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Abstract
Thiol—Disulfide Interchange: Design, Synthesis, and Evaluation of Reagents and
Organocatalysts for Chemical Biology
John C. Lukesh, III
Under the Supervision of Ronald T. Raines

At the University of Wisconsin—Madison

For proper function, many proteins contain thiols that need to be in a reduced state, or
disulfide bonds that need to be in an oxidized state. Both in vitro and in vivo, small-molecule
thiols and disulfides help regulate this process through thiol—disulfide interchange chemistry.
Described herein is the design, synthesis, and evaluation of novel small molecules that can aide
in important biochemical processes—disulfide-bond reduction and oxidative protein folding—by
facilitating essential chemical reactivity.

Small-molecule thiols are preferred reagents for the reduction of disulfide bonds in
proteins because of their ability to accomplish this task under mild conditions: in water, at
neutral pH, and at room temperature. Dithiothreitol (DTT) has been the preferred reagent for this
process during the past 50 years. DTT is a potent disulfide-reducing agent (E°' = —0.327 V)
resulting from the high effective concentration of its thiol groups and its forming a stable six-
membered ring upon oxidation. Nonetheless, being that a thiolate initiates attack on the disulfide
bond, the efficiency of the process is governed by thiol acidity. With thiol pK, values of 9.2 and
10.1, greater than 99% of the thiol groups in a solution of DTT are protonated and thus

unreactive at neutral pH. In Chapters 2 and 4, I report on the design, synthesis, and evaluation of
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dithiobutylamine (DTBA) and 2,3-bis(mercaptomethyl)pyrazine (BMMP), two novel disulfide-
reducing agents for chemical biology with enhanced physicochemical properties—namely, low
thiol pK,s and disulfide £°'. Both DTBA and BMMP were found to be more efficacious than
previously reported disulfide-reducing agents at reducing protein disulfide bonds under
biological conditions, and both possess other distinct advantages over previously reported
reagents.

A significant advantage of DTBA, for example, is its containing an amino group, which
allows for its facile conjugation to a resin or surface. In general, small-molecule reducing agents
typically need to be maintained at millimolar concentrations, and their removal diminishes
process efficiency and economy. Hence, I reasoned that appending DTBA to an insoluble resin
would enable its removal and reuse by filtration or centrifugation. In Chapter 3, I report on
immobilized DTBA as an alternative to other costly biological reducing agents. Through the
course of my studies, I found that that immobilized DTBA was quite efficient at reducing
disulfide bonds in small-molecules. Still, I determined that its ability to reduce disulfide bonds in
proteins can be greatly enhanced if used in conjunction with a soluble strained cyclic disulfide or
mixed diselenide catalyst that can relay electrons from the resin to the protein. This biomimetic
strategy confers several distinct advantages to using an excess of soluble reducing agent alone.

Thiol—disulfide interchange chemistry is also at the core of oxidative protein folding. The
rate-determining step for the folding of many proteins is the formation of native disulfide bonds
between cysteine residues. In cells, the enzyme protein disulfide isomerase (PDI) catalyzes this
essential process. In Chapter 5, I discuss the development of small-molecule PDI mimics with

low thiol pK, and high disulfide £°’ values that also emulate the hydrophobic binding site of PDI.
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These attributes result in efficient and selective catalysts for the proper folding of a misfolded

protein.
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Chapter 1: Thiol-Disulfide Interchange: Design, Synthesis, and Evaluation of Reagents
and Organocatalysts for Chemical Biology

1.1 Abstract

Thiol-disulfide interchange chemistry is a fundamental process in biology that enables
regulation of protein structure and redox homeostasis. For proper function, many biomolecules
contain thiols that need to be maintained in a reduced state, or disulfide bonds that need to be
maintained in an oxidized state. Both in vivo and in vitro, small molecule thiols and disulfides
help regulate this process through thiol—-disulfide exchange reactions. As a result, much work has
gone into the development of new reagents that can efficiently mediate this essential chemistry.
Here, an overview of thiol—disulfide interchange chemistry will be presented, including the
development of new biological reagents that can be used for the reduction, isomerization, or

formation of disulfide bonds in proteins and other biomolecules.



1.2 Introduction

Thiols and disulfides are functional groups that are ubiquitously found in the molecules
of life, and play a critical role in both their structure and their function.'® Disulfide bonds, for
example, are essential for the proper structure of many extracellular proteins.7'12 On the other
hand, many cytosolic enzymes, cofactors, and peptides—such as glutathione—contain thiols that
need to be maintained in a reduced state.'>'* In both cases, it is thiol—disulfide interchange
chemistry that facilitates their required redox state."

The mechanism for thiol—disulfide interchange has been studied in great detail.'®?* It
involves the reaction between a thiol (RSH) and a disulfide (R'SSR') in which a new disulfide
(RSSR') and thiol (R'SH) is formed (Figure 1.1). The reaction is quite unique in chemistry in that
the cleavage and formation of a strong covalent S—S bond (bond energy of ~60 kcal/mol) occurs

reversibly and under very mild conditions.***'

pH 7.0
R-SH + R"—S-S-R" =~ R'—SH + R-S-S—R

Figure 1.1 Schematic for thiol—disulfide interchange chemistry

In this chapter, I will discuss the design and use of small molecules that can facilitate

these key exchange reactions in proteins and other biomolecules.



1.3. Development of disulfide-reducing agents for chemical biology

The reduction of unwanted disulfide bonds and the preservation of essential thiol groups
is a common biochemical practice.”>* Out of necessity, the reduction must take place under
mild conditions. The use of small molecule thiols for this process is often preferred, as they can
accomplish this task—through thiol—disulfide interchange chemistry—in neutral water, at room
temperature, and in the presence of a multitude of other functional groups.*>'>**

Several factors determine whether or not a small molecule thiol will be efficient at
disulfide-reduction. There is some debate as to whether the mechanism for thiol-disulfide
interchange chemistry goes by an Sy2 or addition—elimination pathway, but what is known is
that it is the more nucleophilic thiolate that initiates this process.'®!"?'?7® As a result, thiol
acidity plays a vital role in developing new reagents. The reaction is second-order overall—first
order in both thiolate and disulfide.’* The observed rate of the exchange reaction between a thiol
and a disulfide bond will therefore be dependent on both the pK, of the thiol and the pH of the
solution. Consequently, it has been predicted—and shown experimentally—that for a maximum
observed rate, the thiol pK, of the reducing thiol should match the pH of the solution under
which the reaction will occur. These conditions provide the right balance between the amount of
thiolate present (low pK, is better) and its resulting nucleophilicity (high pK, is better).***’

Disulfide reduction potential (E°"), is another key property that needs to be assessed when
determining the efficacy of a compound as a reducing agent. In particular, high thermodynamic
stability of its oxidized form is a necessary attribute. In general, for efficient reduction, the
resulting disulfide £°' of the reducing thiol must be lower (more negative) than the E£°’ of the

disulfide that is to be reduced.>**



Because of their low cost, monothiols—such as [-mercaptoethanol (BME) and
cysteamine—are commonly used for the reductive unfolding of disulfide-containing proteins in
reducing SDS—PAGE and other biochemical applications. L-glutathione (GSH), on the other

hand, is a monothiol that is the most abundant non-protein thiol found in most cells.**"

It along
with its oxidized partner (L-glutathione®™ or GSSG) forms the chief redox buffer within the cell
and is responsible for its protection against oxidative stress.”> Still, as is the case with all
monothiols, these reagents are weakly reducing, with no real thermodynamic driving force—
other than Le Chatelier's principle—capable of perturbing the equilibrium of their reaction with
the disulfide of another molecule (Figure 1.2).* In general, the reduction of protein disulfides
with these monothiols often leads to incomplete reduction and the formation of mixed disulfide

intermediates (Figure 1.2). This detriment significantly deters their utility in buffered solutions

and in vitro applications where a strong reducing presence is required.

o © H
& ~OH HO s ™~0

e
H C)
@ S< OH
HgNngJLNjﬁ(O —_— H3N/g( \)'L jﬁ( HSN/Q( \)'L jﬁ(o + HO/\/ S/\/
0 H oo 1

Mixed Disulfide
Figurel.2 Mechanism for the reduction of a disulfide bond with BME (monothiol)

In response to this dilemma, in 1964, Cleland put forth dithiothreitol (DTT; Figure 1.4), a
dithiol capable of resolving mixed disulfides by forming a six-membered ring upon oxidation
(Figure 1.3).%* With a high effective concentration of reducing thiol (intramolecular ring-closing

reaction), the formation of an enthalpically stable ring (six-membered), and generation of two



products from a single mixed disulfide intermediate (entropically favored), DTT is a potent
disulfide-reducing agent with a disulfide E°’ of —0.327 V.**

The enthalpic stability of its oxidized form is a crucial factor in determining the
equilibrium for thiol—disulfide interchange reactions involving dithiols. The CSSC dihedral
angle in cyclic disulfides is often displaced from its optimal angle of 90°.* In six-membered
cyclic disulfides—such as DTT—this angle is 60°, whereas five-membered cyclic disulfides
possess a CSSC dihedral angle of 30°. Even though 1,3-dithiols have a higher effective
concentration of reducing thiol than do 1,4-dithiols, the more severe CSSC dihedral angle strain

render them less strongly reducing.zg’”’40

Larger rings, on the other hand, tend to possess CSSC
dihedral angles that are closer to what is ideal. These larger ring systems, however, suffer from
van der Waals strain and/or transannular strain.”® In general, dithiols that form six-membered
rings are the most strongly reducing (lowest disulfide £°'), providing the proper balance between
the high enthalpic stability of the incipient ring and the low entropic cost for its formation.

DTT is, however, not without a serious limitation. In addition to its high cost, DTT
possess thiol pK,s of 9.2 and 10.1 (Figure 1.4).** Therefore, at physiological pH, greater than
99% of the thiol groups of DTT are protonated and thus unreactive. As a result, several attempts

have been made to develop biologically compatible disulfide-reducing agents that sport lower

thiol pK, values in attempts to increase kinetic efficiency near neutral pH.
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Figure 1.3 Mechanism for the reduction of a disulfide bond with DTT (dithiol)

Whitesides and co-workers first reported on N,N'-dimethyl-N,N'-
bis(mercaptoacetyl)hydrazine (DMH; Figure 1.4) in 1991 as an alternative to DTT.” DMH has
thiol pK,s that have been estimated to be 8.0 and 9.1 and, as a result, was shown to reduce most
disulfide-bonds ~ 5—7 times faster than DTT at pH 7.0.2841 Yet, unlike DTT, DMH forms an
eight-membered ring upon oxidation, which significantly reduces its thermodynamic potency,
resulting in a disulfide £°' of -0.262 V.*!

In attempts to improve upon their initial work, Whitesides and co-workers next reported
on meso-2,5-dimercapto-N,N,N',N'-tetramethyladipamide (meso-DTA; Figure 1.4) and bis(2-
mercaptoethyl) sulfone (BMS; Figure 1.4).7* Once again, depressed thiol pK,s provided
enhanced kinetics for meso-DTA and BMS relative to DTT. In the case of meso-DTA, however,
it was found to only reduce disulfide bonds in proteins 2—5 fold faster than DTT, presumably
due to the fact that meso-DTA is a secondary thiol. Moreover, these steric constraints also
diminished its thermodynamic potency. Even though meso-DTA, like DTT, is capable of
forming a six-membered ring upon oxidation, unfavorable 1,3-diaxial interactions present in its

oxidized form severely hindered its reducing power (Figure 1.4).%’



BMS proved to be the most advantageous reagent developed by Whitesides, as it was

found to reduce disulfide bonds in proteins ~5—7 times faster than DTT and possessed a

thermodynamic potency that was superior to both DMH and meso-DTA.*

PKa
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Figure 1.4 Disulfide-reducing agents developed for chemical biology

Still, none of these reagents came even close to matching DTT in terms of

thermodynamic strength. In Chapters 2 and 4, I describe two novel reagents—DTBA and



BMMP—that I developed that were shown to be extremely efficacious at reducing disulfide-
bonds in both proteins and peptides.*'** Both DTBA and BMMP were shown not only to be
kinetically superior to DTT, but also to form cyclic disulfides with a similar stability, endowing
them with attributes that could allow either to supplant DTT as the preferred reagent for reducing

disulfide bonds in biomolecules.

1.4 Phosphorous Based Disulfide-Reducing Agents for Chemical Biology
O O
D PNy o

p\

0
TCEP

OH

Figure 1.5 Phosphorous-based disulfide-reducing agents

The use of phosphorous-based disulfide-reducing agents has been fruitful in many
biochemical applications.”®**" It has been known since the 1930's that trialkylphosphines can
reduce disulfides to thiols.* Nonetheless, high cost, odor, and lack of water solubility hindered
their use in the laboratory. This landscape changed in the 1990's with Whitesides' simple
synthesis of tris(2-carboxyethyl)phosphine (TCEP; Figure 1.5).”° TCEP has several advantages
over sulfur-based disulfide-reducing agents. Below pH 8.0, TCEP displays improved kinetics
and thermodynamic potency, quickly reducing disulfide bonds and doing so in an irreversible
fashion. Although TCEP is able to reduce disulfide bonds in many proteins, it does so at an

extremely slow rate. Due to the severe steric hindrance of the trivalent phosphine, it has been



reported that DTT can reduce the redox-active disulfide in Escherichia coli thioredoxin 117-fold

faster than TCEP!®

1.5 Immobilized Disulfide-Reducing Agents

Small-molecule reducing agents typically need to be maintained at mM concentrations
and their removal diminishes process efficiency and economy significantly. Hence, several
groups have attempted to develop supported disulfide-reducing agents that can be easily isolated,
recycled, and reused. Immobilized disulfide-reducing agents have typically relied on either
tris(2-carboxyethyl)phosphine (TCEP; Figure 1.5), which cannot be regenerated after use, or
dihydrolipoic acid (DHLA), where the hydrophobic nature of DHLA can result in the non-
specific binding of certain proteins.”>** In addition, few immobilized reagents have been
shown to be effective at reducing disulfide bonds in large biomolecules as their size precludes
them from accessing the reducing sites on the resin.***=%** I envisioned that the amino group on
DTBA would allow for its facile conjugation to any insoluble resin or surface. Moreover, I
predicted that the hydrophilic nature of DTBA and its ability to be regenerated and reused would
result in its immobilized form being a cost-effective and green alternative to current practices. In
Chapter 3 of this thesis, I discuss the synthesis of immobilized DTBA as well as its application

as a disulfide-reducing agent in chemical biology.>
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1.6 Catalysts for Thiol—Disulfide Interchange Chemistry

Several compounds have been tested for their ability to act as catalysts of thiol—disulfide
interchange chemistry.”® To date, only selenols have been shown unequivocally to provide
significant enhancements in the overall rate.”>

Selenols serve as effective catalysts only for exchange reactions involving strongly
reducing dithiols. For example, the observed rate for the reduction of BME®* with DTT in neutral
water is enhanced by a factor of 15 in the presence of 5 mol% selenocystamine.”’ Diselenides
typically have E°’ values that are 0.15 V lower than those of analogous disulfides.’”**
Consequently, thiol—disulfide interchange reactions involving weakly reducing monothiols are
not catalyzed by selenols, because these disulfides only facilitate the oxidation of selenols to
diselenides.’’

Selenium has physicochemical properties that are similar to sulfur. Yet, selenols manifest
several desirable attributes as catalysts for these exchange reactions.'"**** Selenols have pK,
values that are typically three units lower than their corresponding thiol congener. This, along
with the weak solvation and high polarizability of the resulting selenolate anion, significantly
enhances their nucleophilicity near neutral pH and their ability to operate as a leaving group.”’ In
addition, reactions with selenium as the electrophile can be 10* times faster than those with
sulfur as the electrophile.®® All of these factors enable selenols and diselenides to serve as
efficient catalysts of thiol—disulfide interchange reactions.

In addition to diselenides, strained cyclic disulfides have also been shown to serve as

catalysts for thiol—disulfide exchange reactions.’™ It has been known that cyclic five-

membered disulfides undergo ring-opening reactions with rate constants that are 10°-fold larger
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than those for the opening of six- or seven-membered rings, providing a rationalization for the
evolutionary selection of lipoamide (cyclic five-membered disulfide) as a cofactor in 2-oxo acid

18,40,81
dehydrogenase complexes.

In Chapter 3, I show that medium-sized 10-membered cyclic
disulfides are also reduced at a much faster rate than are strain-free cyclic and acyclic disulfides.

Their role as a catalyst in the presence of immobilized DTBA allowed for the biomimetic

reduction of otherwise inaccessible disulfide bonds in proteins.”

1.7 Catalysts for Protein Folding
Disulfide bonds are essential for the function and stability of many extracellular
proteins.”'**>* The formation of native disulfide bonds limits their folding, as non-native
disulfides must be isomerized in order to achieve proper cysteine pairings. Therefore, it is not
surprising that this crucial step is an enzyme-mediated process in vivo. Proteins with multiple
cysteine residues tend to initially form disulfide bonds in a random and nonspecific fashion. It is
the job of protein disulfide isomerase (PDI)—a 57 kDa enzyme located in the endoplasmic
reticulum (ER) of eukaryotic cells—to reshuffle non-native disulfides until native linkages are
formed 284100
PDI contains two CGHC active site motifs that are responsible for disulfide
isomerization.*”'""'® The mechanism involves thiol—disulfide interchange chemistry that is
initiated by the nucleophilic attack of a PDI active-site thiolate on a non-native protein-disulfide
bond (Figure 1.6). This attack generates a mixed disulfide between PDI and its substrate protein

while also generating a new substrate thiolate that is free to induce further isomerization until its

proper fold is achieved.
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PDI contains optimal physicochemical properties for facilitating disulfide bond
isomerization in cellulo. With a low thiol pK, (6.7) and a high disulfide £°' (=0.18 V), it can be
can be calculated that roughly 33% of PDI active sites will contain a reactive thiolate species in
the ER.*'**'% Moreover, the relatively high (less negative) reduction potential ensures that
disulfide bond isomerization—rather than disulfide bond reduction—will take place as the second
active-site cysteine is merely there to rescue itself from any prolonged mixed disulfide

intermediates (Figure 1.6).

Non-native
3
—_ S| S—S
S—=§ 3
S—S «— S-S
Native

Figure 1.6 Putative mechanism of PDI-catalyzed disulfide bond isomerization

The production of proteins by recombinant DNA technology is a core practice in

biotechnology. The in vivo overexpression of proteins typically results in the formation of
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protein aggregates called inclusion bodies, which must be denatured and resolubilized before
being folded properly.'®'"” With nearly all protein-based pharmaceuticals containing disulfide

108,109 The consistent

bonds, the use of catalysts that can facilitate their folding is of great interest.
use of PDI for in vitro protein folding, however, is not practical due to its high cost, instability,
and difficulty in separation from substrate proteins of interest. As a result, much work has gone
into the development of small molecule catalysts that can mimic the properties and effects of this
essential protein.

In general, most small-molecule PDI mimics have focused on mimicking the
physicochemical properties of the two CGHC active sites. Therefore, aromatic thiols and
selenium-based catalysts have found widespread use due to their potent nucleophilicity at
physiological pH.>*01:63:6485110-116 x5 and CXC peptides that mimic the high disulfide E°’ of
PDI, while still containing a second thiol in order to reduce the build-up of mixed disulfide
intermediates, have also been employed with modest success.''’"" In Chapter 5, I describe the
development of a series of novel PDI mimics that include various hydrophobic moieties in order
to emulate the substrate-binding capabilities of PDI. I demonstrate that increased hydrophobicity

appears to enhance both the observed rate of folding as well as the overall yield of properly

folded protein with native disulfide bonds.

1.8 Conclusions
Thiol—disulfide interchange chemistry is a reversible process that readily takes place under
biological conditions: in water, at physiological pH, and at room temperature. The process is extremely

important in regulating both the structure and function of numerous biomolecules. As a result, small-
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molecules that mediate this important process have found widespread use for common biochemical
practices such as the reduction, isomerization, or formation of disulfide bonds, as well as maintaining

intracellular redox homeostasis.
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Chapter 2*: A Potent, Versatile Disulfide-Reducing Agent from Aspartic Acid

2.1 Abstract

Dithiothreitol (DTT) is the standard reagent for reducing disulfide bonds between and
within biological molecules. At neutral pH, however, >99% of DTT thiol groups are protonated
and thus unreactive. Herein, we report on (2S)-2-amino-1,4-dimercaptobutane (dithiobutylamine
or DTBA), a dithiol that can be synthesized from L-aspartic acid in a few high-yielding steps that
are amendable to a large-scale process. DTBA has thiol pK, values that are ~1 unit lower than
those of DTT and forms a disulfide with a similar £°’ value. DTBA reduces disulfide bonds in
both small molecules and proteins faster than does DTT. The amino group of DTBA enables its
isolation by cation-exchange and facilitates its conjugation. These attributes indicate that DTBA

is a superior reagent for reducing disulfide bonds in aqueous solution.

2.2 Author Contributions

R.T.R. proposed the use of DTBA as a disulfide-reducing agent. J.C.L. synthesized and
characterized DTBA. M.J.P. established protocols for enzyme assays and taught J.C.L. how to
perform and analyze enzyme kinetics. M.J.P. assisted with separation of DTBA using an ion-
exchange resin. J.C.L. performed all other experiments and drafted the original manuscript and
figures. J.C.L., M.J.P., and R.T.R. planned experiments, analyzed data, and edited the manuscript

and figures.
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*This chapter has been published, in part, under the same title. Reference: Lukesh, J. C., III;
Palte, M. J.; Raines, R. T. J. Am. Chem. Soc. 2012, 134, 4057—-4059 (Highlighted in Chemical &

Engineering News. 90(10). March 5, 2012).
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2.3 Introduction

Approximately 20% of human proteins are predicted to contain disulfide bonds between
cysteine residues.'?” Small-molecule thiols can reduce these (and other) disulfide bonds, thereby
modulating biomolecular function.>'***272%324-121 The reaction mechanism involves thiol—

disulfide interchange initiated by a thiolate,'’?'343¢:122-124

The ensuing mixed disulfide can
become trapped if the reagent is a monothiol, such as f-mercaptoethanol (BME). To overcome
this problem, Cleland developed racemic (28S,3S)-1,4-dimercaptobutane-2,3-dithiol
(dithiothreitol or DTT; Table 2.1), a dithiol that resolves a mixed disulfide by forming a six-
membered ring.?*'* DTT is a potent reducing agent (E°' = —0.327 V), and has been the
preferred reagent for the quantitative reduction of disulfide bonds for decades, despite its high
cost.

At physiological pH, DTT is a sluggish reducing agent. The reactivity of a dithiol is
governed by the lower of its two thiol pK, values.’* With its lower thiol pK, value being 9.2
(Table 2.1), <1% of DTT resides in a reactive thiolate form at pH 7.0.

We sought to develop a nonracemic dithiol with low thiol pK, and disulfide E°".
Moreover, we sought a reagent that could be accessed in high yield from an inexpensive source.
We envisioned that (2S)-2-amino-1,4-dimercaptobutane (dithiobutylamine or DTBA; Table 2.1)

could fulfill our physicochemical criteria, and be synthesized from L-aspartic acid, which is an

. . 1 126,12
abundant amino acid.!?%!?’
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Thiol pK, Disulfide Reduction Potential (E°")
OH
HS™ > 9.61 0.196
BME
hg N2 8.37° ~0.203 VP
cysteamine
OH
~__SH
HS Y N 9.2 (10.1)¢ -0.327 Ve
OH
DTT (racemate)
S SH
HS™ 82+0.2(9.3+0.1) (-0.317 + 0.002) Vf
NH,
DTBA

Table 2.1 Physical properties of disulfide-reducing agents. “Value is from ref 5. ®Values are from
ref 27. “Value is from 42. “Values are from ref 34. “Value is from ref 38. "Values are the mean +
SE from this work.
2.4 Results and Discussion

We accessed DTBA via the two routes depicted in Scheme 2.1. A five-step route
commenced with the esterification of the amino acid and protection of its amino group.
Reduction with lithium aluminum hydride yielded a diol, which was subjected to Mitsunobu
conditions to install the requisite sulfur functionality.'*® Deprotection gave DTBA as its HCI salt
in 99% purity and an overall yield of 60%. A six-step route that avoids generation of
triphenylphosphine oxide, a recalcitrant byproduct of the Mitsunobu reaction,'”® provided
DTBA-HCI in an overall yield of 56%. In both routes, the product of every step is a white solid.

DTBA has desirable physicochemical properties. Its HCI salt is a nearly odorless white
solid with high solubility in water. Using a pH-titration monitored by ultraviolet

spectroscopy,''®'* we determined the thiol pK, values of DTBA to be 8.2 + 0.2 and 9.3 + 0.1
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(Figure 2.3; Table 2.1). These values are ~1 unit lower than those of DTT. This difference is
comparable to that between cysteamine and PME, and likely results from the strong Coulombic
and inductive effects of the protonated amino group. By equilibrating reduced DTBA with
oxidized DTT and using HPLC to quantify reduced and oxidized species, we found the reduction
potential of oxidized DTBA to be E°' = (=0.317 + 0.002) V (Figure 2.4; Table 2.1). This E°’
value is slightly more than that of DTT, consistent with more acidic thiols forming less stable
disulfide bonds'®' and with the preorganization of DTT for disulfide-bond formation by its

hydroxyl groups, which can form an intramolecular hydrogen bond and manifest a gauche effect.

