 40+ FA0 2
- =
= =
E - E

- Hydrolisis 0

[u} ro

0.0 25 50 75 100 125 150 175 200 225 250 275

Minutes

Fig. 6.36. HPLC trace of the thioest86 dissolvedn the buffer solution, injected the day after.
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In summaryAG data obained from the BTE assays are reportédiihe 6.3.

AG BTE (kcaI/mOI)

Run#| Run#| Run#| Run#| Run#| Run#| Run #
1 2 3 4 5 6 7

Run #
8

Run #

Run #
10

Ave-

rage

DEV

85 +
86
()

-1.31 | -143 | -1.42 | -1.39 | -1.32 | -1.47 | -1.44

-1.41

0.05

85 +
87
(Val)

-1.54 | -1.46 | -1.39 | -1.48 | -1.33

-1.44

0.08

85 +
88
(Ala)

-0.47 | -0.62 | -0.53 | -0.52 | -0.56 | -0.54 | -0.68

-0.77

-0.73

-0.62

-0.60

0.10

85 +
89
(Gly)

-0.06 | -0.06 | -0.04 | -0.24 | -0.19 | -0.18

-0.13

0.08

85 +
%
(Asn)

-0.05 | -0.13 | -0.25| -0.16 | -0.35 | -0.38 | -0.22

-0.19

-0.22

0.11

85 +
91
(Ser)

-0.75 | -0.73 | -0.76 | -0.68

-0.73

0.04

85+
92
(Thr)

-0.73 | -0.79 | -0.88 | -0.73

-0.78

0.07

85 +
93
(Leu)

-0.49 | -0.38 | -0.54 | -0.62 | -0.62

-0.53

0.10

85+
93
(Glu)

-0.97 | -1.05 | -1.02

-1.00

0.04

85+
95
(Arg)

-0.05 | -0.15 | -0.09 | -0.04

-0.06

0.08

Table6.3.

Summary of BTE assays data.
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