1. SOCl,, MeOH e}

o 2. (Boc),0, NaHCO, O
o4  CHCLM,0 0"
HO™ ™y ——————— O NH O
r:le 5 92% (2 steps) 73’
L-aspartic acid ><
LiAH
Et204l82%
9 PPhj, DIAD OH
)J\S/\;/\/S |-|r?_|;.'\:c HO/\%/\/
Ox_NH o} — OYNH
Y 81% 5
X° x
KSAc
18-crown-6
HCIl MsCl, NEt3l .
guant DMF 86%
MeOH DCM
-h
M
HS/V\/SH MSO/\\E/\/O s
NH,-HCI OYNH

DTBA-HCI xo

Scheme 2.1 Synthetic route to DTBA

DTBA is an efficacious reducing agent for disulfide bonds in small molecules. We found

that DTBA reduces the disulfide bond in oxidized BPME 3.5-fold faster than does DTT at pH 7.0,
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and 4.4-fold faster at pH 5.5 (Figure 2.1A). These rate accelerations are commensurate with the
lower thiol pK, of DTBA. At pH 7.0, DTBA reduces oxidized L-glutathione 5.2-fold more
rapidly than does DTT (Figure 2.1B). As oxidized L-glutathione has a net charge of —2 near

neutral pH, a favorable Coulombic interaction could contribute to this higher rate acceleration.

A 280 —
@ DTBA, pH 7.0
= - DTBA, pH 5.5
s B ODTT,pH 7.0
= 260 DTT,pH 5.5
1
g_‘. B
Z 240
o L
5}
N
T 220
>
S, L
200 -
| L | L | |
0 100 200
B _
= @ DTBA, pH 7.0
= 600 — ODTT,pH 7.0
T 5
O 500 -
9 N
£
® 400
=
= 5
B 300 —
N
5 5
5 200
= L L | ' | L | ' | L |
0 100 200 300 400 500
Time (s)

Figure 2.1Time-course for the reduction of a mixed disulfide in small molecules by DTBA and
DTT in 50 mM potassium phosphate buffer. (A) Reduction of oxidized PME; kPT54 /| DIT = 3 5

obs obs
at pH 7.0; kPTBA /DTT — 4 4 at pH 5.5. (B) Reduction of oxidized L-glutathione; k2T54 /k2TT =
5.2 atpH 7.0.
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Figure 2.2 Time-course for the reduction of a mixed disulfide in enzymatic active sites by DTBA
and DTT in 0.1 M imidazole—HCI buffer, pH 7.0, containing EDTA (2 mM). (A) Reduction of
papain-Cys35—S—S—CHs; kPB4 /g PTT — 14, (B) Reduction of creatine kinase-Cys283—S—S—L-

glutathione; k2T54 /kPTT = 1.1, Insets: Electrostatic potential maps with red = anionic and blue =

cationic, as generated by the program PyMOL (Schrodinger, Portland, OR) using PDB entries
1ppn'*® and 2crk'**.

DTBA is also an efficacious reducing agent for disulfide bonds in proteins. A cysteine
residue resides within the active site of papain (Cys25) and near that of creatine kinase (Cys283).

Forming a mixed disulfide with those cysteine residues is known to eliminate their enzymatic

14,130,131

activities. These two enzymes differ, however, in the electrostatic environment of their

active sites. The active site of papain is hydrophobic like its substrates, though there is an anionic
region nearby (Figure 2.2A)."**'* In contrast, the active site of creatine kinase is cationic,

complementary to its anionic substrates (Figure 2.2B)."**"*” We found that DTBA reduces a
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disulfide bond in the hydrophobic/anionic active site of papain 14-fold faster than does DTT
(Figure 2.2A). In contrast, the two reagents reduce a disulfide bond near the cationic active site

of creatine kinase at a similar rate.

2.5 Conclusions

The amino group of DTBA confers additional benefits. For example, a disulfide-reducing
agent that can be readily isolated, regenerated, and reused incurs less cost and generates less
waste. ¥ Moreover, extraneous disulfide bonds absorb light at 280 nm, which can confound
standard measurements of protein concentration.'*® We reasoned that DTBA could be isolated by
its absorption to a cation-exchange resin. Indeed, >99% of DTBA (but <1% of DTT) was
removed from a sodium phosphate buffer, pH 8.0, upon addition of Dowex 50 resin. We also
note that the amino group of DTBA enables its covalent attachment to a soluble molecule, resin,
or surface by simple reactions, such as reductive amination (which preserves the cationic charge)
or N-acylation. We conclude that the attributes of DTBA could enable it to supplant DTT as the

preferred reagent for reducing disulfide bonds in biomolecules.
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2.7 Materials and Methods

2.7.1 General

Commercial reagents were used without further purification. Dithiothreitol (DTT) was
from Research Products International (Mt. Prospect, IL). Bis(2-mercaptoethyl)sulfone (BMS)
was from Santa Biotechnology (Santa Cruz, CA). Papain (lyophilized powder from papaya
latex), creatine kinase Cruz (lyophilized powder from rabbit muscle), hexokinase (lyophilized
powder from Saccharomyces cerevisiae), glucose-6-phosphate dehydrogenase (ammonium
sulfate suspension from baker’s yeast), N,-benzoyl-L-arginine-4-nitroanilide hydrochloride, (S)-
methyl methanethiosulfonate (Kenyon’s reagent), trans-4,5-dihydroxy-1,2-dithiane (oxidized
DTT), oxidized L-glutathione, oxidized 2-mercaptoethanol, and DOWEX 50WX4-400 ion-
exchange resin were from Sigma Chemical (St. Louis, MO). Bis(2-mercaptoethyl) sulfone
disulfide (oxidized BMS) was synthesized as reported previously.”

All glassware was oven or flame-dried, and reactions were performed under N(g) unless
stated otherwise. Dichloromethane, diethyl ether, and tetrahydrofuran were dried over a column
of alumina. Dimethylformamide and triethylamine were dried over a column of alumina and
purified further by passage through an isocyanate scrubbing column. Flash chromatography was
performed with columns of 40-63 A silica, 230-400 mesh (Silicycle, Québec City, Canada).
Thin-layer chromatography (TLC) was performed on plates of EMD 250-um silica 60-F,s4. The
term “concentrated under reduced pressure” refers to the removal of solvents and other volatile
materials using a rotary evaporator at water aspirator pressure (<20 torr) while maintaining the

water-bath temperature below 40 °C. Residual solvent was removed from samples at high
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vacuum (<0.1 torr). The term “high vacuum” refers to vacuum achieved by a mechanical belt-
drive oil pump. "H NMR spectra were acquired at ambient temperature with a Bruker DMX-400
Avance spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM) and
referenced to TMS or residual protic solvent. >°C NMR spectra were acquired with a Varian
MercuryPlus 300 and referenced to residual protic solvent. Electrospray ionization (ESI) mass
spectrometry was performed with a Micromass LCT at the Mass Spectrometry Facility in the
Department of Chemistry at the University of Wisconsin—Madison. Ellman’s assay for sulthydryl
groups was performed with a Varian Cary 50 Bio UV—-Vis spectrophotometer. UV absorbance
spectra of oxidized DTBA and oxidized DTT were acquired with a Varian Cary 300 Bio UV—Vis
spectrophotometer. Thiol pK, values were determined by using a Varian Cary 50 Bio UV-Vis
spectrophotometer. Equilibrium, reduction potential, and kinetic studies on peptides and small
molecules were performed on an analytical HPLC (Waters system equipped with a Waters 996
photodiode array detector, Empower 2 software and a Varian CI18 reverse phase column).
Kinetic studies on proteins were carried out using a Varian Cary 300 Bio UV—Vis spectrometer

with a Cary temperature controller.

2.7.2 Chemical Synthesis

1. SOCl,, MeOH
0 2. (Boc),O, NaHCO;4 O
HO)J\/\WOH CH,Cly/H,0 \O)K_/\WO\
NH, O 92% (2 steps) OYNH o

L-aspartic acid 0]
21

L-Aspartic acid (5.002 g, 37.58 mmol) was added to an oven-dried round-bottom flask

and placed under an atmosphere of dry N»(g). The starting material was then dissolved partially
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with 60 mL of anhydrous methanol, and the mixture was cooled to 0 °C. Once the desired
temperature was reached, thionyl chloride (8.2 mL, 110 mmol) was added drop-wise. After the
addition was complete, the reaction mixture became homogenous, and was warmed slowly to
room temperature and left to stir for 14 h. The reaction mixture was then concentrated under
reduced pressure, and the resulting diester was dissolved in 150 mL of DCM and 100 mL of
water. To this biphasic solution was added sodium bicarbonate (4.212 g, 50.14 mmol) and di-#-
butyl dicarbonate (9.841 g, 45.09 mmol), and the reaction mixture was heated at reflux for 4 h.
After the reaction was confirmed to be complete by TLC, the reaction mixture was allowed to
cool to room temperature. The organic layer was separated, and the aqueous layer was extracted
three times with 150 mL of DCM. The organic extracts were combined, washed with 250 mL of
saturated NaCl(aq), dried over MgSQO4(s), and concentrated under reduced pressure. Flash
chromatography (35% v/v ethyl acetate in hexanes) was used to isolate 2.1 as a white solid

(9.080 g, 92%, 2 steps).

'H NMR (400 MHz, CDCl3) § = 5.49 (d, J = 8.3 Hz, 1H), 4.60-4.57 (m, 1H), 3.76 (s,
3H), 3.70 (s, 3H), 3.01 (dd, J = 17, 4.4 Hz, 1H), 2.83 (dd, J = 17.0, 4.7), 1.45 (s, 9H); *C NMR
(75 MHz, CDCLy) § = 171.6, 171.5, 155.5, 80.3, 52.8, 52.1, 50.0, 36.8, 28.4; HRMS (ESI)

calculated for [C11H19NO6N21]+ (M+Na+) requires m/z = 284.1105, found 284.1113.
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~ e} LiAIH,4 OH
O)KE/\[( ~ Et,0 Ho/\/\/

> 0]

OY NH O 290, YIEIH

\{/O 21 \i/o 2.2
An oven-dried round-bottom flask was charged with lithium aluminum hydride (0.870 g,
22.9 mmol) and placed under an atmosphere of dry N»(g). The flask was cooled to 0 °C in an ice
bath, and 100 mL of anhydrous diethyl ether was added. In a separate dry round-bottom flask,
compound 2.1 (2.021 g, 7.735 mmol) was dissolved in 50 mL of anhydrous diethyl ether.
Sonication was required to make the solution completely homogenous. The ester was then added
drop-wise to the reaction mixture. Once the addition was complete, the reaction mixture was
stirred at 0 °C for an additional 30 min, warmed to room temperature, and allowed to react for an
additional 2 h. Subsequently, the reaction mixture was quenched at 0 °C by the slow, sequential
addition of 0.87 mL of water, 0.87 mL of 15% w/w NaOH, and 2.6 mL of water. The mixture
was left to stir at room temperature for 1 h. The aluminum salts were collected by vacuum
filtration, and subjected to continuous solid-liquid extractions with dichloromethane using a
Soxhlet apparatus. The organic extracts and the original organic filtrate were combined and
concentrated under reduced pressure. Flash chromatography (ethyl acetate) was used to isolate
2.2 as a white solid (1.310 g, 82%). Compound 3 had been prepared from L-aspartic acid by a

different route.'”’

"H NMR (400 MHz, DMSO-ds) 6 = 6.46 (d, J = 8.8 Hz, 1H), 4.56 (t, J = 5.7 Hz, 1H),
4.34 (t,J=5.1 Hz, 1H), 3.46-3.37 (m, 3H), 3.32 (dt, /= 10.6, 5.4 Hz, 1H), 3.23 (dt, J=10.6, 5.9

Hz, 1H), 1.69-1.61 (m, 1H), 1.45-1.37 (m, 1H), 1.37 (s, 9H); *C NMR (75 MHz, CDCls) ¢ =



27

157.2, 80.1, 65.4, 58.9, 49.5, 35.0, 28.5; HRMS (ESI) calculated for [CoH;oNO,Na]" (M+Na")

requires m/z = 228.1207, found 228.1201.

PPhs, DIAD, HSA
Ho > >N S )J\S/\:/\/ g
OY 81% OYNH 0]
23

oo £

A dry round-bottom flask was charged with triphenylphosphine (1.711 g, 6.523 mmol)

2
T

and placed under an atmosphere of dry N»(g). Anhydrous THF (27 mL) was then added, and the
solution was placed in an ice bath and cooled to 0 °C. Diisopropyl azodicarboxylate (1.3 mL,
6.6 mmol) was added drop-wise to the flask. Once the addition was complete, the reaction
mixture was allowed to stir for an additional 20 min. Compound 2.2 (0.559 g, 2.72 mmol) in
10 mL of dry THF and thioacetic acid (0.47 mL, 6.6 mmol) was then added with stirring. The
reaction mixture was stirred at 0 °C for 1 h, and then at room temperature for 16 h. (Longer
reaction times resulted in lower yields.) The mixture was concentrated under reduced pressure.
Flash chromatography (30% v/v ethyl acetate in hexanes) was used to isolate 2.3 as a white solid

(0.711 g, 81%). Compound 2.3 had been prepared from L-aspartic acid by a different route.'?’

'H NMR (400 MHz, CDCls) § = 4.59 (d, J= 7.9 Hz, 1H), 3.85-3.76 (m, 1H), 3.12-2.95
(m, 3H), 2.82 (ddd, J = 13.7, 8.5, 7.1 Hz, 1H), 2.36 (s, 3H), 2.33 (s, 3H), 1.84-1.75 (m, 1H),
1.74-1.64 (m, 1H), 1.44 (s, 9H); *C NMR (75 MHz, CDCls) § = 195.9, 195.6, 155.6, 79.7,
50.1, 34.5, 33.8, 30.73, 30.71, 28.5, 25.9; HRMS (ESI) calculated for [C13H;sNO4S,Na]"

(M+Na") requires m/z = 344.0961, found 344.0962.
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0 HCl
PN . /\/\/S\[( MeOH o~ ~_-SH

quant NH3C|@
®

2.4 (DTBA
\ko 23 ( )

Compound 2.3 (0.601 g, 1.87 mmol) was added to a flame-dried round-bottom flask
under dry Nj(g). Anhydrous methanol (20 mL) was added, followed by 10 mL of 3 N HCI in
methanol. The reaction mixture was heated at reflux for 4 h, concentrated under reduced
pressure, and stored in vacuo with P,Os and KOH for 48 h. (Scratching the bottom of the flask
facilitated crystal formation.) Compound 2.4 (DTBA-HCI) was rinsed with cold toluene, and
isolated by vacuum filtration as a white solid (0.320 g, quant). DTBA made in this manner was
determined to be 99% pure according to Ellman’s assay for sulthydryl groups (vide infra).

"H NMR (400 MHz, DMSO-ds) 6 = 8.29 (s, 3H), 3.34-3.32 (m, 1 H), 2.96 (t, J = 8.7
Hz, 1H), 2.81-2.75 (m, 2H), 2.60-2.56 (m, 3H), 1.95-1.86 (m, 2H); *C NMR (75 MHz,
DMSO-dg) 6 = 51.2, 35.0, 26.0, 19.6; HRMS (ESI) calculated for [C4H;NS,]" (M") requires m/z

= 138.0406, found 138.0405.

oy MsCl EtsN
HO™ > DCM MsO

OYIiIH 86% OY

\ko - \ko

A dry round-bottom flask was charged with 2.2 (1.178 g, 5.739 mmol) and placed under

®)]
=
n

!\, Zin
() I

dry N»(g), Anhydrous DCM (125 mL) was then added, and the solution was cooled to 0 °C.

Triethylamine (4.0 mL, 29 mmol) was added, followed by slow drop-wise addition of
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methanesulfonyl chloride (MsCl) (1.0 mL, 13 mmol). After stirring at 0 °C for 30 min, the
reaction mixture was allowed to warm slowly to room temperature and left to react for an
additional 30 min. The reaction mixture was quenched by the addition 100 mL of water, and
extracted with DCM. The combined organic extracts were washed with brine, dried over
MgSO4(s), and concentrated under reduced pressure. Flash chromatography (60% v/v ethyl
acetate in hexanes) was used to isolate 2.5 as a white solid (1.782 g, 86%).

"H NMR (400 MHz, CDCl3) 6 = 4.81 (d, J= 9.7 Hz, 1H), 4.39-4.26 (m, 4H), 4.10-4.05
(m, 1H), 3.06 (s, 3H), 3.05 (s, 3H), 2.13-1.96 (m, 2H), 1.48 (s, 9H); *C NMR (75 MHz,
CDCl3) 6 = 155.4, 80.6, 71.0, 66.3, 47.0, 37.7, 37.6, 31.2, 28.5; HRMS (ESI) calculated for

[C11H23NOgS,Na]" (M+Na") requires m/z = 384.0758, found 384.0775.

KSAc
OM 18-crown-6 )J\ s
MsO™ > NS DMF s \[(
OY 87% OY NH (@]
2.5 2.3

Compound 2.5 (0.610 g, 1.688 mmol), potassium thioacetate (0.482 g, 4.22 mmol), and

Zn
T

18-crown-6 (1.351 g, 5.111 mmol) were added to a dry round-bottom flask and dissolved with
150 mL of anhydrous DMF. The reaction mixture was stirred under dry N,(g) for 24 h. The
DMF was removed under reduced pressure. Flash chromatography (30% v/v ethyl acetate in
hexanes) was used to isolate 2.3 as a white solid (0.475 g, 87%). Compound 2.3 had been

prepared from L-aspartic acid by a different route.'*’
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'"H NMR (400 MHz, CDCl3) 6 = 4.59 (d, J = 7.9 Hz, 1H), 3.85-3.76 (m, 1H), 3.12-2.95
(m, 3H), 2.82 (ddd, J = 13.7, 8.5, 7.1 Hz, 1H), 2.36 (s, 3H), 2.33 (s, 3H), 1.84-1.75 (m, 1H),
1.74-1.64 (m, 1H), 1.44 (s, 9H); *C NMR (75 MHz, CDCl) 6 = 195.9, 195.6, 155.6, 79.7,
50.1, 34.5, 33.8, 30.73, 30.71, 28.5, 25.9; HRMS (ESI) calculated for [Ci3H;sNO,S,Na]"

(M+Na") requires m/z = 344.0961, found 344.0962.

o KOH s/S
MeOH Q

e G A
OYNH o} 94% OYNH

0
\{/o 2.3 \{/ 2.6

Compound 4 (0.482 g, 1.50 mmol) and potassium hydroxide (0.340 g, 6.06 mmol) were
dissolved in 50 mL of methanol, and the resulting solution was stirred for 16 h while bubbling a
light stream of air through the solution. The methanol was removed under reduced pressure, and
the mixture was extracted with DCM, washed with brine, and dried over MgSQu(s). Flash
chromatography (20% v/v ethyl acetate in hexanes) was used to isolate 7 as a white solid
(0.331 g, 94%).

"H NMR (400 MHz, DMSO-dg) 6 = 7.08 (d, J = 7.9 Hz, 1H), 3.53-3.41 (m, 1H), 3.07—
3.01 (m, 1H), 2.91-2.85 (m, 2H), 2.60 (dd, J = 13.0, 10.5 Hz, 1 H), 2.08-2.03 (m, 1H), 1.67-
1.57 (m, 1H), 1.38 (s, 9H); *C NMR (75 MHz, DMSO-dq) 6 = 155.2, 78.7, 49.3, 37.9, 34.9,
34.5, 28.9; HRMS (ESI) calculated for [C9H17NOQSQ]+ (M+) requires m/z = 258.0593, found

258.0602.
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o
o) ®
2.6 2.7 (DTBA®)

Compound 2.6 (0.402 g, 1.71 mmol) was added to a round-bottom flask. Anhydrous
methanol (20 mL) was added, followed by 10 mL of 3 N HCI in methanol. The reaction mixture
was heated at reflux for 4 h under N,(g), concentrated under reduced pressure, and stored in
vacuo with P,Os and KOH for 24 h. (Scratching the bottom of the flask facilitated crystal
formation.) Compound 2.7, oxidized DTBA-HCI, was isolated as a white solid (0.289 g, quant).

"H NMR (400 MHz, DMSO-ds) 6 = 8.29 (s, 3H), 3.43-3.37 (m, 1H), 3.15-3.08 (m, 2H),
3.02-2.96 (m, 1H), 2.88 (dd, J = 13.1, 10.6 Hz, 1H), 2.32-2.28 (m, 1H), 1.85-1.77 (m, 1H); *C
NMR (75 MHz, DMSO-ds) 6 = 48.7, 34.6, 32.8, 31.5; HRMS (ESI) calculated for [C4H;oNS,]"

(M) requires m/z = 136.0250, found 136.0249.

2.7.3 Purity of DTBA assessed by Ellman's assay for sulfhydryl groups

A reaction buffer (0.10 M sodium phosphate buffer, pH 8.0, containing 1 mM EDTA)
was prepared by the Pierce protocol. Ellman’s reagent solution was primed by adding Ellman’s
reagent (4 mg) to 1 mL of the reaction buffer. A 2.50 x 10 M solution of DTBA was then
prepared using the reaction buffer. Ellman’s reagent solution (50 pL) was added to each of two
vials containing 2.5 mL of reaction buffer. Reaction buffer (250 pL) was added to one of these
vials, and its absorbance at 412 nm was used as a blank. DTBA solution (250 pL) was added to

the other vial. After 10 min, its absorbance at 412 nm was recorded. Using Beer’s law (¢ =
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Al(e'l) with 4 = 0.623, [ =1 cm, and ¢ = 14,150 M 'cm™") gave a thiol concentration of 4.40 x
107> M. Because DTBA contains two thiol groups, the assay solution had a DTBA concentration
of 2.20 x 107° M. Accounting for dilution and using the equation M;-V; = M, V,, where V| =
250 x 10* L, M, =220 x 10° M, and V>, =2.8 x 10 L, yielded M; = 2.46 x 10 M and thus a
DTBA purity of (2.46 x 107 M)/(2.50 x 10~ M) x 100% = 98.4%. Three repetitions of this
assay gave (99 + 1)% purity. This assay revealed that commercial DTT and BMS had >98%

purity.

2.7.3 Determination of thiol pK, values

The thiol pK, values of DTBA were determined by measuring its absorbance at 238 nm
in solutions of various pH. The deprotonated thiolate absorbs much more strongly at 238 nm than
does its protonated counterpart.'” This attribute was exploited for determining thiol pK, values
as described previously.116 Buffered stock solutions of K3PO4, K;HPO4, and KH,PO4 (100 mM)
were degassed and flushed with Ny(g) for 1 h immediately prior to use. A stock solution of
DTBA (1.5 mM) in KH,PO4 was then prepared. Various combinations of the buffered stock
solutions were combined in duplicate to give two identical sets of 1-mL solutions of pH 5.5-11.
KH,POy4 stock solution (70 pL) was added to each replicate pair of solutions and used to set the
A»zss to zero. Dithiol solution (70 puL) was then added to its complementary 1-mL vial, and its
absorbance at 238 nm was recorded. The pH of the solution was then immediately measured
using a Beckman pH meter, which had been calibrated prior to use with pH 7 and pH 10 standard
solutions from Fisher Scientific. This process was repeated multiple times to obtain a plot of 4,35

vs pH (Figure 2.3).
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pK, values were determined by fitting the data in Figure 2.3 to eq 2.1, which is derived

116

from Beer’s law and the definition of the acid dissociation constant.” ~ In eq 2.1, Cr is total thiol

concentration, &55 is the extinction coefficient of the doubly protonated form, €5 is the
extinction coefficient of the singly protonated form, and &5~ is the extinction coefficient of the

unprotonated form. Both pKj, values and extinction coefficients were determined from the curve

fit with the program Prism 5.0 (GraphPad Software, La Jolla, CA).

1.0
0.8
0.6

238
0.4

0.2

0.0

Figure 2.3 Effect of pH on absorbance at 238 nm of DTBA (0.10 mM) in 0.10 M potassium
phosphate buffer. Fitting the data to equation 2.1 yielded pK, values of 8.2 + 0.2 and 9.3 + 0.1,
and extinction coefficients of extinction coefficients of £5f; = 83.27 M em™, &5y =3436 M~

'em™, and €57 =9169 M 'em ™" with > 0.99.

S™ 1 (PH-PK2 S SH 1 K, —pH
& 10 + &gy +Egy 10

loprpKaz +1+10pKarpH
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2.7.4 Reduction potential of DTBA

The reduction potential (E°") of DTBA was determined by using HPLC to determine the
equilibrium constant for its reaction with oxidized DTT (eq 2.2), and then inserting this value
into a variation of the Nernst equation (eq 2.3).” Data were obtained by a procedure similar to
that described previously.”!'® DTBA (10.5 mg, 0.06 mmol) and oxidized DTT (9.2 mg,
0.06 mmol) were added to a 25-mL round-bottom flask. The flask was then flushed with N(g)

for 30 min.

_ [DTT][oxidized DTBA] _  [DTT] 2.2)
“  [DTBA][oxidized DTT] [oxidized DTT]*
, o RT DTTT
Eppa*'=Epr”——=1n [ ] (2.3)

nF  [oxidized DTT]

A 50 mM stock solution of potassium phosphate buffer (pH 7) was degassed and purged
with Nj(g) for 30 min immediately prior to use. Buffer (15 mL) was added, and the reaction
mixture was stirred under Nj(g) for 24 h at room temperature. The reaction mixture was then
quenched by the addition of 3 N HCI (1:100 dilution). The reaction mixture was passed through
a 4.5-um filter, and 100 pL of the reaction mixture was analyzed immediately by HPLC using a
Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software, and
a Varian C18 reverse-phase column. The column was eluted at 1.0 mL/min with water (5.0 mL),
followed by a linear gradient (0—40% v/v) of acetonitrile/water over 40 min. Compounds were

detected by their absorbance at 205 nm. Reduced and oxidized DTBA are highly polar and elute
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from the column immediately (as confirmed by LC-MS). Two peaks, however, were clearly
visible in the chromatogram (Figure 2.4). HPLC analysis of standards revealed that the two
peaks were reduced DTT (retention time: 19 min) and oxidized DTT (retention time: 23 min).
Calibration curves were generated and found to be linear over the used concentration range.
From these curves, the equilibrium concentrations of reduced and oxidized DTT were
determined, and a K¢q = 0.469 £ 0.131 for the reaction was found. Assuming that DTT has E°' =
—0.327 V,** eq 3 (which is a variation of the Nernst equation) was used to calculate that DTBA
has £°'=—(0.317 + 0.002) V. This value is the mean + SE from seven experiments. The reverse
reaction between oxidized DTBA and reduced DTT revealed that equilibrium had been

established under the experimental conditions.

DTT

DTT

T l T T T T I T T T T I T T T T I T T T T I T T T T | T T T T l T
10.00 15.00 20,00 2500 30,00 35.00 40.00
Minutes

Figure 2.4 Representative HPLC chromatogram of the redox equilibrium between DTBA and
DTT®. Compounds were detected by their absorbance at 205 nm.
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2.7.5 Reduction potential of BMS

DTT
BMS
BMS™
TT
|_j‘--_ll —
.1D,IDEII o I15,|IIII:II o l2EI,|EIIIIl o I25.|IIIEII o l3EI,|EIDl o I35.IEIIIII o .4D,IDEI.

Minutes

Figure 2.5 Representative HPLC chromatogram of the redox equilibrium between BMS and
DTT®. Compounds were detected by their absorbance at 205 nm.

The procedure described in Section V was also performed with BMS. With K.q = 0.0517
+ 0.0194 and assuming E°' = —0.327 V for DTT,** BMS was found to have E°’' = (-0.291 +
0.002) V, which was again the mean + SE from seven experiments. The reduction potential for

BMS was reported previously to be E°'=-0.31 V.%

2.7.6 Kinetic studies on the reduction potential of oxidized PME

- % = k,, [disulfide],_[thiol], .

The observed second-order rate constant (kqbs) for a thiol-disulfide interchange reaction
was determined by adapting a procedure describe previously.?® For disulfide = oxidized PME, a
50 mM stock solution of potassium phosphate buffer was degassed and purged with N,(g) for
30 min immediately prior to use. A stock solution of oxidized BPME (10 mM) in 50 mM

potassium phosphate buffer, pH 7.0, was purged with N,(g) for 30 min immediately prior to use.
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A 25-mL round-bottom flask was charged with DTBA (4.3 mg, 0.025 mmol) or DTT (3.9 mg,
0.025 mmol), and placed under Ny(g). Phosphate buffer (2.5 mL) was added to the round-bottom
flask containing the dithiol. Oxidized BME stock solution (2.5 mL) was then added, and the
reaction mixture was stirred at room temperature under N»(g) for 1 min. The reaction mixture
was quenched by the addition of 0.10 mL of 3 N HCI. The reaction mixture was passed through a
4.5-pum filter, and 100 pL of the reaction mixture was analyzed immediately by HPLC using a
Varian C18 reverse-phase column. The column was eluted at 1.0 mL/min with water (5.0 mL),
followed by a linear gradient (0—40% v/v) of acetonitrile/water over 40 min. The extent of
reduction was determined by integrating the newly formed peak corresponding to BME at
205 nm (retention time: 8 min). This process was repeated for reaction times of 2 and 4 min.
Calibration curves were generated and found to be linear over the used concentration range. The
amount of residual oxidized BME was calculated, and second-order rate constants were
calculated from a linear fit of the data in Figure 2.1A (that is, kobs = [(1/Cfina1) — (1/Cinitia1)]/f). The
initial values of concentration in the reaction mixture were [DTBA or DTT] = [oxidized BME] =
Cinitial = 5 mM. Rate constants were the mean + SE from three experiments. DTBA: kops = (0.29 +
0.02) M 's™ and DTT: kobs = (0.084 + 0.004) M's™". The same procedure was performed for
reactions at pH 5.5, giving DTBA: keps = (0.0093 + 0.0003) M's™" and DTT: keps = (0.0021 +

0.0002) M"'s™' (Figure 2.1A).

2.7.7 Kinetic studies on the reduction of oxidized L-glutathione
An experiment similar to above was conducted with disulfide = oxidized L-glutathione.

Reactions were quenched at various time points (2, 4, 6, and 8 min) and 100 pL was analyzed by
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HPLC (1.0 mL/min with water (5.0 mL) in 0.1% v/v TFA, followed by a linear gradient (0—40%
v/v) of acetonitrile in 0.1% v/v TFA over 40 min). The extent of reduction was determined by
integrating the newly formed L-glutathione reduced peak at 220 nm (retention time of 7 min).
Second-order rate constants were calculated from a linear fit of the data in Figure 2.1B (that is,
kobs = [(1/¢fina1) — (1/cinitia1)]/t). Rate constants were the mean + SE from three experiments.

DTBA: kobs= (0.83 £ 0.04) M's ™" and DTT: kobs = (0.16 + 0.02) M 's ™",

2.7.8 Kinetic studies on the reactivation of papain
papain-Cys25-SH + CH3S(02)SCH3s — papain-Cys25-S—-S—-CH3 + CH3SO2H

kobs
papain-Cys25-S-S—CHs + DTBA (or DTT) — papain-Cys25—-SH + oxidized DTBA (or oxidized DTT)

papain-Cys25-SH
CeH5C(O)—Arg—NH-CeH4-p-N02 +HO — CeH5C(O)—ArgOH + HzN-CsH4-p-N02

Cys25 near the active site of papaya latex papain was oxidized as a mixed disulfide by a
procedure described previously.”” Briefly, a stock solution of methyl methanethiosulfonate (3.5
mM) was prepared by dilution of 5 uL of methyl methanethiosulfonate with 15 mL of 0.10 M
potassium phosphate buffer, pH 7.0, containing EDTA (2 mM). KC1 (0.011 g, 0.15 mmol) was
added to 1.5 mL of this stock solution. The solution was deoxygenated by bubbling Nj(g)
through it for 15 min. Next, papain (5 mg, 150 units) was added, and the resulting solution was
incubated at room temperature under Ny(g) for 12 h. Excess methyl methanethiosulfonate was
removed by size-exclusion chromatography using a Sephadex G-25 column. The final
concentration of papain was determined by A»gp using &gy = 5.60 X 10* M'em™.*% A solution

(0.26 mL) of the chromatographed protein was diluted with 4.94 mL of deoxygenated aqueous
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buffer (0.10 M imidazole-HCI buffer, pH 7.0, containing 2 mM EDTA). Enzyme solution
(1.25 mL) was then added to four separate vials. DTBA or DTT (10 uL of a 1 mM solution) was
added to one of the vials, and a timer was started. The initial concentrations in the reaction
mixture were dithiol reducing agent: 7.9 x 10° M and inactive protein: 4.9 x 10°° M. At various
times, an 0.20-mL aliquot was removed from the reaction mixture and added to a cuvette of 0.8
mL of substrate solution (1.25 mM N-benzoyl-L-arginyl-p-nitroanilide in 0.10 M imidazole—HCI
buffer, pH 6.0, containing 2 mM EDTA). The rate of change in absorbance at 410 nm was
recorded at 25 °C. A unit of protein is defined by the amount of enzyme required to produce 1
umol/min of 4-nitroaniline. Using an extinction coefficient for 4-nitroaniline of ¢ = 8,800 M~

'em™ at 410 nm,140

the number of units of active papain in solution at each time point was
calculated. To determine the possible number of units of active papain in the reaction mixture, a
large excess of DTT (~10°-fold) was added to one vial and the activity was assessed. As a
control, it was determined that the concentrations of DTT used had no bearing on the assay data
other than activating the protein. y = enzymatic activity (%) at particular times was calculated by
dividing the number of active units of enzyme by the possible number of units in the solution,
and was plotted in Figure 2.2A. To determine the value of the second-order rate constant ko,s for
the reducing agents, the second-order rate equation (eq 4) was transformed into eq 5, which was
fitted to the data with the program Prism 5.0. In eq 4 and 5, 4, = [inactive protein]—o, 4 =
[inactive protein], = A, — Aoy, B, = [reducing agent]~, and B = [reducing agent]; = B, — Ayy.
Values of kqps were the mean + SE from three experiments. DTBA: kops = (1275 + 69) M 's ! and

DTT: kops = (90.4 +5.2) M 's .
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1 AB
[In=°
B —A4, AB,

o o

= kobst (24)

kobst (4o=By)
— Bo — Boe

- kot (A,=B,)
B —A4e

% x100% (2.5)

2.7.9 Kinetic studies on the reactivation of creatine kinase

creatine kinase-Cys283—-SH + GSSG — creatine kinase-Cys283-S-SG + GSH

kobs
creatine kinase-Cys283-S-SG + DTBA (or DTT) — creatine kinase-Cys283—SH + oxidized DTBA (or DTT)

creatine kinase-Cys283-SH
creatine phosphate + ADP — creatine + ATP

hexokinase
ATP + D-glucose — ADP + D-glucose-6-phosphate

glucose-6-phosphate dehydrogenase
D-glucose-6-phosphate + NADP* — D-gluconate-6-phosphate + H + NADPH

Cys283 in the active site of rabbit muscle creatine kinase was oxidized as a mixed
disulfide by a procedure described previously,”® but with a slight modification in the
measurement of active enzyme. A unit of enzyme was defined as the amount required to produce
1 pmol/min of NADPH. Using an extinction coefficient for NADPH of ¢ = 6.22 mM 'cm™" at
340 nm, the units of active creatine kinase in solution at a particular time were calculated. To
determine the possible number of units of active creatine kinase in the reaction mixture, a large
excess of DTT (~10°-fold) was added to one vial and the activity was assessed. As a control, it
was determined that the concentrations of DTT used had no bearing on the assay data other than
activating the protein. Enzymatic activity (%) at particular times was calculated by dividing the

number of active units of enzyme by the possible number of units in the solution, and was plotted
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in Figure 2.2B. Values of the second-order rate constant k.,s were determined by using eq 5 as
described in Section IX, and were the mean = SE from three experiments. DTBA: kg = (16.2 £

0.7) M's ™ and DTT: kops = (14.7 £ 0.4) M's".

2.7.10 Separation of DTBA using ion-exchange resin

A reaction buffer (0.10 M sodium phosphate, pH 8.0, 1 mM EDTA) was prepared.
Ellman’s reagent solution was prepared by adding Ellman’s reagent (4 mg) to 1 mL of the
reaction buffer. Next, to 25 mL of reaction buffer (0.10 M sodium phosphate, pH 8.0, | mM
EDTA) was added DTBA (2.2 mg, 1.27 x 10~ mol) and 1.7 g of DOWEX 50WX4-400 ion-
exchange resin. The mixture was swirled for several minutes and filtered through a fritted
syringe. Ellman’s reagent solution (50 uL) was added to two separate vials containing 2.5 mL of
reaction buffer. As a blank, 250 uL of reaction buffer was added to one of the vials, and the
absorbance at 412 nm was set to zero. Filtrate (250 uL) was then added to the other vial and its
absorbance was recorded. With 441, = 0.012 and using an extinction coefficient of ¢ = 14,150 M~
'em™, it was calculated that >99% of DTBA was retained by the resin and thus removed from

solution. The same assay was repeated with DTT, resulting in <1% being removed from solution.

2.7.11 Ultraviolet spectra of oxidized DTBA and oxidized DTT
Solutions of oxidized DTBA and DTT (1.0 mM) were prepared in Dulbecco’s phosphate

buffered saline (DPBS), and their ultraviolet spectra were recorded (Figure 2.6).
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Figure 2.6 Ultraviolet spectrum of oxidized DTBA and oxidized DTT in DPBS
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2.8 NMR Spectra
"H NMR(CDCl;) and "*C NMR(CDCl5) of 2.1
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'H NMR(DMSO-d;) and *C NMR(CDCl;) of 2.2
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'H NMR(CDCls) and *C NMR(CDCl5) of 2.3
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'H NMR(DMSO-dj) and *C NMR(DMSO-ds) of 2.4 (DTBA)
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'H NMR(CDCls) and "*C NMR(CDCl5) of 2.5

47

@
&
g
"l
Ir}

oo
oo o
@@ o
oo
@~

mmmmmmmm
mmmmmmmm
mmmmmmmm
mmmmmmmm
mmmmmmmm




48

'H NMR(DMSO-d;) and *C NMR(DMSO-dg) of 2.6
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'H NMR(DMSO-d) and *C NMR(DMSO-d;) of 2.7 (DTBA®)
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Chapter 3*: Thiols and Selenols as Electron-Relay Catalysts for Disulfide-Bond Reduction

3.1 Abstract

Dithiobutylamine immobilized on a resin is a useful reagent for the reduction of disulfide
bonds. Its ability to reduce a disulfide bond in a protein is enhanced greatly if used along with a
soluble strained cyclic disulfide or mixed diselenide that relays electrons from the resin to the
protein. This electron-relay catalysis system provides distinct advantages over the use of excess

soluble reducing agent alone.

3.2 Author Contributions

J.C.L. proposed the immobilization of DTBA. J.C.L. synthesized and characterized
immobilized DTBA. B.V. proposed the use of an electron relay system to aide in the reduction of
protein disulfide bonds. J.C.L. proposed the use of strained cyclic disulfides and mixed
diselenides in order to optimize the relay system. J.C.L. synthesized and characterized electron-
relay catalysts, performed all experiments, and drafted the original manuscript and figures.
J.C.L,, B.V., and R.T.R. planned experiments, analyzed data, and edited the manuscript and
figures.
*This chapter has been published, in part, under the same title: Reference: Lukesh, J. C., III;

VanVeller, B.; Raines, R. T. Angew. Chem., Int. Ed. 2013, 52, 12901-12904 (Cover Article).
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3.3 Introduction

For the proper function of many proteins, sulthydryl groups need to be maintained in a

141

reduced state or disulfide bonds need to be maintained in an oxidized state. © In cells, this

maintenance entails thiol—disulfide interchange reactions, often initiated by a membrane-

142-145

associated protein and mediated by a soluble protein or peptide (e.g., glutathione). In vitro,

small-molecule thiols and disulfides, such as those in Scheme 3.1, can accomplish this

85,146,14
tagk 5>146:147

NHz2 HO? OH NH,
S—S S-S Se—Se
DTBA%* (3.1) DTT* (3.2) selenoDTBA®® (3.7)
HaN  NH, H(} §)H HaN  NH,
S—S S-S Se—Se
cystamine (3.3) BME®" (3.4) selenocystamine (3.8)
CO,H
(0] A 0 o / o
2~NH HN NARS
§S——S S-S Se A
BMC®*(3.5) lipoic acid (3.6) selenoBMC® (3.9)

Scheme 3.1 Disulfides (3.1-3.6) and diselenides (3.7—3.9) used in this work. Compounds 3.2,
3.5, 3.6, and 3.9 are racemic mixtures.

Recently, we reported on a novel disulfide-reducing agent, (2S)-2-amino-1,4-
dimercaptobutane (dithiobutylamine or DTBA; reduced 3.1), derived from L-aspartic acid.* As

with dithiothreitol (DTT; reduced 3.2), DTBA is a dithiol capable of adopting an unstrained ring
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upon oxidation.”'*** A distinct and untapped attribute of DTBA is the ability of its amino group
to act as a handle for facile conjugation. Small-molecule reducing agents typically need to be
maintained at millimolar concentrations, and their removal diminishes process efficiency and
economy. We reasoned that attaching DTBA to a solid support would enable its removal after

disulfide reduction by either filtration or centrifugation.'*®

3.4 Results and Discussion

To test our hypothesis, we chose TentaGel resin as the solid support. This resin consists
of hydrophilic poly(ethyleneglycol) units grafted onto low-cross-linked polystyrene.'*"'*" We
found DTBA immobilized on TentaGel to be a potent disulfide-reducing agent with E°" = (—
0.316 + 0.002) V, a value similar to that of soluble DTBA (Figures 3.4 and 3.5).** Immobilized
DTBA (10 equiv) was able to reduce cystamine (3.3) and oxidized B-mercaptoethanol (3.4)
completely (Figures 3.6 and 3.7). Immobilized DTBA (10 equiv) was even able to reduce highly
stable disulfides such as oxidized DTBA (3.1) and oxidized DTT (3.2) with yields of 76% and
68%, respectively (Figures 3.8 and 3.9). After each procedure, the resin was easily isolated,
regenerated, and reused without any observable loss in activity. The latter are not attributes of
immobilized reducing agents derived from phosphines, which form recalcitrant phosphine
oxides.

Next, we assessed the ability of immobilized DTBA to reduce a disulfide bond in a
folded protein, which can be a challenging task.***%>*>* As the target protein, we chose papain,
a cysteine protease.”>'** Upon treatment with S-methyl methanethiosulfonate, the active-site

cysteine of papain (Cys25) forms a mixed disulfide that has no detectable enzymatic activity.”
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When we incubated the oxidized enzyme with 100 equivalents of immobilized DTBA, we found
that less than half of papain-Cys25—S—S—CHj; had been reduced after 30 minutes (Figure 3.1).
Moreover, the rate of reduction for this heterogeneous reaction was slow, approximately 0.1% of

27.2842 and activation ceased after 10 minutes.

that provided by typical solution-phase reagents,
When papain was treated with 1,000 equivalents of immobilized DTBA, full generation of
activity was observed within 10 minutes (Figure 3.1). These data indicate that the inefficiency is

likely due to a diminished ability of the protein disulfide—in comparison to small-molecule

disulfides—to access the sulfhydryl groups of immobilized DTBA.>*>*

1000 equiv

100

[o:]
o

>
£ 60 immobilized DTBA
2 100 equi
equiv
o 40 L —0
(=)
20
e : ‘ ' ' ‘
0 10 20 30
Time (min)

Figure 3.1 Time-course for the reactivation of papain-Cys25—S—S—CHj3 by immobilized DTBA
(100 or 1000 equiv) in imidazole—HCI buffer (0.1 M, pH 7.0) containing EDTA (2 mM).

6,15,142-145,151

Taking inspiration from cellular thiol—disulfide interchange reactions, we

reasoned that the utility of immobilized DTBA could be enhanced by a soluble molecule that
could "relay" electrons from the resin to the protein (Scheme 3.2)."** To test this hypothesis, we

incubated papain-Cys25—S—S—CHj; with 100 equivalents of immobilized DTBA and 30 mol%
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of disulfides 3.1-3.4 (relative to oxidized protein). Unfortunately, we observed only a slight rate

enhancement (Figure 3.2A).

] |
f{ - \\
1 1
:IR XH
2
N SH
‘ N

immobilized DTBA

Scheme 3.2 Cycle for electron-relay catalysis of disulfide-bond reduction by soluble thiols (I, X
= S) or selenols (III, X = Se). Papain was depicted with the program PyMOL (Schrodinger,
Portland, OR) using PDB entry 1ppn."*

Suspecting that the rate of the heterogeneous reaction between immobilized DTBA and

153,154

unstrained disulfides 3.1-3.4 was slow (I to II in Scheme 3.2), we turned to disulfides 3.5

and 3.6, believing that their incipient strain would accelerate the turnover of the soluble catalyst.
BMC™ (3.5) is a ten-membered cyclic disulfide. Rings of this size suffer transannular
strain,>%!16:153 Similarly, cyclic five-membered disulfides (i.e., 1,2-dithiolanes), such as 3.6, place

39,156

significant distortion on the preferred CSSC dihedral angle. Hence, the rate constant for the
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reaction between 1,3-propanedithiol and 1,2-dithiolane is around 650 times greater than that for

the homologated exchange reaction between 1,4-butanedithiol and 1,2-dithiane.*

— 3.4

= mmobilized DTBA

Time (min)
Figure 3.2 Time-course for the reactivation of papain-Cys25—-S—S—CHj3 by immobilized DTBA
(100 equiv) and a solution-phase disulfide catalyst (30 mol%). Reactions were performed in
imidazole-HCI buffer (0.10 M, pH 7.0) containing EDTA (2 mM). (A) Unstrained disulfide
catalysts. Cystamine (3.3): kgg:g ks .= 1.9; DTBA®™ (3.1): k225/k2bS . = 1.6; DTT™ (3.2):
k2bs/kobs . ~ 1.0; BME®™ (3.4): k225 /k9Ps .~ 1.0. (B) BMC®™ (3.5): k225 /k9bs .. = 4.3; lipoic

cat uncat =

acid (3.6): k225 /k9Ps .. = 1.9. Data for immobilized DTBA alone is shown in both panels.

cat uncat

Consistent with our expectations, we found that disulfide 3.5 provided a significant
enhancement in the rate of papain-Cys25—S—S—CHj reduction. Disulfide 3.6 was somewhat less
effective, as its mixed disulfide (II in Scheme 3.2) has a higher tendency to partition back to the
disulfide (I).** Moreover, in the absence of immobilized DTBA, we found that the reduced form

of DTBA regenerates activity faster than does the reduced form of BMC (Figure 3.11), affirming
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that the reduction of the soluble catalyst (I to IIT in Scheme 3.2) limits the rate of electron-relay
catalysis.

To improve catalytic efficiency further, we considered the use of selenium, which has
physicochemical properties similar to those of sulfur. Yet, selenols manifest several desirable

11,58,69-74,76
S8697476 Eor example, selenols have pK,

attributes as reducing agents in aqueous solution.
values that are typically three units lower than those of analogous thiols, significantly enhancing
their nucleophilicity near neutral pH and their ability to act as a leaving group.””**” Diselenides
also have E°' values that are typically 0.15 V lower than those of analogous disulfides, making
selenols more potent reducing agents. In addition, reactions with selenium as the electrophile can
be 10" times faster than those with sulfur as the electrophile, and might not require strain for
efficient turnover. Indeed, there are numerous reports of small-molecule diselenides being used
as catalysts for biochemical oxidation reactions.”®® Enzymes, such as thioredoxin reductase,"”’
are known to employ a selenol as a reducing agent. Yet, reported in vitro reduction reactions
rarely employ small-molecule selenols, and never diselenols. A practical problem is the high
reactivity of selenols with molecular oxygen. We recognized that this problem would be averted
in our system, which would generate catalytic selenols in situ (Scheme 3.2). Because of the
efficacy of disulfide 3.5 (Figure 3.2B), we were motivated to investigate its seleno congener.
Accordingly, we synthesized selenoBMC®* (3.9) as well as selenoDTBA®* (3.7), and we obtained
selenocystamine (3.8), which is available commercially and has demonstrated marked success in
mediated thiol—disulfide interchange reactions.’”"6%-6¢-138

We found that diselenide 3.7 is superior to its congener 3.1, and that diselenide 3.9

performs comparably to its congener 3.5 (Figure 3.3A). These two cyclic diselenides were,
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however, worse catalysts than was acyclic diselenide 3.8 (Figure 3.3B). This finding is
attributable to the selenylsulfide (Il in Scheme 3.2) generated by the reaction of 3.7 and 3.9 (but
not 3.8) with immobilized DTBA tending to partition back to the diselenide (I) rather than to the

40,159

diselenol (III) needed for catalysis. Notably, diselenide 3.8 led to significant rate

enhancements even at low loadings of catalyst.

A
100 —
801
==
£ 60~
< 40— % e X
i --="“immobilized DTBA
20
0 L
| | 1
B 3.8 30 mol%
100 —
80
=
S 6o
g0
° 40 e %
i -~ ~“immobilized DTBA
20
0 L
| | | | |
0 20 40 60

Time (min)

Figure 3.3 Time course for the reactivation of papain-Cys25—-S—S—CHj; by immobilized DTBA
(100 equiv) and a solution-phase diselenide catalyst. Reactions were performed in imidazole—
HCI buffer (0.10 M, pH 7.0) containing EDTA (2 mM). (A) Cyclic diselenide catalysts (30
mol%). selenoDTBA®™ (3.7): k2b5/kobs . = 5.3; SelenoBMC™ (3.9): k0b5/kobs . = 2.7. (B)
obs/j,obs _ obs/j,obs _

Selenocystamine (3.8) as a catalyst. 30 mol%: kgg: /konear = 30; 5 mol%: kog: /konear = 6.8; 1

mol%: k2b5/k9Ps . =3.2. Data for immobilized DTBA alone is shown in both panels.
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3.5 Conclusions

In summary, we have established that the amino group of DTBA allows for its facile
conjugation to a resin. This supported reagent was effective at reducing disulfide bonds in small
molecules. Unlike soluble reducing agents, immobilized DTBA was easy to recover and reuse.
We also demonstrated that the rate of reducing a disulfide bond in a protein can be enhanced
markedly when the reduced resin is used in conjunction with a "relay". In this biomimetic
strategy, the resin acts as a repository of electrons that are relayed to a macromolecule via a
small-molecule catalyst. The optimal catalysts are strained cyclic disulfides and acyclic
diselenides, both of which react with excess immobilized DTBA to form a covalent intermediate
that partitions toward reduced catalyst and oxidized resin.

Finally, we note that a vast excess of soluble reducing agent is typically used to preserve
proteins in a reduced state."*® Instead, maintenance could require a minute (e.g., sub-micromolar)
amount of soluble catalyst along with immobilized DTBA. We anticipate that the low level of
soluble reducing agent would be advantageous in common bioconjugation reactions entailing the

S-alkylation of cysteine residues,'® as well as in many other experimental procedures.
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3.7 Materials and Methods

3.7.1 General

Commercial reagents were used without further purification. Dithiothreitol (DTT) was
from  Research  Products International ~(Mt.  Prospect, IL). Benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was from CHEM-IMPEX INT'L
INC. (Wood Dale, IL). Pre-activated succinimidyl ester TentaGel resin with a particle size of
130 pm was from Rapp Polymere (Tiibingen, Germany). N-Methyl-2-pyrrolidone (NMP),
N,N'-diisopropylethylamine (Hiinig’s base), cystamine dihydrochloride (3.3), selenocystamine
dihydrochloride (3.8), racemic lipoic acid (3.6), 2-mercaptoethanol, 2,2'-dithiodiethanol (BME®™,
3.4), trans-4,5-dihydroxy-1,2-dithiane (DTT**, 3.2), papain (lyophilized powder from papaya
latex), N,-benzoyl-L-arginine-4-nitroanilide hydrochloride, and S-methyl methanethiosulfonate
were from Sigma Chemical (St. Louis, MO). DTBA, DTBA®™ (3.1), BMC, and BMC®™ (3.5)
were synthesized as described previously.*!!°

All glassware was oven or flame-dried, and reactions were performed under N,(g) unless
stated otherwise. Dichloromethane, diethyl ether, and tetrahydrofuran were dried over a column
of alumina. Dimethylformamide and triethylamine were dried over a column of alumina and
purified further by passage through an isocyanate scrubbing column. Flash chromatography was

performed with columns of 40-63 A silica, 230400 mesh from Silicycle (Québec City, Canada).

Thin-layer chromatography (TLC) was performed on plates of EMD 250-um silica 60-F»s4. The
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synthesis of immobilized DTBA was performed with a solid-phase peptide synthesis vessel from
Chemglass (Vineland, NJ). Ellman’s assay for sulfthydryl groups was performed with a Varian
Cary 50 Bio UV-Vis spectrophotometer. Equilibrium and reduction potential studies were
performed on an analytical HPLC (Waters system equipped with a Waters 996 photodiode array
detector, Empower 2 software and a Varian C18 reverse phase column). Analytical samples of
DTBA®* (3.1), BMC™ (3.5), selenoDTBA®* (3.7), and selenoBMC"* (3.9) were obtained by using
a Shimadzu (Kyoto, Japan) preparative HPLC, equipped with a C18 reverse phase preparative
column, a Prominence diode array detector, and fraction collector. Kinetic studies on proteins
were carried out using a Varian Cary 400 Bio UV-Vis spectrometer with a Cary temperature
controller at the Biophysics Instrumentation Facility at Madison (BIF). All NMR spectra were
acquired at ambient temperature with a Bruker Avance III 500ii with cryoprobe spectrometer at
the National Magnetic Resonance Facility at Madison (NMRFAM), and were referenced to TMS

or a residual protic solvent.

3.7.2 Chemical Synthesis

0 S

H % H o} °S
N -N 1) DIEA, 3.1 N
O N
o} O 2)DIEA, PyBOP, 3.1 o H
(Two step treatment)

Preactivated succinimidyl ester TentaGel resin (1 g; ~0.21 mmol/g) with a particle size of
130 um was placed in a solid-phase peptide synthesis vessel. As a pretreatment, the resin was

allowed to swell in 5 mL of N-methyl-2-pyrrolidone (NMP) for 5 min while bubbling N»(g)
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through the solution. The NMP was then removed by vacuum filtration and the process was
repeated two more times. To the resin was then added 10 mL of NMP, 0.32 mL (1.8 mmol) of
N,N-diisopropylethylamine (DIEA), and 0.1224 g (0.7128 mmol) of DTBA®* (1, prepared as
described previously). The resulting mixture was allowed to react for 60 min while bubbling
Na(g) through the solution. The solution was then removed by vacuum filtration, and the resin
was washed with NMP (3 x 5 mL). In a second coupling step, 10 mL of NMP, 0.4701 g (0.9034
mmol) of (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), 0.32
mL (1.8 mmol) of DIEA, and 0.1224 mg (0.7128 mmol) of DTBA®* were added to the resin and
allowed to react for an additional hour while bubbling N>(g) through the solution. Then, the
solution was removed by vacuum filtration. The coupling of DTBA to pre-activated TentaGel
resin was performed multiple times with yields ranging from 75-93% as determined by Ellman’s

assay for sulfhydryl groups (see below).'®!

2) 0.1 M Acetic Acid

ONNN@\ 1) TCEP, pH 6, 50 mM Phosphate Buffer _ ONNN SH
H H
o)

To 1 g of immobilized DTBA®™, in a solid-phase peptide synthesis vessel, was added
0.2603 g (0.9081 mmol) of tris(2-carboxyethyl)phosphine hydrochloride (TCEP—HCI) in 10 mL
of 50 mM sodium phosphate, pH 6.0. The mixture was allowed to react for 60 min while
bubbling N>(g) through the solution. Then, the solution was removed by vacuum filtration, and

the resin was washed with 0.1 M acetic acid (5 x 5 mL) to ensure that the thiol groups were
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protonated completely. Finally, the resin was washed methanol (3 x 5 mL) and dried under

vacuum overnight.

S\
e 2, C
NN\ 1) NaBH,, MeOH __ NNN\ o
o H 2) 0.1 M Acetic Acid H

To 1 g of immobilized DTBA®™, in a solid-phase peptide synthesis vessel, was added
79.41 mg (2.099 mmol) of NaBH,4 in 10 mL of methanol. The mixture was allowed to react for
60 min while bubbling N,(g) through the solution. Then, the solvent was removed by vacuum
filtration, and the resin was washed with 0.1 M acetic acid (5 x 5 mL) to ensure that the thiol
groups were protonated completely. Finally, the resin was washed methanol (3 x 5 mL) and

dried under vacuum overnight.

Compound 3.1 was synthesized from L-aspartic acid as described previously.
"H NMR (500 MHz, DMSO-dg) 0 = 8.29 (s, 3H), 3.43-3.37 (m, 1H), 3.15-3.08 (m, 2H), 3.02—
2.96 (m, 1H), 2.88 (dd, J=13.1, 10.6 Hz, 1H), 2.32-2.28 (m, 1H), 1.85-1.77 (m, 1H); *C NMR
(125 Hz, DMSO-ds) § = 48.8, 34.6, 32.9, 31.5; HRMS (ESI) calculated for [C4HoNS,]" (M")

requires m/z = 136.0250, found 136.0249.

Compound 3.5 was synthesized from (%)-trans-1,2-diaminocyclohexane as reported

previously.
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"H NMR (500 MHz, DMSO-ds) 6 = 7.98 (d, J = 9.0 Hz, 1.63H), 7.76 (d, J = 8.8 Hz,
0.37H), 3.76-3.69 (m, 1.63H), 3.54-3.51 (m, 0.37H), 3.40 (d, J = 14.0 Hz, 1.63H), 3.32 (d, J =
11.4 Hz, 0.37H), 3.19 (d, J = 14.0 Hz, 1.63H), 3.08 (d, J = 11.4 Hz, 0.37H), 1.72—1.71 (m, 4H),
1.36-1.22 (m, 4H); *C NMR (125 Hz, DMSO-d;) 6 = 169.9, 166.1, 56.6, 54.2, 44.6, 31.12,
31.05, 25.0, 24.9; HRMS (ESI) calculated for [C;oHN20,S:Na]” (M+Na") requires m/z =

283.0546, found 283.0532.

®
)\ \NHSO CF3
0 NH 1. Se, Na, Napthalene N
: OM 2.4 M HCIl in Dioxane
MsO™ NS Se—Se
3.10 24% (2 steps)

3.7

Sodium diselenide was generated in situ by closely following a previously described
method.'” 146.8 mg (1.859 mmol) of selenium powder and 238.3 mg (1.859 mmol) of
naphthalene were placed in a flame-dried three-neck round-bottom flask. Anhydrous THF (5
mL) was added, and the resulting mixture was stirred at room temperature under N(g). Freshly
shaved sodium metal (42.74 mg, 1.859 mmol) was then added to the mixture under Ny(g). The
reaction mixture was allowed to stir for 2 h to enable consumption of all of the sodium metal.
Compound 3.10 (331.0 mg, 0.9158 mmol), which was prepared as described previously,” was
dissolved in 10 mL of anhydrous DMF, and the resulting solution was added dropwise to the
reaction mixture. After 24 h, the reaction mixture was filtered, concentrated under reduced
pressure, and eluted through a silica plug with ethyl acetate (20% v/v) in hexanes. The resulting

solution was then concentrated under reduced pressure, and the residue was dissolved in 4 M
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HCI in dioxane. After 2 h, TLC revealed the removal of the Boc group. Compound 3.7 was
purified by reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—
50% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 55 min. Compound 3.7
eluted at 17 min and, after lyophilization, was isolated as a yellow powder (68.13 mg, 22% over
two steps)

"H NMR (500 MHz, DMSO-ds) 6 = 8.02 (s, 3H), 3.43-3.36 (m, 2H), 3.25-3.21 (m, 1H),
3.14 (dd, J = 12.2 Hz, 1.9 Hz, 1H), 3.0 (dd, J = 10.9, 12.0, 1H), 2.38-2.35 (m, 1H), 1.87-1.80
(m, 1H); ®C NMR (125 Hz, DMSO-ds) 6 = 50.5, 33.6, 24.2, 23.9; HRMS (ESI) calculated for

[C4H oNSe,]" (M) requires m/z = 223.9192 or 227.9154, found 223.9196 or 227.9144.

@) Q 0] (0] Q 0]
%N\H HN Se, Na, Napthalene %N\H HN
THF

Cl Cl Se Se
3.11 19%

3.9

Sodium diselenide was generated in situ by closely following a previously described
method.'® 296.0 mg (3.749 mmol) of selenium powder and 480.5 mg (3.749 mmol) of
naphthalene were weighed out and placed in a flame dried three neck round bottom flask. 10 mL
of anhydrous THF was added and mixture was stirred at room temperature under N,. 86.20 mg
(3.749 mmol) of freshly shaved sodium metal was then added to the mixture under N,, and the
mixture was allowed to react for 2 h to ensure that all of the sodium metal had been consumed.
497.6 mg (1.863 mmol) of 3.11 (prepared as previously described) was then dissolved in 20 mL

of anhydrous THF and added drop wise to the reaction mixture. After reacting for 24 h the
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reaction was filtered, concentrated, and purified by column chromatography (20% v/v methanol
in ethyl acetate) resulting in 3.9 as a red/orange solid (125.3 mg, 19% yield). An analytically
pure sample of 3.9 was obtained by reverse-phase HPLC using a preparatory C18 column and a
linear gradient of 10-80% v/v Acetonitrile (0.1 % v/v TFA) in water (0.1% v/v TFA) over 45
min. 3.9 eluted at 23 min and, after lyophilization, was isolated as an off white powder.

'"H NMR (500 MHz, DMSO-d¢) § = 7.86—7.85 (m, 1.23H), 7.62—7.60 (m, 0.77H),
3.68-3.65 (m, 2.46H), 3.54 (d, /= 10.2 Hz, 0.77H), 3.50-3.45 (m, 0.77H), 3.41 (d, J=12.5 Hz,
1.23H), 3.19 (d, J = 10.2 Hz, 0.77H), 1.73—1.68 (m, 4H), 1.35—1.18 (m, 4H); °C NMR (125
MHz, DMSO-d¢) 6 = 170.7, 167.2, 55.8, 53.5, 33.7, 31.5, 31.4, 27.6, 24.9; HRMS (ESI)

calculated for [CoH6N20,Se;Na]” (M+Na") requires m/z = 374.9474, found 374.9465.

3.7.3 Coupling Yield determined by Ellman's assay for sulfhydryl groups

A reaction buffer (0.10 M sodium phosphate buffer, pH 8.0, containing 1 mM EDTA)
was prepared by the Pierce protocol. A concentrated stock of Ellman’s reagent (5,5'-dithio-bis-
(2-nitrobenzoic acid) solution was prepared by adding Ellman’s reagent (6 mg) to 2 mL of
reaction buffer. 0.4 mL of Ellman’s reagent solution was then added to two separate vials
containing 10 mL of reaction buffer. One of these vials was used as a blank, and its absorbance
was measured at 412 nm. Immobilized DTBA (1.3 mg) was then added to the other vial and
allowed to react. After 30 min, its absorbance at 412 nm was recorded. Using Beer’s law (¢ =
Al(e') with 4 = 0.690, / = 1.00 cm, and & = 14,150 M 'cm™) gave a thiol concentration of 4.88 x
10 M. Because DTBA contains two thiol groups, the assay mixture had an immobilized DTBA

concentration of 2.44 x 10 M. Since the total volume of the reaction mixture was 10.4 mL,
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there were 2.54 x 10~ moles of immobilized DTBA indicative of 0.195 mmol of immobilized

DTBA per gram of resin and a ~93% coupling yield.

3.7.4 Reduction potential of immobilized DTBA
The reduction potential (E°’) of immobilized DTBA was determined by using '"H NMR
spectroscopy to determine the equilibrium constant (K.q) for its reaction with DTT*, and then

inserting that value into a variation of the Nernst equation:

x - [DTT][oxidized immobilized DTBA] _ [DTT] G.1)
“ [immobilized DTBA][oxidized DTT] [oxidized DTT]
RT [DTT]

E, iioren” = Epr " ——=In
immobilized DTBA DTT nF [OXidiZed DTT]2

(3.2)

Data were obtained by a procedure similar to that described previously.””** Ellman’s
assay was performed on immobilized DTBA immediately prior to use. What was determined to
be 1.56 x 10~ mmol of immobilized DTBA was added to a 1.5-mL LoBind Eppendorf tube, and
0.9 mL of freshly degassed 50 mM sodium phosphate buffer, pH 7.0, was then added, followed
by 156 uL (1.56 x 10~ mmol) of a 10 mM stock solution of DTT in the same buffer. The
reaction mixture was agitated with a nutator for 24 h and then quenched by the addition of 3 N
HCI (1:100 dilution). The resin was separated by centrifugation, and the solution was analyzed
immediately by both "H NMR spectroscopy and analytical HPLC, as described previously. The
equilibrium concentrations of DTT and DTT®* were obtained, and a value of Keq=10.421+0.149
was determined. Assuming that DTT has £°'= —0.327 V, eq 3.2 was used to calculate £°' = (—

0.316 = 0.002) V. This value is the mean + SEM.
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Figure 3.4 Representative '"H NMR spectrum of the redox equilibrium between immobilized
DTBA and DTT** (3.2).
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Figure 3.5 Representative HPLC chromatogram of the redox equilibrium between DTBA and
DTT®. Compounds were detected by their absorbance at 205 nm.

3.7.5 Reduction of small molecules with immobilized DTBA

Reduction of 3.3

Ellman’s assay was performed on immobilized DTBA immediately prior to its use. What
was determined to be 13.4 x 10~ mmol of immobilized DTBA was added to a 1.5-mL LoBind
Eppendorf tube, and 0.6 mL of freshly degassed 50 mM sodium phosphate buffer, pH 7.0, was
then added, followed by 134 pL (1.34 x 10~ mmol) of a 10 mM stock solution of cystamine in

the same buffer. The reaction mixture was agitated with a nutator for 24 h and then quenched by
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the addition of 3 N HCI (1:100 dilution). The resin was separated by centrifugation, and the
solution was analyzed immediately 'H NMR spectroscopy. The nearly complete reduction of

cystamine was observed for this reaction.

HoN /YSH
Cyspamine H H

Cyseamine

H H
HZN)Q/S\S/\/NHZ

Cystamine

SN NH
HZN/Y S/\/ >

HH
Cystamine

»
I
T BEBEEB8E8SBE8EEEHBEEEYE S

85
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30 3% 3035 30 35 30 305 300 2% 2% 285 20 275 20 265 200 25 250 2%
m

(ppm)

Figure 3.6 Representative 'H NMR spectrum of the reaction between cystamine (3.3) and 10-fold
excess of immobilized DTBA.

Reduction of 3.4

Ellman’s assay was performed on immobilized DTBA immediately prior to its use. What
was determined to be 5.2 x 10~ mmol of immobilized DTBA was added to a 1.5-mL LoBind
Eppendorf tube, and 0.6 mL of freshly degassed 50 mM sodium phosphate buffer, pH 7.0, was
then added, followed by 52 pL (5.20 x 10~* mmol) of a 10 mM stock solution of BME® in the
same buffer. The reaction mixture was agitated with a nutator for 24 h and then quenched by the
addition of 3 N HCI (1:100 dilution). The resin was separated by centrifugation, and the solution

was analyzed immediately by analytical HPLC using a Waters system equipped with a Waters
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996 photodiode array detector, Empower 2 software, and a Varian C18 reverse-phase column.
The column was eluted first at 1.0 mL/min with water (5.0 mL), followed by a linear gradient
(0—40% v/v) of acetonitrile/water over 40 min. Compounds were detected by their absorbance at
205 nm. A single peak at 7 min was observed (Figure 3.7). Standards of BME and BME™ showed
that this peak corresponded to BME (BME®™ has a retention time of ~23 min), confirming that

nearly complete reduction of BME® had taken place under the reaction conditions.

BME

! o

T T T T T T T T T T
+.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Minutes

Figure 3.7 Representative HPLC chromatogram of the reaction between PME®* (3.4) and 10 fold
excess of immobilized DTBA. Compounds were detected by their absorbance at 205 nm.

Reduction of 3.1

Ellman’s assay was performed on immobilized DTBA immediately prior to its use. What
was determined to be 8.44 x 10~ mmol of immobilized DTBA was added to a 1.5-mL LoBind
Eppendorf tube, and 0.6 mL of freshly degassed 50 mM sodium phosphate buffer, pH 7.0, was
then added, followed by 84.4 uL (8.44 x 10~* mmol) of a 10 mM stock solution of DTBA® in the
same buffer. The reaction mixture was agitated with a nutator for 24 h and then quenched by the
addition of 3 N HCI (1:100 dilution). The resin was separated by centrifugation, and the solution
was analyzed immediately with "H NMR spectroscopy. Concentrations of DTBA and DTBA®™

were determined and revealed a 76% yield of DTBA.
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Figure 3.8 Representative 'H NMR spectrum of the reaction between DTBA™ (3.1) and a 10-fold
excess of immobilized DTBA.

Reduction of 3.2

Ellman’s assay was performed on immobilized DTBA immediately prior to its use. What
was determined to be 8.99 x 10~ mmol of immobilized DTBA was added to a 1.5-mL LoBind
Eppendorf tube, and 0.6 mL of freshly degassed 50 mM sodium phosphate buffer, pH 7.0, was
then added, followed by 89.9 uL (8.99 x 10~* mmol) of a 10 mM stock solution of DTT* in the
same buffer. The reaction mixture was agitated with a nutator for 24 h and then quenched by the
addition of 3 N HCI (1:100 dilution). The resin was separated by centrifugation, and the solution
was analyzed immediately by both '"H NMR spectroscopy and analytical HPLC, as described
previously. Concentrations of DTT and DTT™ were determined and revealed a 68% yield of

DTT.
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Figure 3.9 Representative 'H NMR spectrum of the reaction between DTT®* (3.2) and a 10-fold
excess of immobilized DTBA.
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Figure 3.10 Representative HPLC chromatogram of the reaction between DTT™ (3.2) and a 10-
fold excess of immobilized DTBA. Compounds were detected by their absorbance at 205 nm.

3.7.6 Reactivation of papain with immobilized DTBA

papain-Cys25—-SH + CH;S(0,)SCH; — papain-Cys25-S—-S—CH; + CH;SO,H

kobs
Papain-Cys25-S—S—CH; + immobilized DTBA — papain-Cys25-SH + immobilized DTBA®™

papain-Cys25-SH
C6H5C(O)7ArgNH—C6H4-p-N02 + H20 — C6H5C(O)7ArgOH + HzN-C6H4-p-N02
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Ellman’s assay was performed on immobilized DTBA immediately prior to setting up the
assay. Papain was inactivated by oxidizing its active-site cysteine (Cys25) by treatment with S-
methyl methanethiosulfonate following a procedure described previously.** A 1.25-mL solution
of papain-Cys25-S—S—CHj3 (1.25 x 10 M, 1.56 x 10> mmol) in degassed 0.10 M imidazole—
HCI buffer, pH 7.0, containing EDTA (2 mM) was placed in a 1.5-mL LoBind Eppendorf tube.
At time 7 = 0, a ~100-fold excess of immobilized DTBA (1.35 x 10~ mmol) was added to the
Eppendorf tube, which was then placed on a nutator. At various times, the resin was separated by
centrifugation, and a 0.2-mL aliquot of the solution was removed and added to a cuvette
containing 0.8 mL of 0.10 M imidazole—HCI buffer, pH 6.0, containing EDTA (2 mM) and N-
benzoyl-L-arginyl-p-nitroanilide (1.25 mM). The rate of change in absorbance at 410 nm was
recorded at 25 °C. A unit of protein is defined as the amount of enzyme required to produce 4-
nitroaniline at a rate of 1 umol/min. The units of active papain at each time point was calculated
by using an extinction coefficient for 4-nitroaniline of ¢ = 8,800 M 'cm™' at 410 nm. To
determine the possible number of units of active papain in the reaction mixture, enzymatic
activity was assessed after the addition of a large excess of DTT (~10’-fold) to an Eppendorf
tube. As a control, the addition of DTT was shown to have no bearing on the assay data, other
than in activating the enzyme. The enzymatic activity (%) at particular times was calculated by
dividing the number of active units of enzyme by the possible number of units in the solution,
and was plotted in Figure 3.1. The procedure described above was also performed using ~1,000

equiv of immobilized DTBA.
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3.7.7 Reactivation of papain using relay catalysts

The procedure described in Section VI was also performed in the presence of a relay
catalyst. Stock solutions (1 mM) of 3.1-3.9 were prepared in degassed 0.10 M imidazole—HCl
buffer, pH 7.0, containing EDTA (2 mM) or in DMSO, and 5 pL of this solution (5 10" mmol
of catalyst, 30 mol%) of was added to the reaction mixture in the Eppendorf tube. The enzymatic
activity (%) at particular times was calculated by dividing the number of active units of enzyme
by the possible number of units in the solution, and was plotted in Figures 3.1-3.3. To determine
the value of the second-order rate constant k., the second-order rate equation (Eq 3) was
transformed into Eq 4, which was fitted to the data with the program Prism 5.0 (GraphPad
Software, La Jolla, CA). In Eq 3.3 and 3.4, 4, = [inactive protein]~y, 4 = [inactive protein], = 4
— Ay, B, = [immobilized DTBA]~¢, and B = [immobilized DTBA], = B, — 4,y. Values of kgps

were the mean + SEM from at least 4 different experiments.

1 B

PRV k.t (3.3)

B —B ekobst(Ao—Bo)

= Bo A°ekobsr<Ao—Bo> (3.4)
immobilized DTBA Obs (0.16£0.01) M g
immobilized DTBA + DTBA™ (3.1) Obs (0.25+0.01) M s !
immobilized DTBA + DTT* (3.2) Obs (0.17+0.0)M's™
immobilized DTBA + cystamine (3.3) kobs=(0.30 £ 0.02) M 's!
immobilized DTBA + BME™ (3.4) kobs =(0.17 £ 0.01) M’ls’l
immobilized DTBA + BMC* (3.5) obs (0.67+0.01)M's™
immobilized DTBA + lipoic acid (3.6) Obs (0.29+0.04) M* !
immobilized DTBA + selenoDTBA®* (3.7) Obs (0.82 £ 0.03) M~ s !

immobilized DTBA + selenocystamine (3.8, 1 mol%) Obs (0.40+£0.02) M 's™
immobilized DTBA + selenocystamine (3.8, 5 mol%) kobs= (0.86 = 0.05) M s
immobilized DTBA + selenocystamine (3.8, 30 mol%) kops= (4.7 +0.2) M's™!

immobilized DTBA + selenoBMC™ (3.9) kobs = (0.42 £ 0.02) M 's!



74

3.7.8 Reactivation of papain with DTBA and BMC

A procedure similar to that described previously was used to compare the rate at which

DTBA and BMC reduce the active site cysteine of papain-Cys25-S—S—CHs.*

% Activity
B [2] o]
o o o

Time (min)

Figure 3.11 Time-course for the reactivation of papain-Cys25—S—S—CHj by dithiols (1.5 equiv) in
0.10 M imidazole—HCI buffer, pH 7.0, containing EDTA (2 mM). DTBA: kos = (1067 + 69) M

sl BMC: kops = (609 +42) M™'s™!
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3.8 NMR Spectra
"H NMR and ">C NMR spectra (DMSO-dg) of 3.1 with 1,4-dioxane
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"H NMR spectrum (50 mM sodium phosphate buffer, pH 7.0) of DTBA
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"H NMR and *C NMR spectra (DMSO-dp) of 3.5
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"H NMR and *C NMR spectra (DMSO-dp) of 3.7
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"H NMR and *C NMR spectra (DMSO-dp) of 3.9
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'H NMR and "*C NMR spectra (DMSO-ds, 80 °C) spectra of 3.9
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Chapter 4*: Pyrazine-Derived Disulfide-Reducing Agent for Chemical Biology

4.1 Abstract

For fifty years, dithiothreitol (DTT) has been the preferred reagent for the reduction of
disulfide bonds in proteins and other biomolecules. Herein, we report on the synthesis and
characterization of 2,3-bis(mercaptomethyl)pyrazine (BMMP), a readily accessible disulfide-
reducing agent with reactivity under biological conditions that is markedly superior to DTT and

other known reagents.

4.2 Author Contributions
J.C.L. proposed the use of a pyrazine scaffold in order to optimize the physicochemical
properties of the disulfide-reducing agent. K.K.W. assisted J.C.L. in the synthesis,
characterization, and evaluation of BMMP. J.C.L. drafted the original manuscript and figures.
J.C.L., KKK.W,, and R.T.R. planned experiments, analyzed data, and edited the manuscript and
figures.
*This chapter has been published, in part, under the same title. Reference: Lukesh, J. C., III;

Wallin, K. K.; Raines, R. T. Chem Commun. 2014, 50, 9591-9594
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4.3 Introduction
The redox state of cystine residues can have a profound effect on protein structure and
function.">'"'"*! Consequently, reagents that reduce disulfide bonds to thiols can be crucial to

- - - 45,163
progress in chemical biology.™”

Necessarily, the reduction of disulfide bonds within
biomlecules must be accomplished under mild conditions: in water, at neutral pH, and at room
temperature.5’15’24’29’37 Thiols can accomplish these goals and do so (unlike phosphines) in a
reversible manner. Their reduction mechanism entails thiol—disulfide interchange initiated by the

attack of a thiolate,'72!3436,122-124

The use of monothiols such as L-glutathione or f-
mercaptoethanol (BME) can lead to the trapping of the resulting intermediate as a mixed
disulfide. In 1964, Cleland reported that dithiothreitol (DTT or Cleland's reagent; Table 4.1), a
racemic dithiol, readily completes the reduction reaction by forming a stable six-membered
ring.”* The potency of DTT is evident from the low reduction potential (E°' = —0.327 V) of its
oxidized form.*® As a result, DTT has achieved widespread use for the quantitative reduction of
disulfide bonds in proteins and other biomolecules.

DTT has, however, a serious limitation. As thiolates but not thiols are nucleophilic in
aqueous solution,'® the observed rate of disulfide reduction is dependent on the thiol pK, of the
reducing agent. With thiol pK, values of 9.2 and 10.1, <1% of DTT resides in the reactive
thiolate form at neutral pH. As a result, several attempts have been made to create water-soluble
reducing agents that sport depressed thiol pK, values.””%

Recently, we reported on dithiobutylamine (DTBA; Table 4.1), a dithiol reducing agent

derived from L-aspartic acid.** Like DTT, DTBA is a potent disulfide-reducing agent. Moreover,

the amino group of DTBA confers depressed thiol pK, values of 8.2 and 9.3 and facile



&3

42,55

functionalization. That amino group, however, appeared to deter the ability of the molecule

to reduce certain disulfide bonds due to unfavorable Coulombic interactions.*?

Thiol pKj, Disulfide Reduction Potential (E°)
OH
AS-SH
HS™ ™ 9.2 (10.1)2 ~0.327 \@
OH
DTT
o)
\NJ\/SH
, 8.0+0.2 b
-0.262 V/
HS/\[(N\ (9.1 +0.1)°
o]
DMH
NH;
Hs S SH 8.2 (9.3)7 -0.317 V@
DTBA
7\
N~ N
— 76+0.1 - b
HSASH 201 0.301 + 0.003 V/

Table 4.1 Physicochemical properties of dithiol reducing agents. “Values are from ref. 42.
Preferences are from this work.

We were determined to improve upon DTBA. Dithiols (like DTBA and DTT) that form
six-membered cyclic disulfides are potent reducing agents, reflecting a balance between the high

38,39
~” We reasoned

enthalpic stability of the incipient ring and low entropic loss for its formation.
that the entropic loss could be diminished further by limiting rotation around of the bonds

between the two sulthydryl groups. We also sought an electron-withdrawing group that could
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lower a thiol pK, to a value close to physiological pH (which is pH 7.365 inhuman blood). Then,
an optimal balance is achieved between the concentration of the thiolate nucleophile (low pK, is
better) and its incipient nucleophilicity (high pK is better).**'®> Accordingly, we suspected that
incorporating a highly electron-deficient moiety (e.g., a pyrazine ring) that also serves to pre-
organize the reagent for disulfide-bond formation could be advantageous. A compound that fits

this description is 2,3-bis(mercaptomethyl)pyrazine (BMMP; Table 4.1).

4.4 Results and Discussion

Prior to designing a synthetic route to BMMP, we calculated the free energies for the
optimized geometry of reduced BMMP and oxidized BMMP and compared them to those of
reduced DTT and oxidized DTT. We were aware of a prior study that predicted the stability of
cyclic disulfides using molecular mechanics calculations,” and sought to assess our design at a
higher level of theory (B3LYP/6-311+G(2d,p)."® The thiol pK, values of BMMP were
calculated to be substantially lower than those of DTT. Moreover, the oxidation of BMMP was
calculated to be slightly more favorable than that of DTT.

Because of these encouraging computational results, we synthesized BMMP from 2,3-
dimethylpyrazine (4.1) via a simple three-step route (Scheme 4.1). We isolated BMMP as an off-
white/yellow powder in 22% overall yield. The compound has low odor and aqueous solubility
(64 mM reduced; 8 mM oxidized) that is adequate for typical applications in chemical biology.

As predicted, BMMP has low thiol pK, values. A pH titration monitored by UV
spectroscopy revealed these values to be 7.6 + 0.1 and 9.0 + 0.1. These pK, values are

significantly lower than those of DTT and DTBA (Figure 4.1).**'* Moreover, the lower of its
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two thiol pK, values is closer to physiological pH than any known dithiol-based reducing agent.
(vide infra). ">

N, W _NBS,ABN _\ Y\

= e )=
Br Br

0,
4.1 36% 4.2
AcSH, Et3N
DCM
76%
an\ 7N\
N N\ HC N\
ﬂ MeOH ﬂ
HS SH 82% S S
4.4 (BMMP) ' Y
O 43 O

Scheme 4.1 Synthetic route to BMMP (4.4)

BMMP was also found to be a potent reducing agent, albeit slightly less than predicted by
our calculations. We found that the equilibrium reaction between reduced BMMP and oxidized
DTT favors those species (rather than oxidized BMMP and reduced DTT) by ~1.2 kcal/mol,
which corresponds to a reduction potential of £°' = (=0.301 + 0.003) V for oxidized BMMP
(Figure 4.1 and Figure; Figure 4.6). This E°' value is slightly less negative than both DTT and
DTBA, and presumably results from the decreased enthalpic stability imparted by the two sz_
hybridized carbons in its six-membered ring.”’ BMMP is, however, a much more potent reducing
agent than common monothiols such as [B-mercaptoethanol (BME), cysteamine, and L-

glutathione."**'*” To probe this difference, we equilibrated oxidized BME (BME®) with a slight
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excess of reduced BMMP for 24 h. Analysis by HPLC revealed the complete reduction of BME™
(Figure 4.8).

Singh and Whitesides put forth N,N'-dimethyl-N,N'-bis(mercaptoacetyl)hydrazine (DMH;
Fig 4.1) as a faster disulfide-reducing agent than DTT. Notably, their reported pK, = 7.6 (8.9)
and E°' = —0.300 V values for DMH are indistinguishable from those of BMMP (Figure 4.1).
The E°' value of DMH was corrected subsequently by Lees and Whitesides to be —0.272 V,**
which is more consistent with its forming an 8-membered ring upon oxidation. To our
knowledge, the pK, value of DMH has not been examined again. Accordingly, we synthesized
DMH so as to reexamine its properties and utility. Our observed value of £°'= (—0.262 + 0.003)
V for DMH was even higher than that of Lees and Whitesides, and confirms that DMH is a
markedly weaker reducing agent than is BMMP, DTBA, or DTT (Table 4.1). Likewise, our
value of pK, = 8.0 + 0.1 (Figure 4.1) is higher than that reported by Singh and Whitesides, but
consistent with values reported for mercaptoacetamido groups.”’=*¢

Next, we analyzed the reactivity of BMMP with relevant disulfide bonds. At pH 7.0,
BMMP reduced the disulfide bond in BME®™ 11-fold faster than did DTT and 3-fold faster than
did DTBA (Figure 4.1A; Table 4.2). Commensurate with their pK, values, DMH reduced pME™
faster than did DTT or DTBA but slower than did BMMP. At pH 5.0, BMMP reduced BME®™ 14-

fold faster than did DTT and 4-fold faster than did DTBA (Figure 4.1B; Table 4.2). These data

highlight the broad pH-range at which BMMP can be utilized effectively.
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A .  Reduction of BME* (pH 7.0)
®— BMMP /f
~ —x— DMH e
= 400 —4— DTBA -
— —=— DTT /.//
w | [
é 300 |- e
= ’//!/ ____’__________-———‘_'_-__
—— %"
0 100 200
Time (s)
B a5 Reduction of BME®* (pH 5.0)
S 300 - //
= ~
L -
5,250 [ .
- e e
o /,r f____’___Q___-——---""'
200.-/—"_‘.;__—-‘—0—_ & _.'
0 2000 4000 6000
Time (s)

Figure 4.1 Time-course for the reduction of BME® (5 mM) by BMMP, DMH, DTBA, or DTT (5
mM) in buffered water. (A) In 50 mM potassium phosphate buffer, pH 7.0: kBMMP /g DMH — 1 g
kBMMP /[ DTBA — 33 kBMMP /| /DIT — 11.4. (B) In 50 mM sodium acetate buffer, pH 5.0:

%%MP [S)'Il'?gA BMMP DT'Iqu
kObS /kObS = 36, kObS /kObS =14.1.

Finally, we assessed the ability of BMMP to reduce disulfide bonds in two proteins.
Papain is a cysteine protease that contains an active-site sulthydryl group (Cys25) that needs to
be in a reduced state for catalysis."** Treatment with S-methyl methanethiosulfonate generates an
active-site mixed disulfide that results in complete loss of enzymatic activity.'* This loss in
activity, however, is reversible upon treatment with a disulfide-reducing agent. We found that
BMMP reduced the mixed disulfide in papain 13-fold faster than did DTT at a rate comparable

to that of DTBA (Figure 4.2A; Table 4.2).*
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A Reactivation of Papain

Time (min)

B 100 Reactivation of Creatine Kinase

0 10 20 30 40
Time (min)

Figure 4.2 Time-course for the reduction of a mixed disulfide in proteins by BMMP, DTBA, or
DTT (7.8 uM) in 0.10 M imidazole—HCI buffer, pH 7.0, containing EDTA (2 mM). (A) Papain-
Cys25—-S—S—CH; (4.4 uM): kBMMP /. DTBA — 1 5 BMMP /| DTT — 13.1. (B) Creatine kinase-
Cys283—S—S—L-glutathione (0.34 uM): kB)IMP /| DTBA — ¢ 8 | BIMMP | DIT — 58

Creatine kinase, like papain, is an enzyme that contains a thiol group (Cys283) that needs
to be in a reduced state for catalytic function.'**'*” When treated with oxidized L-glutathione, the
resulting mixed disulfide eliminates its enzymatic activity. Previously, we reported that the
ability of DTBA to reduce this disulfide bond was compromised—presumably by unfavorable
Coulombic interactions—resulting in a low reaction rate comparable to that of DTT. In contrast

to DTBA, BMMP is not cationic near neutral pH (For example, the pK, of the conjugate acid of

2,5-dimethylpyrazine is 2.1'°®). Indeed, unfavorable Coulombic interactions were not apparent
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with BMMP, which was found to reduce the mixed disulfide in creatine kinase 6-fold faster than

did DTT and 7-fold faster than did DTBA (Figure 4.2B; Table 4.2).

4.5 Conclusions

In conclusion, we have designed, synthesized, and characterized BMMP, a novel
disulfide-reducing agent with high reactivity under biological conditions. The pyrazine ring of
BMMP fuels its enhanced performance without Coulombic consequences. In a variety of
relevant assays, BMMP reduces disulfide bonds ~10-fold faster than does DTT. Notably, the
depressed thiol pK, values of BMMP extended the pH range at which disulfide bonds can be
reduced efficiently. These attributes render BMMP as an attractive reagent for the reduction of

the disulfide bonds encountered in chemical biology.

4.6 Acknowledgements

This paper is dedicated to the memory of our colleague, W. W. (Mo) Cleland (1930-
2013), on the 50th anniversary of his seminal publication on DTT (ref. 24). We are grateful to
Robert W. Newberry for advice on computations. This work was supported by grant ROI
GMO044783 (NIH), and made use of the National Magnetic Resonance Facility at Madison,

which is supported by grant P41 GM103399 (NIH).

4.7 Materials and Methods

4.7.1 General
Commercial reagents were used without further purification. Dithiothreitol (DTT) was

from Research Products International (Mt. Prospect, IL). N,N'-dimethylhydrazine
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dihydrochloride was from Santa Cruz Biotechnology, Inc (Dallas,TX). Papain (lyophilized
powder from papaya latex), creatine kinase (lyophilized powder from rabbit muscle), hexokinase
(Iyophilized powder from Saccharomyces cerevisiae), glucose-6-phosphate dehydrogenase
(ammonium sulfate suspension from baker's yeast), N,-benzoyl-L-arginine-4-nitroanilide
hydrochloride, S-methyl methanethiosulfonate, trans-4,5-dihydroxy-1,2-dithiane (oxidized
DTT), 2-mercaptoethanol, oxidized 2-mercaptoethanol, and 2-butyne-1,4-diol were from Sigma—
Aldrich (St. Louis, MO). DTBA and oxidized DTBA were synthesized as described previously.*

All glassware was oven or flame-dried, and reactions were performed under N(g) unless
stated otherwise. Dichloromethane was dried over a column of alumina. Triethylamine and
dimethylformamide (DMF) were dried over a column of alumina and purified further by passage
through an isocyanate scrubbing column. Flash chromatography was performed with columns of
40-63 A silica, 230—400 mesh (Silicycle, Québec City, Canada). Thin-layer chromatography
(TLC) was performed on plates of EMD 250-um silica 60-F;s4. The term “concentrated under
reduced pressure” refers to the removal of solvents and other volatile materials using a rotary
evaporator at water-aspirator pressure (<20 torr) while maintaining the water-bath temperature
below 40 °C. Residual solvent was removed from samples at high vacuum (<0.1 torr). The term
“high vacuum” refers to vacuum achieved by a mechanical belt-drive oil pump. Analytical
samples of BMMP and BMMP®* were obtained using a Shimadzu (Kyoto, Japan) preparative
HPLC, equipped with a C18 reverse-phase preparative column, Prominence diode array detector,
and fraction collector. Ellman’s assay for sulthydryl groups was performed using a Varian Cary
60 Bio UV—Vis spectrophotometer. Equilibrium, reduction potential, and kinetic studies on small

molecules were performed with an analytical HPLC (Waters system equipped with a Waters 996
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photodiode array detector, Empower 2 software and a Varian C18 reverse-phase column). Thiol
pK, values were determined using a Varian Cary 60 UV—Vis spectrophotometer. Kinetic studies
on proteins were carried out using a Varian Cary 400 Bio UV—Vis spectrometer with a Cary
temperature controller at the Biophysics Instrumentation Facility at Madison (BIF). All NMR
spectra were acquired at ambient temperature with a Bruker DMX-400 Avance spectrometer and
a Bruker Avance III 500ii with cyroprobe spectrometer at the National Magnetic Resonance

Facility at Madison (NMRFAM), and were referenced to TMS or residual protic solvent.

4.7.2 Computational procedures

Idealized conformations of 4, 5, DMH, DMH>*, DTT, and DTT* were determined by
optimizing their geometries at the B3LYP/6-311+G(2d,p) level of theory as implemented by
Gaussian 09.'% The optimized structures yielded no imaginary frequencies, indicating a true

energy minimum on the potential energy surface.

4.7.3 Chemical synthesis

N/ N _NBS,ABN_ N N

= ccl, ﬂ
Br Br

0,
4.1 36% 4.2

Compound 4.2 was synthesized as described previously from 2,3-dimethylpyrazine (4.1)
resulting in comparable yields and identical NMR spectra.'®’
'"H NMR (400 MHz, CDCl;) 6 = 8.43 (s, 2H), 4.65 (s, 4H); *C NMR (125 MHz,

CDCl;) = 151.4, 143.9, 29.5.
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Br Br DCM S S
4.2 76% ﬂ }7

A flame-dried round-bottom flask was charged with 4.2 (0.907 g, 3.411 mmol), dissolved
with 35 mL of dichloromethane, and placed under an atmosphere of dry Ny(g). Triethylamine
(1.50 mL, 10.76 mmol) and thioacetic acid (0.54 mL, 7.56 mmol) were then added, and the
resulting solution was stirred overnight. After 16 h, the reaction was concentrated under reduced
pressure and the resulting residue was purified by column chromatography (40% v/v ethyl
acetate in hexanes) resulting in 4.3 (0.664 g, 76%).

"H NMR (400 MHz, CDCl;) 6 = 8.42 (s, 2H), 4.43 (s, 4H), 2.39 (s, 6H); *C NMR (100
MHz, CDCl;) 6 = 194.4, 151.1, 142.8, 32.4, 30.2; HRMS (ESI) calculated for [C1oH3N,0,S,]"

(M+H") requires m/z = 257.0413, found 257.0422.

To a flame-dried flask containing 4.3 (0.167 g, 0.651 mmol) was added 6 mL of
anhydrous MeOH followed by 3 mL of 3 N HCI in MeOH. After reacting for 16 h under N,(g),
the reaction mixture was concentrated under reduced pressure, passed through a 4.5-um filter,

and purified by reverse-phase HPLC using a preparatory C18 column and a linear gradient of

10-80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. BMMP (4.4)
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eluted at 27 min and, after lyophilization, was isolated as an off white/yellow powder (91.9 mg,
82%).

"H NMR (400 MHz, DMSO-dg) § = 8.46 (s, 2H), 3.97 (d, J = 7.5 Hz, 4H), 3.05 (t, J =
7.5 Hz, 2H); *C NMR (100 MHz, DMSO-ds) 6 = 153.3, 142.5, 26.8; HRMS (EI) calculated for

[C6H8N282]+ (M+) requires m/z = 172.0124, found 172.0125.

N\ DTNB N’ N
HsﬂSH DM <_>
4.4 93%  g_g

4.5

BMMP (4.4) (51.5 mg, 0.299 mmol) and 5,5’-dithio-bis(2-nitrobenzoic acid) (118.9 mg,
0.300 mmol) were placed in a 25-mL round-bottom flask. These solids were dissolved in 7 mL
of anhydrous DMF, and the reaction mixture was stirred under N»(g). After 24 h, the solvent was
removed by rotary evaporation under high vacuum, passed through a 4.5-um filter, and purified
by reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. BMMP®* (4.5) eluted at 36
min, and after lyophilization, was isolated as an off white/yellow powder (47.3 mg, 93%).

'"H NMR (400 MHz, CDCl;) J = 8.42 (s, 2H), 4.25 (s, 4H); *C NMR (100 MHz,
CDCl3) 6 = 149.8, 142.2, 37.9; HRMS (EI) calculated for [C¢HgN>S,]" (M") requires m/z =

169.9967, found 169.9961.
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DMH (4.6) was synthesized from N,N'-dimethylhydrazine dihydrochloride as described
previously.28 An analytically pure sample of 6 was obtained from reverse-phase HPLC using a
preparatory C18 column and a linear gradient of 10-80% v/v acetonitrile (0.1% v/v TFA) in
water (0.1% v/v TFA) over 45 min. DMH eluted at 23 min and, after lyophilization, was isolated
as a white solid.

'"H NMR (400 MHz, Methanol-d;) (Two unresolved conformations presentzs): 0=
3.53-3.21 (m), 3.08 (s); *C NMR (100 MHz, Methanol-d, ) (Two conformations present) J =
174.5,174.4, 172.2, 38.1, 34.8, 32.7, 26.3, 25.5, 25.4; HRMS (ESI) calculated for [CsH3N,S,]"

(M + H") requires m/z = 209.0413, found 209.0410.

4.7.4 Determination of thiol pK, values for BMMP

The thiol pK, values for BMMP were determined by following closely a procedure
reported previously that exploits the elevated absorbance of the deprotonated thiolate at 238
nm,*>116129 A plot of Ay3g vs pH was recorded (Figure 4.3), and pK, values were determined by
fitting these data to eq 4.1, which is derived from both Beer’s law and the definition of the acid

dissociation constant.

done = C e3-10(PH-PKa2) o8+ 4 oS4 g(PKa1-pH) @.1)
238 T 10(PH-pKa2) 4 1419(pKal-pH) ’
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In eq 4.1, Cr is the total thiol concentration, 5 is the extinction coefficient of the
doubly protonated form of BMMP, essﬁ is the extinction coefficient of the singly protonated form

of BMMP, and €5~ is the extinction coefficient of the doubly deprotonated form of BMMP.

Absorbance
238 nm

0.0- T T
6 8 10

pH

Figure 4.3 Effect of pH on absorbance by BMMP at 238 nm in a 0.10 M potassium phosphate
buffer. pK, values of 7.6 + 0.1 and 9.0 + 0.1, and extinction coefficients of €55 = 5.24, &35 =
3058, 5~ = 9159 M em ™ with 7 > 0.99 were determined by fitting the data to eq 4.1.
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4.7.5 Determination of thiol pK, values for DMH

The thiol pK,s of DMH were also examined using the same conditions described above.

0.6+

0.4+

Absorbance
238 nm

0.2+

0.0' T T 1
6 8 10 12

pH

Figure 4.4 Effect of pH on absorbance by DMH at 238 nm in a 0.10 M potassium phosphate
buffer. pK, values of 8.0 + 0.2 and 9.1 £ 0.1, and extinction coefficients of el = 67.8, €5 =
3885, ESS: =9116 M 'em ™ with #* > 0.99 were determined by fitting the data to eq 4.1.

4.7.6 Reduction potential of BMMP

242 the reduction potential of BMMP was

Following a procedure reported previously,
determined by analyzing its equilibrium reaction with DTT®* (eq 4.2), and measuring the amount
of reduced and oxidized species in solution by analytical HPLC. Once the equilibrium constant
was determined, its value was plugged into a variation of the Nernst equation (eq 4.3). BMMP
(2.5 mg, 0.015 mmol) and DTT™ (2.3 mg, 0.015 mmol) were place in a 10 mL round-bottom
flask, and 5 mL of degassed 50 mM potassium phosphate buffer, pH 7.0, containing EDTA (2

mM) was added. The reaction mixture was then sonicated briefly to ensure complete dissolution
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of material and stirred overnight under N,(g). After reacting for 24 h, the reaction mixture was
quenched by the addition of 0.1 mL of 3 N HCI, and passed through a 4.50-um filter. A 100-pL
aliquot of the reaction mixture was then immediately analyzed by analytical HPLC using a
Waters system equipped with a Waters 996 photodiode array detector, Empower 2 software, and
a Varian C18 column. The column was eluted at 1.0 mL/min with water (5.0 mL), followed by a
linear gradient (0—40% v/v) of acetonitrile/water over 40 min. Four peaks were observed,
corresponding to DTT (18 min), DTT®* (22 min), BMMP (34 min), and BMMP® (41 min)
(Figure 4.5). Calibration curves were generated and found to be linear over the concentration
range analyzed. From these curves, equilibrium concentrations were determined, and a Kqq =
0.137 + 0.036 was determined for the reaction. Next, using this value and assuming E°'= —0.327
V for DTT, a variation of the Nernst equation (eq 4.3) was used to calculate that BMMP has a
reduction potential of E°’'=(—0.301 = 0.003) V. This value is the mean + SE from three separate

experiments.

_ [DTT][oxidized BMMP

K =
“d [BMMP][oxidized DTT

]
] (4.2)

E 01— p_or_ T [DTT][oxidized BUMP]
BMMP DIT ™ 5F " [BMMP][oxidized DTT]

(4.3)
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BMMP*

il N

L e B B B e e T B S B e L B e S e e e LA AN N s o
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00
Mirtes

Figure 4.5 Representative HPLC chromatogram of the redox equilibrium between BMMP and
DTT®. Compounds were detected by their absorbance at 205 nm.

4.7.7 Reduction potential of DMH
The reduction potential of DMH was also determined by following the same procedure
described in Section 4.7.6. With K.q = 0.0065 + 0.0020 and assuming £°'= —0.327 V for DTT,

DMH was found to have £°'=(—0.262 + 0.004) V.

Dl_lox |f\£|H“
o
LEN S B B S S B S By B B B B L H e R R L R B S B B B B R
0 10.00 15.00 20.00 25.00 30.00 35.00 40.00 4:5.00 3

Minutes

Figure 4.6 Representative HPLC chromatogram of the redox equilibrium between DMH and
DTT®. Compounds were detected by their absorbance at 205 nm.
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4.7.8 Equilibrium reaction with oxidized pME

BMMP
BMMP=

L e T B TR A B S L A A B S e e o e S B B e S S
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
| Minutes

Figure 4.7 Representative HPLC chromatogram of the redox equilibrium between BMMP and
BME. Compounds were detected by their absorbance at 205 nm.

First, 4.0 mL of freshly degassed 50 mM potassium phosphate buffer, pH 7.0, containing
EDTA (2 mM) was added to a round-bottom flask containing 3.0 mg (0.017 mmol) of BMMP.
The flask was briefly sonicated to ensure complete dissolution of material and then stirred on
under Nx(g). Next, 0.6 mL (0.006 mmol) of a 10 mM stock solution of BME®* was added and the
reaction was stirred overnight. After 24 h, the reaction mixture was quenched by the addition of
0.1 mL of 3 N HCI, filtered through a 4.5-um solution, and immediately analyzed by analytical
HPLC using a Waters system equipped with a Waters 996 photodiode array detector, Empower 2
software, and a Varian C18 column. The column was eluted at 1.0 mL/min with water (5.0 mL),
followed by a linear gradient (0—40% v/v) of acetonitrile/water over 40 min. Three peaks were
observed, corresponding to BME (6 min), BMMP (34 min), and BMMP® (41 min). The peak

corresponding to BME®™ (21 min) was not observed, indicative of the quantitative reduction of
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BME®™ to form BME (Figure 4.7). This experiment was repeated three times with identical

results.

4.7.9 Reduction kinetics on oxidized pME

d[disulfide]iota)

S ve—— kobs[disulﬁde]total[thiol]toml

The observed second-order rate constant (ko,s) for the reduction oxidized BPME by
BMMP, DMH, DTBA, and DTT was determined by following a previously described procedure.
A 10 mL round-bottom flask was charged with BMMP (4.3 mg, 0.025 mmol), DTBA (4.3, 0.025
mmol), or DTT (3.9 mg, 0.025 mmol). Under an atmosphere of Ny(g), 2.5 mL of freshly
degassed 50 mM potassium phosphate buffer, pH 7.0, was then added to the reaction flask and
the solution was briefly sonicated to ensure complete dissolution of reducing agent. At time ¢ =0,
2.5 mL of a 10 mM stock solution of BME®* in 50 mM potassium phosphate buffer, pH 7.0, was
then added. At various time points (1, 2, and 4 min), the reaction mixture was quenched by the
addition of 0.1 mL of 3 N HCI. The reaction mixture was then passed through a 4.5-um filter and
analyzed immediately by analytical HPLC using a Varian C18 reverse-phase column. The
mixture was eluted at 1.0 mL/min with water (5.0 mL), followed by a linear gradient (0—40%
v/v) of acetonitrile/water over 40 min. The degree of reduction was determined by integrating the
newly formed peak in the chromatogram corresponding to reduced PME (elution time of 6 min)
at 205 nm. Calibration curves were generated and determined to be linear over the concentration
range. The amount of residual oxidized BME was calculated, and the second-order rate constants

were determined from the linear fit of the data in Figure 4.1A (kobs = [(1/Cfinal) — (1/Cinitia1)]/2)-
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The initial values of concentration (Ciyiia) were: BMMP, DMH, DTBA, or DTT = BME®™ = 5
mM. Values of ks (Table 4.2) are the mean + SE from three independent experiments. The same

procedure was repeated with BMMP, DTBA, and DTT in 50 mM sodium acetate buffer, pH 5.0.

4.7.10 Reactivation of papain

papain-Cys25-SH + CH3S(02)SCH3; — papain—-Cys25-S—-S—-CH3; + CH3SO2H

kobs
papain-Cys25-S—S—CH3; + BMMP (or DTBA or DTT) — papain-Cys25-SH + BMMP®* (or DTBA® or DTT%)

papain-Cys25-SH
CeH5C(O)—Arg—NH-CeH4-p-N02 + H,O — CGH5C(O)—ArgOH + HzN-CsH4-p-N02

Papain was inactivated by forming a mixed disulfide upon treatment of its active-site
cysteine (Cys25) with S-methyl methanethiosulfonate following a procedure reported
previously.”* A 1.25 mL solution of papain-Cys25—S—S—CHj (4.4 x 10° M) in a degassed
0.10 M imidazole—HCI buffer, pH 7.0, containing EDTA (2 mM) was placed in a 1.5-mL
LoBind Eppendorf tube. At time t = 0, 10 uL of a 1 mM stock solution of BMMP was added,
and a timer was started. The initial concentrations of the reaction mixture were dithiol reducing
agent: 7.9 x 10°° M and inactive protein: 4.4 x 10°° M. At various time points, a 200-pL aliquot
of the reaction mixture was removed and added to a cuvette containing 800 uL of substrate
solution (0.10 M imidazole—HCI buffer, pH 6.0, containing 2 mM EDTA and 1.25 mM N-
benzoyl-L-arginyl-p-nitroanilide), and the rate of change in absorbance at 410 nm was recorded
at 25 °C. A unit of protein is defined as the amount of enzyme required to produce 4-nitroaniline
at a rate of 1 umol/min. The units of active papain at each time point were calculated by using an

extinction coefficient for 4-nitroaniline of ¢ = 8,800 M 'em™ at 410 nm. In order to determine
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the possible number of units of active papain in the reaction mixture, enzymatic activity was
assessed after a large excess of DTT (~100 fold) was added to an Eppendorf tube. As a control,
the addition of DTT was shown to have no bearing on the assay data, other than in activating the
enzyme. Y = enzymatic activity (%) at any time point was determined by dividing the number of
active units of enzyme by the possible number of units in the solution, and plotted in Figure
4.2A. To determine the value of the second-order rate constant (ko) for the reducing agents, the
second order rate equation (eq 4.4) was transformed into eq 5, which was fitted to the data with
the program Prism 5.0. In both equations, 4y = [inactive protein]~, 4 = [inactive protein], = 4y —
AoY, By = [reducing agent]~o, and B = [reducing agent], = By — AoY. Values of ks (Table 4.1) are
the mean = SE from three separate experiments.

1 AoB
In =2

= obst (4.4)

BO—BOekobst(AO_BO)
y - BO_Aoekobst(Ao—Bo)

(4.5)

4.7.11 Reactivation of creatine kinase

creatine kinase-Cys283-SH + GSSG — creatine kinase-Cys283—-S-S-G + GSH

kobs
creatine kinase-Cys283-S—-S—-G + BMMP (or DTBA or DTT) — creatine kinase-Cys283—-SH + BMMP** (or
DTBA® or DTT®)

creatine kinase-Cys283-SH
creatine phosphate + ADP — creatine + ATP

hexokinase
ATP + D-glucose — ADP + D-glucose-6-phosphate

glucose-6-phosphate dehydrogenase
D-glucose-6-phosphate + NADP* — D-gluconate-6-phosphate + H* + NADPH
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The oxidation and subsequent reactivation of creatine kinase with BMMP (or DTBA or

DTT) was accomplished by a procedure described previously.?**

Enzymatic activity (%) at
particular time points was calculated by dividing the number of active units of enzyme by the

possible number of units in solution, and was plotted in Figure 4.2B. Values of ks (Table 4.2)

were determined using eq 4.5 and are the mean + SE for three separate experiments.

Disulfide BMMP DMH DTBA DTT
BME®™, pH 7.0 1.02 +£0.07 0.56 + 0.04 0.32+0.02 0.090 + 0.005
BME®™, pH 5.0 0.0183 +0.0007 ND* 0.0051 £ 0.0004 0.0013 £ 0.0001
papain-Cys25-S—-S—CHj; 1139 + 62 ND* 950 + 51 87+3
creatine kinase-Cys283-S-S-G 476 £ 34 ND* 70 £2 82+3

“ND, not determined.
Table 4.2 Values of ks (M's ') for the reduction of disulfides by dithiols

4.7.12 Determination of BMMP solubility in buffered water

A 20 mM stock solution of 2-butyne-1,4-diol (which is an '"H NMR standard) was
prepared in 50 mM potassium phosphate buffer, pH 7.0. BMMP was added to a solution
containing 1 mL of this buffer and 0.1 mL of D,O until the solution was saturated completely.
The mixture was sonicated to ensure complete dissolution and filtered into an NMR tube, and its
spectrum was acquired with water suppression. The solubility of BMMP was determined to be
(64 + 14) mM by integration of the '"H NMR peak areas for the aryl CH and methylene CH,SH

protons for BMMP and the CH,OH protons of 2-butyne-1,4-diol. Analogously, the solubility of



104

BMMP** was determined to be (7.9 + 2.8) mM by integration of the 'H NMR peak areas for the

aryl CH protons of BMMP®* and the CH,OH protons of 2-butyne-1,4-diol.
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4.8 NMR Spectra
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'H NMR (DMSO-de) and *C NMR (DMSO-d;) of 4.4 (BMMP)
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'H NMR (CDCl;3) and ">C NMR (CDCl;) of 4.5 (BMMP*)
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'H NMR (Methanol-d,) and *C NMR (Methanol-d,) of 4.6 (DMH)
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'H NMR (50 mM potassium phosphate buffer, pH 7.0)
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'H NMR (50 mM potassium phosphate buffer, pH 7.0) of 2-butyne-1,4-diol
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'H NMR (50 mM potassium phosphate buffer, pH 7.0, 20 mM 2-butyne-1,4-diol) of 4.4
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'H NMR (50 mM potassium phosphate buffer, pH 7.0, 20 mM 2-butyne-1,4-diol) of 4.5
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4.9 Cartesian Coordinates of Optimized Geometries and Partial Atomic Charges
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Table 4.3 Cartesian coordinates of the optimized geometry of 4.4 (reduced BMMP); free energy

=—1139.389339 Hartree.

C 0.00000000 0.00000000 0.00000000O0
C -0.95406700 1.07250700 -0.43806000
C -2.32291100 0.83373200 -0.69034200
N -3.12240600 1.82086200 -1.07841100
C -2.59182700 3.03476500 -1.22931700
C -1.24773000 3.26835200 -0.98751200
N -0.43413900 2.28972000 -0.58931400
H -0.81443200 4.25535900 -1.10974500
H -3.25696800 3.83042800 -1.54751800
C -2.92142600 -0.53899100 -0.53051100
S -4.70572000 -0.53774300 -0.98365800
H -4.85263500 -1.85935000 -0.77304500
H -2.81760500 -0.87090500 0.50515100
H -2.38599000 -1.24556300 -1.16673800
S 0.66126500 -0.99964900 -1.41064300
H 1.21766000 0.03512700 -2.06358900
H -0.47442700 -0.73372000 0.65100300
H 0.83323800 0.45281700 0.53183300




Table 4.4 Partial atomic charges for the optimized geometry of 4.4 (reduced BMMP)

Atom

1

© N o ua b~ W N

10
11
12
13
14
15
16
17
18

Symbol

Cc

c
c
N
c
c
N
H
H
c
s
H
H
H
S
H
H
H

Charge

-0.240841
-0.083063
0.426888
-0.162639
0.154077
-0.023234
-0.235077
0.106517
0.108367
-0.415207
-0.196545
0.081154
0.148652
0.170850
-0.228549
0.100887
0.127196
0.160566
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Table 4.5 Cartesian coordinates of the optimized geometry of 4.5 (oxidized BMMP); free energy

= —1138.202460 Hartree

C 0.00000000 0.00000000 0.00000000
C -1.22554800 -0.87538800 -0.15546100
C -1.22555800 -2.26904600 -0.35947600
C -0.00002400 -3.14443300 -0.51498800
S 1.53191200 -2.49364100 0.23405500
S 1.53184400 -0.65070700 -0.74924900
H 0.18165600 -3.34186200 -1.57335300
H -0.19950400 -4.10073500 -0.02744000
N -2.37735100 -2.93831700 -0.46398300
C -3.51420300 -2.25834300 -0.36282000
C -3.51419100 -0.88601700 -0.15237200
N -2.37733100 -0.20608000 -0.05106000
H -4.43949200 -0.32573000 -0.06635800
H -4.43950400 -2.81857800 -0.44914200
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H
H

-0.
0.

19959200
18177500

0.95635400 -0.48738200

0.19727100

1.

05838800

Table 4.6 Partial atomic charges for the optimized geometry of 4.5 (oxidized BMMP)

Atom

Table 4. 7 Cartesian coordinates of the optimized geometry of reduced DTT; free energy =

1

2
3
4

© ~N o O

10
11
12
13
14
15
16

Symbol
C

I I T IT Z2 O O Z2 IT T »u uo O O O

Charge
0.099860
-0.167780
-0.167818
0.099972
-0.127191
-0.127156
0.164104
0.154199
-0.262844
0.032538
0.032545
-0.262836
0.107054
0.107055
0.154197
0.164102

—1105.325241 Hartree

O T OoOZTTnOOOON

.00000000
.79402300
.30162000
.00517800
.77481800
.08077300
.56374400
.91582500
.90366500
.56455600
.43733400
.66699200

0.00000000
1.30104000
1.13626200
0.22179600
-0.05831400
1.24065700
-0.77579400
0.62200000
2.42683400
2.90775200
0.73018600
1.93945400

PP OO OOOOOOOoOOo

.00000000
.06769800
.18710600
.81756800
.41201300
.25394900
.80977900
.82705900
.20996900
.55788500
.19243400
.33999000
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juniia via sl @) Bt a sia

0.24404300 2
-0.42242700 1
1.81259900 O
1.82895600
.10598400 -0.
.33447400 -0.

0.

.24628600
.97480000
.25781000

09307300
45292300
72186200

1.42931100
-0.71341700
0.23695700
1.56982000
-0.98725300
0.74218100

Table 4.8 Partial atomic charges for the optimized geometry of reduced DTT

Atom

Table 4.9 Cartesian coordinates of the optimized geometry of oxidized DTT. Free Energy =
—1104.138109 Hartree

1

2
3
4

© ~N o O

10
11
12
13
14
15
16
17
18

Symbol

C

c
c
c
S
H
H
H
o)
H
H
o)
H
H
S
H
H
H

Charge

-0.159791

0.169594

0.004885

-0.000413

-0.351191

0.114166

0.120412

0.155895

-0.430165

0.270291

0.114107

-0.483914

0.281039

0.114165

-0.320047

0.103947

0.150258

0.146763

C
S
S

0.00000000

0.

00000000

1.58410300 -0.59440700
1.55983500 -2.53693800 -0.08696400

0.00000000
0.69404000
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TITTIoDID DO DO OO0

-0.03960000
-1.21551300
-1.19874700
-1.19783400
-2.35428100
-3.11187900
-1.23177900
-2.45056800
-2.68506300
-0.14886400

0.00642400
0.04305300

-0.09487400

-3.08756600
-2.26174400
-0.78897800
-0.75674700
-0.12919000
-0.69176200
-2.30038500
-2.77838400
-3.58556300
-4.13017700
-3.05617000
-0.02076000

1.03891800

ORP P OO0 OORr OOOo

.61824800
.09301900
.51946200
.61707900
.01488200
.22379600
.00189100
.61772400
.14759400
.30556300
.70707400
.08909600
.32344100

Table 4. 10 Partial atomic charges for the optimized geometry of oxidized DTT.

Atom

Table 4.11 Cartesian coordinates of the optimized geometry of DMH. Free Energy =

1

N o o b~ w N

©

10
11
12
13
14
15
16

Symbol Charge

Cc

I T T T T O T T O IT O O O u ouw

0.004557
-0.114737
-0.116856
-0.050649
-0.167983
-0.010352
0.106491
-0.445927
0.289631
0.117979
-0.462627
0.275991
0.123442
0.155189
0.149212
0.146639

—1292.247888 Hartree
C 0.00000000 0.00000000 0.00000000
N -0.09508500 -0.72761800 1.26396700
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T DT o@D DT 0nOOOQOOom DD nOOQnD T Q=
|
OO R ONENWDN

.36704900
.44858400
.93251100
.48801000
.98484700
.25122700
.55785300
.63902300
.66298900
.34861000
.05286800
.00547600
. 75646800
.05900800
.29880600
.39446400
.81925700
.52174500
.47129700
.04186600
.51090200
.46271400

-0.72553300
-0.08410700

0.87414100

0.10661100
-0.70079500
-1.67697500
-1.81976500
-2.99109900
-2.86955300
-2.20054400
-0.85267800
-2.33199900
-1.73425000
-1.87269900
-2.92339300
-3.55250200
-2.29054900
-0.89920900
-2.44906400

0.15213500
-0.53796500

0.97795100

OO ONODONRPEPORFRPONWNEDNRE WWWWR

.84557400
.15535000
.10212800
.41188700
.92838800
.36582200
.12936700
.21888200
.08385400
.13049200
.22149300
.37369700
.68193100
.89913800
.74004900
.51311500
.08149500
.74327100
.62230000
.26880700
.80119700
.13063100

Table 4.12 Partial atomic charges for the optimized geometry of DMH.

Atom

1

2
3
4
5
6

10
11
12
13
14

Symbol Charge

Cc

N
N
c
H
H
H
C
c
S
H
H
H
o)

-0.283588
-0.028313
-0.002310
-0.287588
0.136125
0.131272
0.175265
0.240271
-0.091617
-0.224413
0.083872
0.159114
0.144822
-0.434543



15
16
17
18
19
20
21
22
23
24

I T T O IT IT T »W O O

0.206672
-0.031179
-0.308059
0.132124
0.168848
0.135352
-0.463912
0.128362
0.178108
0.135314
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Table 4.13 Cartesian coordinates of the optimized geometry of oxidized DMH. Free Energy = —
1291.051740 Hartree

C 0
S -0
S 0
C 1
C 3
N 3
N 2
C 1
0 1
C 2
H 1
H 1
H 3
C 4
H 4
H 5
H 4
0 4
H 2
H 1
H -0
H -0

.00000000
.78787300
.46337800
.89945700
.27024000
.39844600
.27540200
.45879300
.84108000
.06345600
.45238500
.59473600
.03187000
.66927600
.82008100
.46720900
.66827200
.24845000
.10181700
.56379400
.48608500
.20314300

0.00000000
-1.69121900 -
-2.91302600
-3.27718600 -
-2.59799100
-1.28041600
-0.49909200
-0.20879800 -
-0.30980500 -
-0.09614500

0.80254500
-0.88982400

0.14598100
-0.58386100

0.12533900
-1.32023500
-0.05089700

ORFRP ONDNNMNNRPEPROOOOO OO

|
o

-3.25556100 -0.
-4.34007400 O.
-3.12250600 -1.
0.54280400 -0.
0.47491800 0.

.00000000
.04339800
.08652400
.01717500
.11909100
.50354300
.73704600
.34031700
.48968300
.12630500
.16717300
.71072400
.56449800
.31361500
.12841100
.32085600
.63952700

18285300
10741600
04432600
80862800
95448900

Table 4.14 Partial atomic charges for the optimized geometry of oxidized DMH.

Atom

1

Symbol Charge

Cc

-0.307967

L}



A W N

10
11
12
13
14
15
16
17
18
19
20
21
22

r r r r O r T T O T T T O O O Z2 Z2 O O n0 u

-0.122816
0.130840
-0.193910
0.211784
0.059248
-0.203296
0.334650
-0.404489
-0.350976
0.133997
0.172818
0.141434
-0.269997
0.117610
0.175912
0.153596
-0.464211
0.178585
0.201215
0.175584
0.130389
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Chapter 5*: Organocatalysts of Oxidative Protein Folding Inspired by Protein Disulfide

Isomerase

5.1 Abstract

Organocatalysts derived from diethylenetriamine are effective catalysts for the
isomerization of non-native protein disulfide bonds to native ones. These catalysts contain a
pendant hydrophobic moiety to encourage interaction with the non-native state, and thiol groups

with low pK, values that form a disulfide bond with a high E£°’ value.

5.2 Author Contributions

J.C.L. proposed the use of hydrophobic moieties to improve efficiency of small molecule
PDI mimics. K.K.W. assisted J.C.L. in the synthesis and characterization of small molecule PDI
mimics. K.A.A. prepared and purified sRNase A. K.A.A. performed and analyzed RNase A
refolding experiments. J.C.L. drafted the original manuscript and figures. J.C.L., K.A.A, and
R.T.R. planned experiments, analyzed data, and edited the manuscript and figures.
*This chapter will be published, in part, under the same title. Reference: Lukesh, J. C., III*;
Andersen, K. A.#; Wallin, K. K.; Raines, R. T., manuscript in preparation

* These authors contributed equally
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5.3 Introduction

The formation of native disulfide bonds is at the core of oxidative protein ’folding.l’S’g’141
In oxidizing environments, reduced proteins with multiple cysteine residues tend to oxidize
rapidly and nonspecifically. To attain a proper three-dimensional fold, any nonnative disulfide
bonds must isomerize to the linkages found in the native protein.'”’ In eukaryotic cells, this
process is mediated by the enzyme protein disulfide isomerase (PDI; EC 5.3.4.1).%887:91.96.99.100

Catalysis of disulfide-bond isomerization by PDI involves thiol—disulfide interchange
chemistry (Figure 5.1). The mechanism commences with the nucleophilic attack by a thiolate on
a non-native protein-disulfide bond, generating a mixed disulfide and a new substrate thiolate.
This thiolate can then attack another non-native disulfide bond, inducing further rearrangements

until the proper fold is achieved (Figure 5.1).

HS HS

0 ) ™
s S-S s-8
N C N C N C
S S S escape S ]
( § S8 ) éj> s "-»( $ HS )
~x__~
Nonnative

HS
)
R HS R

(

7
s-s
c

)
R
N (o} > N
S—S: S\ S-S S ~S
V escape H
— 5
U S—S: S=—S

Native

Figure 5.1 Putative mechanism for catalysis of protein-disulfide isomerization by protein
disulfide isomerase (PDI).

PDI is abundant in the endoplasmic reticulum (ER) of eukaryotic cells. The enzyme

contains four domains: a, a’, b, and b".%’” The a and a’ domains each contain one active-site CGHC
9 9 9
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motif—a pattern analogous to that in many other oxidoreductases, whereas the b and b’ domains

appear to mediate substrate binding.®”'7!!"?

The physicochemical properties of its active-site
make PDI an ideal catalyst for the reshuffling of disulfide bonds in misfolded proteins. In its
catalytic mechanism (Figure 5.1), the deprotonated thiolate of the N-terminal active-site cysteine
(CGHC) initiates catalysis.'”” The amount enzymatic thiolate present is dependent on two
factors.*'"! One is the pK, of the active-site cystine residue; the other is the reduction potential
(E°") of the disulfide bond formed between the two active-site cysteine residues. In PDI, the
cysteine pK, is 6.7, and the disulfide E°’ is —0.18 V.'**!% Given the properties of the ER (pH
7.0; Esontion = —0.18 V), 33% of PDI active sites will contain a reactive thiolate.%'%? Moreover,
the high (less negative) reduction potential of PDI, renders the protein as a weak disulfide-
reducing agent, ensuring that ample time is available for the catalyst to rearrange all of the
disulfide bonds before reducing its protein substrate to "escape" (Figure 5.1). Still, the second
active-site cysteine residue can rescue the enzyme from non-productive mixed disulfide
intermediates (Figure 5.1).06174175

The production of proteins that contain disulfide bonds via recombinant DNA technology
often leads to the aggregation of misoflded proteins. These aggregates must then be reduced,
denatured, and solubulized to enable proper folding.'°*'”” Many pharmaceutically relevant

108,109

proteins containing disulfide bonds. For example, antibodies contain at least 12 intrachain

176 and there are now 338 distinct antibodies in clinical

and 4 interchain disulfide bonds,
development. Accordingly, increasing the yield of properly folded proteins has never been more

critical to the biotechnology industry.
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Efficient oxidative protein folding requires a redox environment that supports thiol
oxidation and disulfide-bond isomerization. In vivo and in vitro, this environment can be
provided by a redox buffer consisting of reduced and oxidized glutathione. For example, the
oxidative folding of ribonuclease A (RNase A) occurs readily in the presence of 1 mM
glutathione (GSH) and 0.2 mM oxidized glutathione (GSSG)."”’ Adding PDI accelerates this
process, but the large-scale use of PDI as a catalyst for folding proteins in vitro is impractical due
to its high cost and instability, and the complexity of its separation from the newly folded protein
of interest. As a result, the development and use of small-molecule PDI mimics has become a
high priority.

To date, most PDI mimics have focused on replicating the physicochemical properties of
the CGHC active site—low thiol pK, and high disulfide E°'. Previously, we reported on ()-
trans-1,2-bis(mercaptoacetamido)cyclohexane (BMC; Figure 5.2), a small molecule that
catalyzes the formation of native disulfide bonds in proteins, both in vitro and in vivo."'® Though
effective, BMC has shortcomings. For example, its low disulfide £°’ render the compound too
reducing for optimal catalysis of disulfide-bond isomerization. Subsequently, various CXXC and
CXC peptides, aromatic thiols, and selenium-based catalysts have been employed by us and

. 54,61,63,64,110-115,117,118
others with some success.

In addition to non-optimal thiol pK, and disulfide
E°' values, these organocatalysts failed to mimic a hallmark of enzymatic catalysts—binding to
the substrate. A recent crystal structure of PDI revealed that the b and b' domains of PDI contain
an exposed hydrophobic patch, forming a continuous hydrophobic surface between the two

86,87,90-92

catalytic active sites (a and a’). Unfolded or misfolded proteins tend to have more

hydrophobic residues exposed than do proteins in their native fold.'”® Accordingly, we
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hypothesized that the hydrophobic nature of PDI is essential for its efficiency and selectively in
binding to unfolded or misfolded proteins. We were encouraged by the demonstrated ability of
small-molecule oxidants with hydrophobic moieties to accelerate the oxidation of reduced
proteins.' "’

With this in mind, we set out to design small-molecule PDI mimics with low thiol pK,
and high disulfide E£°’ values that also emulate the hydrophobic binding site (b and b’ domains)
of PDI. We hypothesized that dithiol 5.2 (Figure 5.2) would provide a scaffold for the
development of useful catalysts. We were drawn to dithiol 5.2 for three reasons. First, its
mercaptoacetamido groups are known to have low thiol pK, values."'® Secondly, its oxidized
form resides in a large, 13-membered ring, which we reasoned would lead to a high reduction

potential. Finally, dithiol 5.2 has an amino group that can be modified readily with hydrophobic

moieties that mimic the b and b’ domains of PDI.

5.4 Results and Discussion

Our study commenced by synthesizing dithiol 5.2 from diethylenetriamine in a few high-
yielding steps. To determine its thiol pK, values, we monitored its 4,33 ,m as a function of pH.129
We found pK, values of 8.0 + 0.2 and 9.2 + 0.1. These values are slightly less than those of
BMC, presumably due to the introduction of an additional electronegative nitrogen atom. To
determine its reduction potential, we equilibrated equimolar amounts of 5.2 and oxidized B-
mercaptoethanol, and determined the amount of reduced and oxidized species with analytical
HPLC.?!'"® We found a disulfide E°’ value of (—0.192 + 0.003) V. This value indicates that

dithiol 5.2 is a weaker reducing agent than BMC, which is consistent with BMC being more
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preorganized for disulfide-bond formation. Finally, in order to probe the effect of increasing
hydrophobicity on catalyzing the formation of native disulfide bonds in proteins, we synthesized

dithiols 5.3-5.8.

OQO OY

NH HN Q H Q Q 0
Hs I AN~ AL s Hs A~ N A sH
SH HS H H H H
5.1 (BMC) 5.2 5.3
o)

0 Oﬁj/ 0 0 °© o) 0 0
HS\)J\N/\/N\/\N)K/SH Hs\)LN/\/N\/\NJK/SH Hs\)LN/\/N\/\NJK/SH
H H H H H H
5.4 5.5 5.6

en s

o o) 0 o
Hs\)J\N/\/N\/\NJJ\/SH HS\)LN/\/N\/\NJ\/SH
H H H H

5.7 5.8

Figure 5.2 Small molecule PDI mimics assessed in this study.

Enzymatic catalysis provides an extremely sensitive measure of native protein structure.
RNase A contains eight cysteine residues, which could form 105 (= 7 x 5 x 3 x 1) distinct fully
oxidized species, only one of which gives rise to enzymatic activity (Figure 5.3)."® Accordingly,

we tested the efficacy of this panel of compounds to catalyze the isomerization of "scrambled"
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RNase A (sRNase A), which is a mixture of oxidized species, to its native state (RNase A) The

reshuffling of nonnative disulfide bonds of sRNase A in RNase A was monitored by measuring

181

the gain of catalytic activity. = Dithiol 5.8 was excluded from the analysis due to its low

solubility in aqueous solution.

N 26 ? 589_9 84 ? 110 C

e 40 éBS 72 6 95 é

Figure 5.3 Scheme showing the connectivity of the four disulfide bonds in native RNase A.
There are 104 other fully oxidized forms.

124

Some, but not all, of the PDI mimics led to a significant increase in the yield of oxidative
protein folding (Figure 5.4). This finding contrasts with adding monothiols (e.g., glutathione),
which have been shown to reduce the yield of properly folded protein by favoring the
accumulation of mixed disulfide species.™’” Most notably, the data with dithiols 5.2—5.7
revealed an overall trend toward higher yield with increasing hydrophobicity of the pendant
carboxamide. This trend culminated with dithiol 2.7, which increased the yield of folded RNase
A by 21% versus the uncatalyzed reaction.

The apparent correlation of catalytic efficacy with hydrophobicity could be due to a
physicochemical property other than hydrophobicity. Accordingly, we determined the thiol pK,
and disulfide E°' values of the most efficacious dithiols containing alkyl (5.5) and aryl (5.7)
carboxamide. We found dithiol 5.5 to have thiol pK, values of 8.1 and 9.3 and a disulfide £°’
value of —0.203 V (table 5.1). We found dithiol 5.7 to have similar physicochemical properties,

with thiol pKa values of 8.1 and 9.4 and a disulfide £°' value of —0.206 V. Both of these
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compounds possess thiol acidity and disulfide stability to those of parent dithiol 5.2, indicating

that hydrophobicity was indeed likely correlated with catalytic efficacy.

ey @ o
o [=] (=]
| | |

Native Ribonuclease A (% Yield)
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|

PDI

—¥— 3 O 7
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- 5 —m— 1(BMC)
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Figure 5.4 Catalysis of disulfide-bond isomerization by PDI and PDI mimics 5.1-5.7. (A) Graph
of the time-course for the unscrambling of sRNase A to give native RNase A. All assays were
performed at 30 °C in 50 mM Tris—HCI buffer, pH 7.6, containing GSH (1.0 mM), GSSG (0.2
mM), and dithiol catalyst (1.0 mM) or PDI (1.0 mM). (B) Graph of the yield of native RNase A
achieved by PDI mimics 5.2—5.7 after 5 h as a function of the logP value of its side chain (Table

5.1).
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Our data are the first to indicate that increasing hydrophobicity of a small-molecule PDI
mimic can have a profound effect on its efficacy as a catalyst. Still, none of the small-molecule
catalysts were as efficacious as PDI itself. The molecular mass of PDI (57 kDa) is, however,
>10-fold greater than any of its mimics, enabling optimization of substrate binding and turnover

beyond that attainable with small-molecule catalysts.

Table 5.1 Properties of PDI and mimics 5.1-5.8

Catalyst pK, Disulfide E°’ logP” Folding yield (%)”
(None) — — — 45+2
PDI 6.7 -0.180 V — 87+2
BMC 8.3;9.9 -0.232V — 42+2
5.2 8.0;9.2 -0.192V 0.10 50+2
5.3 ND ND —-0.74 45+2
5.4 ND ND 0.66 54+4
5.5 8.1;9.3 -0.203 V 1.67 57+1
5.6 ND ND 0.90 60 +2
5.7 8.1;9.4 -0.206 V 1.82 66+2
5.8 ND ND 2.06 ND

*Values were calculated for dimethylamine in dithiol 5.2 and tertiary amide moiety in dithiols
5.3-5.8 (e.g., N,N-dimethylacetamide for dithiol 5.3) with software from Molinspiration
(Slovensky Grob, Slovak Republic), and are similar to known experimental values.'*
"Values are for the unscrambling of sRNase A to give native RNase A by 1 mM catalyst in 5
h, as in Figure 5.4.

“Values for the N-terminal cysteine in the active site of PDI.°

4 Values from ref. 116

ND, not determined.

Like the substrate-binding domains of PDI, the hydrophobicity of dithiols 5.4—5.7 likely

86,87,90-92,98,183,184 1~ 1. -
=h 7505200 Dithiols

encourages their interaction with unfolded or misfolded proteins. having
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moieties with higher logP values perform better, and aromatic moieties seem to be especially
efficacious (Figure 5.4B). We note that a more hydrophobic catalyst could also increase the rate
of the underlying thiol-disulfide interchange chemistry, as nonpolar environments are known to

lower the free energy of activation for this reaction.'”

5.5 Conclusions

In conclusion, we have designed, synthesized, and characterized novel organocatalysts
that enhance the efficiency of oxidative protein folding. Moreover, we demonstrated that
increasing the hydrophobicity of catalysts has a marked effect on their catalytic efficacy. Our
findings could have a favorable impact on the folding of antibodies and other pharmaceutically
relevant proteins, and inspire the design of a new genre of organocatalysts for oxidative protein

folding.
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5.7 Materials and Methods

5.7.1 General

Commercial reagents were used without further purification. PDI (from bovine liver), -
Mercaptoethanol (BME), oxidized B-mercaptoethanol (BME®), and diethylenetriamine were
from Sigma-Aldrich (St. Louis, MO). RNase A was from Sigma-Aldrich and was purified further

by cation-exchange chromatography. The RNase A substrate 6-FAM—dArUdAdA—-6-TAMRA
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was from Integrated DNA Technologies (Coralville, IA). All glassware was oven- or flame-
dried, and reactions were performed under N,(g) unless stated otherwise. Dichloromethane
(DCM) and tetrahydrofuran (THF) were dried over a column of alumina. Triethylamine was
dried over a column of alumina and purified further by passage through an isocyanate scrubbing
column. Flash chromatography was performed with columns of 40—63 A silica, 230—400 mesh
from (Silicycle, Québec City, Canada). Thin-layer chromatography (TLC) was performed on
plates of EMD 250-um silica 60-F;s4. The term "concentrated under reduced pressure" refers to
the removal of solvents and other volatile materials using a rotary evaporator at water aspirator
pressure (<20 torr) while maintaining the water-bath temperature below 40 °C. Residual solvent
was removed from samples at high vacuum (<0.1 torr). The term "high vacuum" refers to
vacuum achieved by a mechanical belt-drive oil pump. Analytical samples of all protein folding
catalysts were obtained with a preparative HPLC, instrument from Shimadzu (Kyoto, Japan),
which was equipped with a C18 reverse-phase preparative column, a Prominence diode array
detector, and fraction collector. Equilibrium and reduction potential assays were performed using
an analytical HPLC instrument from Waters (Milford, MA), which was equipped with a Waters
996 photodiode array detector, Empower 2 software, and a Varian C18 reverse-phase column.
Thiol pK, values were determined with a Varian Cary 60 UV-Vis spectrophotometer.
Fluorescence was measured with an Infinite M1000 plate reader from Tecan (Minnedorf,
Switzerland). Calculations and rate constants were performed with Prism 6 software from
GraphPad (La Jolla, CA). All NMR spectra were acquired at ambient temperature with a Bruker

DMX-400 Avance spectrometer and Bruker III 500ii with cryoprobe spectrometer at the
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National Magnetic Resonance Facility at Madison (NMRFAM), and were referenced to TMS or

residual solvent.

5.7.2 Chemical Synthesis

OQO

NH HN

SH HS
BMC, 5.1

BMC (5.1) was synthesized as a racemate from (+)-trans-1,2-diaminocyclohexane as
described previously.''® An analytically pure sample of BMC was obtained by reverse-phase
HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v acetonitrile (0.1%
v/v TFA) in water (0.1% v/v TFA) over 45 min. BMC eluted at 23 min and, after lyophilization,
was isolated as a white powder.

"H NMR (400 MHz, DMSO-ds) 6 = 7.83 (d, J = 5.3 Hz, 2H), 3.52—3.48 (m, 2H), 3.09—
2.99 (m, 4H), 2.60 (t, J = 7.9 Hz, 2H), 1.79—-1.77 (m, 2H), 1.66—1.65 (m, 2H), 1.24—1.20 (m,
4H); ®C NMR (100 MHz, CDCls) 6 = 169.2, 52.2, 31.7, 27.3, 24.3; HRMS (ESI) calculated for

[C1oH1oN>0,S,]" (M + H') requires m/z = 263.0883, found 263.0895.

O%l/ © Et;N, (CICH,CO),0 0 OYO 0
5.9 78% H 5.10 H

To a flame-dried round-bottom flask was added 5.9 (0.847 g, 4.166 mmol), which was

synthesized as described previously.'®® Fifty mL of dichloromethane was then added and the
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solution was cooled to 0 °C under an atmosphere of N,(g). Next, triethylamine (2.3 mL, 16.667
mmol) and chloroacetic anhydride (1.567 g, 9.167 mmol) were added, and the reaction mixture
was stirred for 30 min before being quenched by the addition of 50 mL of saturated NaHCO;.
The organic layer was extracted and washed with water (2 x 25 mL). The organic extract was
then dried over MgSQu(s), filtered, and concentrated under reduced pressure, and the product
was purified by column chromatography (silica, EtOAc), yielding 5.10 as a colorless oil (1.154
g, 78%).

"H NMR (400 MHz, CDCls) 6 = 7.36 (br, s, 1H), 6.99 (br, s, 1H), 4.09-3.98 (m, 4H),
3.48-3.38 (m, 8H), 1.49 (s, 9H); C NMR (100 MHz, CDCl3) § = 166.9, 166.4, 156.6, 81.0,
47.1, 46.1, 42.5, 39.8, 38.8, 28.3; HRMS (ESI) calculated for [C;3H3C1,N304Na]” (M + Na")

requires m/z = 378.0958, found 378.0938.

O+ O
0 N 0
C|\)J\N/\/N\/\N)J\/C| Etsg,C/:ACSH YS\)J\N/\/N\/\N)J\/SW/
H 5.10 H 86% o o

Compound 5.10 (1.154 g, 3.239 mmol) was placed in a round-bottom flask and, dissolved
with 30 mL of dichloromethane, and the resulting solution was placed under an atmosphere of
Na(g). Triethylamine (2.3 mL, 16.208 mmol) and thioacetic acid (0.5 mL, 7.131 mmol) were

then added, and the resulting solution was stirred under N»(g). After 16 h, the reaction mixture
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was concentrated, and the product was purified by column chromatography (silica, EtOAc),
giving 5.11 as a colorless oil (2.792 g, 86%).

"H NMR (400 MHz, CDCl;) § = 6.81 (br, s, 2H), 3.56 (s, 4H), 3.42—3.29 (m, 8H), 2.41
(s, 6H), 1.49 (s, 9H); *C NMR (100 MHz, CDCl3) ¢ = 195.1, 194.7, 168.2, 156.3, 80.3, 47.9,
47.1, 39.7, 38.9, 32.9, 30.1, 28.3; HRMS (ESI) calculated for [C17H29N30682Na]+ M + Na+)

requires m/z = 458.1390, found 458.1405.

0 OYO 0 0 H 0
YSQJ\N/\/N\/\N)K/SY HOL , s I~ N~ A sH
S H 5.11 H S 'V;Z?/H H 5.2 H
0

A flame-dried round-bottom flask was charged with 5.11 (0.178 g, 0.409 mmol) and
placed under an atmosphere of Nj(g). Four mL of anhydrous methanol followed by 2 mL of 3 N
HCI in methanol were then added, and the reaction mixture was stirred under N(gas). Upon
confirmation by TLC that the Boc group had been removed, the reaction mixture was
concentrated under reduced pressure, and the product was purified by reverse-phase HPLC using
a preparatory C18 column and a linear gradient of 10—50% v/v acetonitrile (0.1% v/v TFA) in
water (0.1% v/v TFA) over 55 min. Dithiol 5.2 eluted as its TFA salt at 12.5 min and, after
lyophilization, was isolated as a white solid (0.108 g, 72%).

"H NMR (400 MHz, DMSO-dg) 6 = 8.76 (br, s, 2H), 8.33 (br, s, 2H), 3.5203.35 (m, 8H),

3.15 (d, J= 7.7 Hz, 4H), 2.88 (t, J = 7.7 Hz, 2H); *C NMR (100 MHz, DMSO-dg) J = 170.4,
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A, 35.5,27.2; calculated for |CgHsN3O»S5, + requires m/z = . R
46.1, 35.5,27.2; HRMS (ESI) calculated for [CsHsN30,S,]" (M + H") i /z =252.0835

found 252.0839.

THF
88%

HZN/\/N\/\NHZ Et,N, Boc-ON )(O)?\N/\/H\/\ j\oj<
H 1

Synthesis of compound 5.12 was accomplished by closely following a procedure reported
previously.'® Specifically, diethylenetriamine (2.003 g, 19.415 mmol) and triethylamine (8.1
mL, 58.245 mmol) were dissolved in 100 mL of THF, and the resulting solution was cooled to 0
°C in an ice bath, and placed under an atmosphere of Nj(g). Next, a solution of 2-(boc-
oxyimino)-2-phenylacetonitrile (Boc-ON) (9.563 g, 38.832 mmol), in 40 mL of THF, was added
dropwise. The reaction mixture was stirred for 1 h on ice and then for another 1 h at room
temperature. The solvent was removed under reduced pressure and the residue was dissolved in
200 mL of dichloromethane and washed with 5% w/v NaOH. The organic extract was then dried
with MgSQuq(s), filtered, concentrated under reduced pressure, and the product was purified by
column chromatography (silica, 10% v/v methanol in dichloromethane, 1% ammonium
hydroxide), yielding 5.12 as a colorless oil (5.184 g, 88%).

"H NMR (400 MHz, CDCls) 6 = 4.95 (br, s, 2H), 3.22 (q, J = 5.9 Hz, 4H), 2.73 (t, J =
5.9 Hz, 4 H), 1.45 (s, 18H); ®C NMR (100 MHz, CDCl) ¢ = 156.3, 79.4, 49.0, 40.5, 28.6;

HRMS (ESI) calculated for [C14H30N3O4]+ M + H+) requires m/z = 304.2231, found 304.2230.
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)()]\N/\/N\/\N )< Etsl, AcC )(J\N/\/ \/\Niok

512 DCM
89%

Compound 5.12 (0.419 g, 1.381 mmol) was placed in a flame-dried round-bottom flask,
dissolved in 15 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under an
inert atmosphere. Triethylamine (0.72 mL, 5.17 mmol) and acetyl chloride (0.16 mL, 2.29 mmol)
were then added, and the resulting solution was stirred at 0 °C for 1 h and at room temperature
for another 2 h. The reaction mixture was then concentrated under reduced pressure, and the
product was purified by column chromatography (silica, EtOAc), yielding 5.13 as a colorless oil
(0.425 g, 89%).

"H NMR (400 MHz, CDCl3) § = 5.20 (br, s, 1H), 5.11 (br, s, 1H), 3.47-3.43 (m, 4H),
3.32—-3.25 (m, 4H), 2.12 (s, 3H), 1.43 (s, 18H); *C NMR (100 MHz, CDCl3) 6 = 172.2, 156.6,
156.2, 79.8, 79.5, 49.4, 45.8, 39.7, 39.3, 28.6, 28.5, 21.6; HRMS (ESI) calculated for

[C16H3:N305]" (M + H") requires m/z = 346.2337, found 346.2338.

O\\‘/ o 1) 4 M HCl in Dioxane O\\‘/
)( M gy JQ )< 2) EtaN, (CICH,C0);0, DCM myl\ /\/N\/\NJ\/CI

513 67% (2 steps) N sa

Forty mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.13
(0.425 g, 1.230 mmol). The solution was stirred overnight and then concentrated under reduced
pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the

resulting slurry was cooled to 0 °C in an ice bath, and placed under an atmosphere of N»(g).
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Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.463 g, 2.706 mmol) were then
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of
50 mL of saturated NaHCOs(aq). The organic layer was extracted and washed with water (2 x 25
mL). The organic extract was then dried with MgSQOy(s), filtered, and concentrated under
reduced pressure. The product was purified by column chromatography (silica, 10% v/v
methanol in dichloromethane), yielding 5.14 as a colorless oil (0.245 g, 67%).

"H NMR (400 MHz, CDCl3) 6 = 7.33 (br, s, 1H), 7.06 (br, s, 1H), 4.06 (s, 2H), 4.02 (s,
2H), 3.60—3.56 (m, 2H), 3.52—3.47 (m, 6H), 2.15 (s, 3H); *C NMR (100 MHz, CDCl;) § =
172.5, 167.2, 166.9, 48.7, 45.4, 42.6, 39.6, 38.8, 21.5; HRMS (ESI) calculated for

[C1oH15C1,N305]" (M + HY) requires m/z = 298.0713, found 298.0720.

o o
CI\)J\ /\/T\li/\ Moy EtsN, AcSH SQ?\ /\j\li/\ Ls
514 N Do \g N 55 N 70(
0

A round-bottom flask was charged with 5.14 (0.246 g, 0.824 mmol), dissolved in 15 mL
of dichloromethane and placed under an atmosphere of Nj(g). Triethylamine (0.57 mL, 4.12
mmol) and thioacetic acid (0.13 mL, 1.81 mmol) were then added and, the reaction mixture was
stirred overnight. After 16 h, the mixture was concentrated under reduced pressure, and the
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane),
providing 5.15 as a yellow oil (0.286 g, 92%)).

"H NMR (400 MHz, CDCl;) 6 = 6.91 (br, s, 2H), 3.58 (s, 2H), 3.54 (s, 2H), 3.52-3.35

(m, 8H), 2.44 (s, 3H), 2.41 (s, 3H), 2.09 (s, 3H); *C NMR (100 MHz, CDCL3) 6 = 195.8, 195.2,
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172.6, 168.9, 168.7, 48.8, 45.1, 39.4, 38.9, 33.1, 33.0, 30.5, 30.4, 21.6; HRMS (ESI) calculated

for [C14H24N305S,]" (M + H") requires m/z = 378.1152, found 378.1150.

A flame-dried round-bottom flask was charged with 5.15 (0.159 g, 0.421 mmol) and
placed under an atmosphere of N,(g). Four mL of anhydrous methanol followed by 2 mL of 3 N
HCI in methanol were then added and, the resulting solution was stirred under N»(g). After 16 h,
the reaction mixture was concentrated under reduced pressure, and the product was purified by
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.3 eluted at 17 min
and, after lyophilization, was isolated as a colorless oil (95.11 mg, 77%).

'"H NMR (400 MHz, DMSO-dq) d = 8.19 (t, J = 6.0 Hz, 1H), 8.07 (t, J = 5.9 Hz, 1H),
3.33-3.26 (m, 4H), 3.24-3.16 (m, 4H), 3.11 (d, J = 8.6 Hz, 2H), 3.06 (d, J = 8.6 Hz, 2H), 2.74
(t, J = 8.6 Hz, 1H), 2.71 (t, J = 8.6 Hz, 1H), 1.99 (s, 3H); *C NMR (100 MHz, DMSO-d;) =
170.1, 170.0, 169.9, 47.8, 44.65, 37.7, 36.9, 27.1, 27.0, 21.3; HRMS (ESI) calculated for

[C1oH2oN305S]" (M + H') requires m/z = 294.0942, found 294.0941.
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0" N LN o DCM 0" N "N 0
H 5.12 829 H 5.16 H
0

Compound 5.12 (0.619 g, 2.040 mmol) was placed in a flame-dried round-bottom flask
and dissolved in 20 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0
°C in an ice bath under an atmosphere of N,(g). Triethylamine (1.4 mL, 10.2 mmol) and butyryl
chloride (0.25 mL, 2.45 mmol) were then added, and the reaction mixture was stirred at 0 °C for
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under
reduced pressure, and the product was purified by column chromatography (silica, EtOAc),
yielding 5.16 as a colorless oil (0.625 g, 82%).

"H NMR (400 MHz, CDCl3) J = 5.39 (br, s, 1H), 5.30 (br, s, 1H), 3.48—3.42 (m, 4H),
3.32-3.25 (m, 4H), 2.32 (t, J = 7.5Hz, 2H), 1.65 (sex, J = 7.5 Hz, 2H), 1.43 (s, 9H), 1.42 (s, 9H),
0.95 (t,J= 7.5 Hz, 3H); C NMR (100 MHz, CDCl3) § = 174.7, 156.6, 156.1, 79.6, 79.3, 48.4,
45.7, 39.6, 39.3, 34.9, 28.4, 18.8, 13.9; HRMS (ESI) calculated for [C;sH3sN305]" (M + H")

requires m/z = 374.2650, found 374.2655.

o 1) 4 M HCl in Dioxane O%‘/r
e X Y( Xk

/\/N\/\N 2) Et;N, (CICH,CO),0, DCM C|\)J\ /\/N\/\N )qu
5.16 69% (2 steps) N sa7

Fifty mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.16

(0.625 g, 1.673 mmol). The reaction mixture was left to stir overnight and then concentrated
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under reduced pressure. The compound was then partially dissolved in 20 mL of
dichloromethane, cooled to 0 °C in an ice bath, and placed under an atmosphere of Nj(g).
Triethylamine (1.2 mL, 8.4 mmol) and chloroacetic anhydride (0.629 g, 3.681 mmol) were then
added, and the reaction mixture was stirred for 30 min before being quenched by the addition of
50 mL of saturated NaHCOs(aq). The organic layer was extracted and washed twice with 25 mL
of water. The organic extract was then dried with anhydrous MgSQy, filtered, concentrated under
reduced pressure, and the product was purified by column chromatography (silica, 10% v/v
methanol in dichloromethane), yielding 5.17 as a colorless oil (0.377 g, 69%).

"H NMR (400 MHz, CDCl;) 6 = 7.48 (br, s, 1H), 7.26 (br, s, 1H), 4.06 (s, 2H), 4.00 (s,
2H), 3.58 (t, J = 6.1 Hz, 2H), 3.52-3.46 (m, 6H), 2.34 (t, J = 7.4 Hz, 2H), 1.66 (sex, J = 7.4 Hz,
2H), 0.96 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, CDCL) 6 = 175.0, 167.1, 166.9, 47.6, 45.2,
42.5, 39.5, 38.7, 34.9, 18.9, 14.0; HRMS (ESI) calculated for [C;;H»CLN;O3]" (M + H)

requires m/z = 326.1033, found 326.1036.

OYr o] OYK o)
CI\)J\N/\/N\/\NJ\/CI EtsN, AcSH \[(S\)J\N/\/;:g\/\N)K/SW

517 DCM
93% ) )

A round-bottom flask was charged with 5.17 (0.377 g, 1.154 mmol), dissolved with 20
mL of dichloromethane, and placed under an atmosphere of N,(g). Triethylamine (0.80 mL, 5.77
mmol) and thioacetic acid (0.18 mL, 2.54 mmol) were then added, and the resulting solution was

stirred under N»(g). After 16 h, the reaction mixture was concentrated under reduced pressure,
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and the product was purified by column chromatography (silica, 10% v/v methanol in
dichloromethane), providing 5.18 as a yellow oil (0.435 g, 93%).

"H NMR (400 MHz, CDCl;) 6 = 7.13 (br, s, 2H), 3.59 (s, 2H), 3.56 (s, 2H), 3.51-3.37
(m, 8H), 2.42 (s, 3H), 2.41 (s, 3H), 2.32 (t, /= 7.5 Hz, 2H), 1.64 (sex, J = 7.5 Hz, 2H), 0.96 (t, J
= 7.5 Hz, 3H); *C NMR (100 MHz, CDCL3) 6 = 195.6, 195.0, 174.9, 168.8, 168.6, 47.6, 45.1,
39.4,38.8, 34.9, 33.0, 30.3, 30.2, 18.8, 13.9; HRMS (ESI) calculated for [C;sH,sN305S,]" (M +

H") requires m/z = 406.1465, found 406.1459.

A flame-dried round-bottom flask was charged with 5.18 (0.111 g, 0.274 mmol) and
placed under an atmosphere of N»(g). Six mL of anhydrous methanol followed by 3 mL of 3 N
HCI in methanol were then added, and the resulting solution was stirred under N,. After 16 h, the
reaction mixture was concentrated under reduced pressure, and the product was purified by
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.4 eluted at 22 min
and, after lyophilization, was isolated as a colorless oil (63.42 mg, 72%).

"H NMR (400 MHz, DMSO-ds) 6 = 8.19 (t, J = Hz, 1H), 8.05 (t, J = Hz, 1H), 3.34—3.28
(m, 4H), 3.23-3.15 (m, 4H), 3.09 (d, J = 8.0 Hz, 2H), 3.06 (d, J = 8.0 Hz, 2H), 2.74 (t, J/ = 8.0

Hz, 1H), 2.71 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.4 Hz, 2H), 1.51 (sex, J = 7.4 Hz, 2H), 0.87 (t, J =
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7.4 Hz, 3H); ®C NMR (100 MHz, DMSO-d;) 6 = 172.3, 170.0, 169.7, 46.8, 45.0, 37.8, 37.0,
34.0, 27.1, 27.0, 18.3, 13.8; HRMS (ESI) calculated for [C12H24N3O3SZ]+ M + H+) requires m/z

= 322.1254, found 322.1258.

Q o
PR SN T N SN O
$ Lo BN, P's PS
H 5.12 H oy H 5.19 H
0

Compound 5.12 (1.534 g, 5.056 mmol) was placed in a flame-dried round-bottom flask
and dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0
°C in an ice bath under an atmosphere of Ny(g). Triethylamine (2.1 mL, 15.2 mmol) and
hexanoyl chloride (0.78 mL, 5.56 mmol) were then added, and the reaction mixture was stirred at
0 °C for 1 h and at room temperature for another 2 h. The reaction mixture was then concentrated
under reduced pressure, and the product was purified by column chromatography (silica, 50%
v/v EtOAc in hexanes), yielding 5.19 as a colorless oil (1.848 g, 91%).

"H NMR (400 MHz, CDCl3) § = 5.12 (br, s, 1H), 5.06 (br, s, 1H), 3.48—3.43 (m, 4H),
3.32-3.24 (m, 4H), 2.32 (t,J = 7.6 Hz, 2H), 1.62 (quin, J = 7.6 Hz, 2H), 1.43 (s, 18H), 1.34-1.26
(m, 4H), 0.90 (t, J = 6.7 Hz, 3H); *C NMR (100 MHz, CDCl;) 6 = 174.7, 156.4, 156.0, 79.5,
79.2, 48.3, 45.6, 39.5, 39.2, 32.9, 31.5, 28.3, 25.0, 22.5, 13.9; HRMS (ESI) calculated for

[CaoHaoN30s]" (M + H') requires m/z = 402.2963, found 402.2966.
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)( 0 0 J< 1) 4 M HCI in Dioxane 0 © O
2) Et3N, (CICH,CO),0, DCM
O)J\ )J\ 3 2LU)2 CI\)J\ /\/N\/\NJ\/CI

H 73% (2 steps) H 5.20 H

Fifty mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.19
(0.867 g, 2.159 mmol). The resulting solution was stirred overnight and then concentrated under
reduced pressure. The product was then partially dissolved in 40 mL of dichloromethane, and the
resulting slurry was cooled to 0 °C in an ice bath, and placed under an atmosphere of N»(g).
Triethylamine (1.8 mL, 12.9 mmol) and chloroacetic anhydride (0.923 g, 5.398 mmol) were then
added and the reaction mixture was stirred for 30 min before being quenched by the addition of
50 mL of saturated NaHCOs(aq). The organic layer was extracted and washed with water (2 x 30
mL). The organic extract was then dried over anhydrous MgSOQOu(s), filtered, and concentrated
under reduced pressure, and the product was purified by column chromatography (silica, 10%
v/v methanol in dichloromethane), yielding 5.20 as a colorless oil (0.558 g, 73%).

"H NMR (400 MHz, CDCl;) 6 = 7.36 (br, s, 1H), 7.08 (br, s, 1H), 4.06 (s, 2H), 4.00 (s,
2H), 3.58 (t, J= 6.1 Hz, 2H), 3.52—-3.46 (m, 6H), 2.35 (t, /= 7.4 Hz, 2H), 1.63 (quin, J = 7.4 Hz,
2H), 1.34-1.26 (m, 4H), 0.90 (t, J= 6.7 Hz, 3H); >C NMR (100 MHz, CDCl3) 5 = 175.2, 167.1,
166.9, 47.7, 45.3, 42.6, 39.7, 38.8, 33.1, 31.7, 25.3, 22.7, 14.1; HRMS (ESI) calculated for

[C14H26CLN305]" (M + H') requires m/z = 354.1346, found 354.1342.



142

O
© O

0
cl N ci EtN.AcSH g N s
\VJLN/\\/ \“/\N/m\/ ggy \I( \/Jk”/\\g2;¢/\m/m\/ Tg/
0

A round-bottom flask charged with 5.20 (0.558 g, 1.575 mmol) was dissolved with 20
mL of dichloromethane and placed under Ny(g). Triethylamine (1.1 mL, 7.9 mmol) and
thioacetic acid (0.25 mL, 3.47 mmol) were then added, and the resulting solution was stirred
under Nj(g). After 16 h, the reaction mixture was concentrated under reduced pressure, and the
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane),
providing 5.21 as a colorless oil (0.608 g, 89%).

"H NMR (400 MHz, CDCl3) § = 7.03—-6.98 (m, 2H), 3.57 (s, 2H), 3.55 (s, 2H), 3.51—
3.36 (m, 8H), 2.42 (s, 2H), 2.41 (s, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.61 (quin, J = 7.4 Hz, 2H),
1.36—1.28 (m, 4H), 0.90 (t, J = 6.7 Hz, 3H); *C NMR (100 MHz, CDCl;) ¢ = 195.7, 195.1,
175.2, 168.8, 168.6, 47.8, 45.3, 39.6, 38.9, 33.1, 33.0, 32.9, 31.6, 30.4, 30.3, 25.2, 22.6, 14.1;
HRMS (ESI) calculated for [C18H32N305$2]+ M + H+) requires m/z = 434.1778, found

434.1780.

HS\)J\ /\/N\/\ )K/SH
N N

MeOH

O O 79%
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A flame-dried round-bottom flask was charged with 5.21 (0.149 g, 0.344 mmol) and
placed under an atmosphere of N,(g). Six mL of anhydrous methanol followed by 3 mL of 3 N
HCI in methanol were then added and, the reaction mixture was stirred under Nj(g). After 24 h,
the reaction mixture was concentrated under reduced pressure, and the product was purified by
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.5 eluted at 28 min
and, after lyophilization, was isolated as a colorless oil (94.98 mg, 79%).

"H NMR (400 MHz, DMSO-dq) d = 8.21 (t, J = 5.8 Hz, 1H), 8.07 (t, J = 5.8 Hz, 1H),
3.31 (t, J = 6.6 Hz, 2H), 3.29 (t, J = 6.6 Hz, 2H) 3.22=3.15 (m, 4H), 3.08 (d, J = 8.0 Hz, 2H),
3.06 (d, J = 8.0 Hz, 2H), 2.75 (t, J = 8.0 Hz, 1H), 2.72 (t, J = 8.0 Hz, 1H), 2.27 (t, J = 7.5 Hz,
2H), 1.48 (quin, J = 7.5 Hz, 2H), 1.32-1.20 (m, 4H), 0.86 (t, J = 6.9 Hz, 3H); *C NMR (100
MHz, DMSO-ds) 6 = 172.5, 170.0, 169.7, 46.8, 44.7, 37.8, 37.0, 32.0, 31.1, 27.2, 27.1, 24.6,
22.1, 14.0; HRMS (ESI) calculated for [C14H2sN303S,]" (M + H) requires m/z = 350.1567,

found 350.1565.

0
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Compound 5.12 (1.391 g, 4.585 mmol) was placed in a flame-dried round-bottom flask
and dissolved in 50 mL of anhydrous dichloromethane, and the resulting solution was cooled to 0

°C in an ice bath under an atmosphere of Ny(g). Triethylamine (1.9 mL, 13.8 mmol) and benzoyl
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chloride (0.64 mL, 5.50 mmol) were then added, and the reaction mixture was stirred at 0 °C for
1 h and at room temperature for another 2 h. The reaction mixture was then concentrated under
reduced pressure, and the product was purified by column chromatography (silica, EtOAc),
yielding 5.22 as a colorless oil (1.848 g, 91%).

"H NMR (400 MHz, CDCls) § = 7.40-7.35 (m, 5H), 5.12 (br, s, 1H), 5.06 (br, s, 1H),
3.67-3.24 (m, 8H), 1.44 (s, 18H); *C NMR (100 MHz, CDCls) 6 = 173.4, 156.7, 155.8, 136.4,
129.6, 128.7, 126.8, 50.0, 45.0, 39.5, 38.9, 28.6, 28.4; HRMS (ESI) calculated for

[C21H3aN;0s]" (M + H') requires m/z = 408.2493, found 408.2491.

)( O\\‘/© ) 4 M HCI in Dioxane OYO

/\/N\/\ )J\ )< 2) EtsN, (CICH,C0),0, DCM C|\)J\ /\/N\/\N)J\/Cl
5.22 62% (2 steps) H 5.23 H

Fifty mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.22
(0.713 g, 1.750 mmol). The resulting solution was stirred under N,(g) overnight and then
concentrated under reduced pressure. The product was then partially dissolved in 55 mL of
dichloromethane, and the resulting slurry was cooled to 0 °C in an ice bath, and placed under an
atmosphere of Ny(g). Triethylamine (1.5 mL, 10.5 mmol) and chloroacetic anhydride (0.748 g,
4.375 mmol) were then added and the reaction mixture was stirred for 30 min before being
quenched by the addition of 55 mL of saturated NaHCOs;(aq). The organic layer was extracted
and washed with water (2 x 40 mL). The organic extract was then dried with anhydrous

MgSO4(s), filtered, and concentrated under reduced pressure, and the product was purified by
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column chromatography (silica, 10% v/v methanol in dichloromethane), yielding 5.23 as a
colorless oil (0.391 g, 62%).

'"H NMR (400 MHz, CDCl3) 6 = 7.44-7.41 (m, 3H), 7.37-7.35 (m, 2H), 6.90 (br, s,
2H), 4.05 (s, 2H), 3.98 (s, 2H), 3.80—3.41 (m, 8H); *C NMR (100 MHz, CDCl;) ¢ = 173 .4,
167.1, 166.3, 135.6, 129.9, 128.8, 126.5, 48.9, 44.6, 42.5, 39.0, 38.3; HRMS (ESI) calculated for

[C15H2CLN303]" (M + HY) requires m/z = 360.0877, found 360.0888.

O?’ : 0] Oﬁ’ : O
CI\)J\ /\/N\/\NJ\/CI \[( \)J\”/\?’ZI/\H)K/ T)(

DCM
94% )

A round-bottom flask charged with 5.23 (0.391 g, 1.085 mmol) was dissolved with 15
mL of dichloromethane and placed under Nj(g). Triethylamine (0.76 mL, 5.43 mmol) and
thioacetic acid (0.17 mL, 2.39 mmol) were then added, and the reaction mixture was stirred
under N»(g). After 24 h, the reaction mixture was concentrated under reduced pressure, and the
product was purified by column chromatography (silica, 10% v/v methanol in dichloromethane),
providing 5.24 as a colorless oil (0.448 g, 94%).

"H NMR (400 MHz, CDCl3) 6 = 7.43—7.42 (m, 3H), 7.37-7.35 (m, 2H), 6.98 (br, s,
1H), 6.80 (br, s, 1H), 3.72-3.32 (m, 12H), 2.37 (s, 6H); *C NMR (100 MHz, CDCl3) § = 195.6,
195.4,173.4, 168.9, 168.4, 135.8, 129.8, 128.6, 126.6, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS

(ESI) calculated for [C1oH26N305S,]" (M + H") requires m/z = 440.1309, found 440.1310.
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A flame-dried round-bottom flask was charged with 5.24 (0.131 g, 0.298 mmol) and
placed under an atmosphere of N»(g). Six mL of anhydrous methanol followed by 3 mL of 3 N
HCI in methanol were then added, and the reaction mixture was stirred under N»(g). After 24 h,
the reaction mixture was concentrated under reduced pressure, and the product was purified by
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.6 eluted at 25 min
and, after lyophilization, was isolated as a colorless oil (8§7.92 mg, 83%)).

"H NMR (400 MHz, DMSO-d;) d = 8.23 (br, s, 1H), 8.08 (br, s, 1H), 7.42-7.40 (m, 3H),
7.36—7.34 (m, 2H), 3.52-3.50 (m, 2H), 3.36—3.34 (m, 2H), 3.28-3.25 (m, 2H), 3.14-3.10 (m,
4H), 3.01 (d, J = 8.0Hz, 2H), 2.76 (t, J = 8.0 Hz, 1H), 2.68 (t, J = 8.0 Hz, 1H); *C NMR (100
MHz, DMSO-d¢) 6 = 171.1, 169.9, 169.6, 136.9, 129.0, 128.3, 126.6, 48.3, 44.1, 37.3, 36.7,
27.2, 27.0; HRMS (ESI) calculated for [C;5sH2N303S,]" (M + H) requires m/z = 356.1098,

found 356.1096.
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Compound 5.12 (1.592 g, 5.247 mmol) was placed in a flame-dried round-bottom flask
and dissolved in 60 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under
an atmosphere of Nj(g). Triethylamine (2.2 mL, 15.7 mmol) and 4-ethylbenzoyl chloride (0.93
mL, 6.30 mmol) were then added and the reaction mixture was stirred at 0 °C for 1 h and at room
temperature for another 2 h. The reaction mixture was then concentrated under reduced pressure,
and the product was purified by column chromatography (silica, 50 % EtOAc v/v in hexanes),
yielding 5.25 as a white solid (1.965 g, 86%)).

"H NMR (400 MHz, CDCl3) 6 = 7.29 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.7 Hz, 2H), 5.15
(br, s, 1H), 5.07 (br, s, 1H), 3.65-3.25 (m, 8H), 2.65 (q, J = 7.6 Hz, 2H), 1.44 (2, 18H), 1.23 (t,J
= 7.6 Hz, 3H); *C NMR (100 MHz, CDCls) ¢ = 173.6, 156.6, 155.9, 133.7, 128.1, 126.9, 79.6,
50.0, 45.0, 39.4, 39.1, 28.8, 28.5, 15.4; HRMS (ESI) calculated for [C,3H3sN305]" (M + H')

requires m/z = 436.2806, found 436.2806.

0 1) 4 M HClI in Dioxane O\\‘/©/\
s YQE s

/\/N\/\ 2) EtsN, (CICH,CO),0, DCM C|\)J\ N~y )ng
5.25 71% (2 steps) N 52 R

Fifty mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.25
(0.689 g, 1.584 mmol). The resulting solution was stirred overnight and then concentrated under
reduced pressure. The product was then partially dissolved in 60 mL of dichloromethane, and the
resulting solution was cooled to 0 °C in an ice bath, and placed under an atmosphere of N,(g).
Triethylamine (1.1 mL, 7.9 mmol) and chloroacetic anhydride (0.677 g, 3.960 mmol) were then

added and the reaction mixture was stirred for 30 min before being quenched by the addition of
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60 mL of saturated NaHCOs(aq). The organic layer was extracted and washed with water (2 x 40
mL). The organic extract was then dried with anhydrous MgSQ4(s), filtered, and concentrated
under reduced pressure, and the product was purified by column chromatography (silica, 10%
v/v methanol in dichloromethane), yielding 5.26 as a colorless oil (0.437 g, 71%).

"H NMR (400 MHz, CDCls) § = 7.61 (br, s, 1H), 7.28 (d, J = 7.8 Hz, 2H), 7.23 (d, J =
7.8 Hz, 2H), 7.10 (br, s, 1H), 3.97 (s, 4H), 3.73-3.41 (m, 8H), 2.67 (q, J = 7.7 Hz, 2H), 1.24 (t, J
= 7.7 Hz, 3H); *C NMR (100 MHz, CDCls) 5 = 173.6, 167.1, 166.5, 146.3, 132.9, 128.2, 126.7,
48.9, 44.6, 42.5, 38.5, 28.7, 15.4; HRMS (ESI) calculated for [C17HCLN;O3]" (M + HY)

requires m/z = 388.1190, found 388.1192.

OYQ/\ OYQ/O\
_EteN, AcSH__

S N S
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A round-bottom flask was charged with 5.26 (0.437 g, 1.125 mmol), dissolved with 15
mL of dichloromethane, and placed under an atmosphere of N,(g). Triethylamine (0.78 mL, 5.62
mmol) and thioacetic acid (0.18 mL, 2.48 mmol) were then added, and the reaction mixture was
stirred under N»(g). After 24 h, the reaction mixture was concentrated under reduced pressure,
and the product was purified by column chromatography (silica, 10% v/v methanol in
dichloromethane), providing 5.27 as a yellow solid (0.473 g, 90%).

"H NMR (400 MHz, CDCl3) 6 = 7.29 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.02

(br, s, 1H), 6.84 (br, s, 1H), 3.68-3.33 (m, 12H), 2.68 (q, J = 7.6 Hz, 2H), 2.37 (s, 6H), 1.25 (t, J
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= 7.6 Hz, 3H); *C NMR (100 MHz, CDCl3) 6 = 195.6, 173.7, 169.0, 168.5, 146.3, 133.2, 128.2,
126.9, 49.5, 44.9, 39.3, 38.7, 33.0, 30.4, 28.8, 15.5; HRMS (ESI) calculated for [C2;H3N305S,]"

(M + H") requires m/z = 468.1622, found 468.1626.
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A flame-dried round-bottom flask was charged with 5.27 (0.147 g, 0.314 mmol) and
placed under an atmosphere of N»(g). Six mL of anhydrous methanol followed by 3 mL of 3 N
HCI in methanol were then added, and the reaction mixture was stirred under N»(g). After 24 h,
the reaction mixture was concentrated under reduced pressure, and the product was purified by
reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—-80% v/v
acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.7 eluted at 30 min
and, after lyophilization, was isolated as a white solid (90.32 mg, 75%).

'"H NMR (400 MHz, DMSO-ds) 6 = 8.20 (br, s, 1H), 8.06 (br, s, 1H), 7.28 (d, J = 7.8
Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 3.54-3.46 (m, 2H), 3.35-3.29 (m, 4H), 3.14-3.02 (m, 6H),
2.74-2.60 (m, 4H), 1.19 (t, J= 7.5 Hz, 3H); C NMR (100 MHz, DMSO-d;) d = 171.2, 169.8,
169.6, 144.6, 134.2, 127.6, 126.7, 48.4, 44.1, 37.3, 36.8, 28.0, 27.1, 15.4; HRMS (ESI)

calculated for [C7H26N303S,]" (M + H') requires m/z = 384.1411, found 384.1411.
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Compound 5.12 (0.203 g, 0.669 mmol) was placed in a flame-dried round-bottom flask
and dissolved in 10 mL of anhydrous dichloromethane, and cooled to 0 °C in an ice bath under
an atmosphere of N(g). Triethylamine (0.28 mL, 2.01 mmol) and 2-naphthoyl chloride (0.153 g,
0.803 mmol) were then added and the reaction mixture was stirred at 0 °C for 1 h and at room
temperature for another 2 h. The reaction mixture was then concentrated under reduced pressure,
and the product was purified by column chromatography (silica, 50 % EtOAc v/v in hexanes),
yielding 5.28 as a white solid (0.251 g, 82%).

"H NMR (400 MHz, CDCl;) § = 7.90—7.87 (m, 1H), 7.85—7.82 (m, 3H), 7.53—7.49 (m,
2H), 7.47-7.47 (d, J = 8.5 Hz, 1H), 5.35 (br, s, 1H), 5.11 (br, s, 1H), 3.73-3.65 (m, 2H), 3.51—
3.40 (m, 4H), 3.27-3.19 (m, 2H), 1.45 (s, 9H), 1.39 (s, 9H); *C NMR (100 MHz, CDCl3) 6 =
173.1, 156.6, 155.8, 133.6, 133.5, 132.7, 128.4, 127.8, 127.0, 126.7, 126.5, 124.1, 79.4, 49.9,
45.1, 39.2, 38.8, 28.5, 28.4; HRMS (ESI) calculated for [CysH3¢N30s]" (M + H") requires m/z =

458.2650, found 458.2642.

° g 0 1) 4 M HCl in Dioxane 0 0 O o

0]
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H 5.28 H 76% (2 steps) H 5.29 H
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15 mL of 4 M HCI in dioxane was added to a round-bottom flask containing 5.28 (0.251
g, 0.549 mmol). The resulting solution was stirred overnight and then concentrated under
reduced pressure. The product was then partially dissolved in 20 mL of dichloromethane, and the
resulting slurry was cooled to 0 °C in an ice bath, and placed under an atmosphere of N,(g).
Triethylamine (0.46 mL, 3.28 mmol) and chloroacetic anhydride (0.235 g, 1.373 mmol) were
then added and the reaction mixture was stirred for 30 min before being quenched by the
addition of 20 mL of saturated NaHCOs(aq). The organic layer was extracted out and washed
with water (2 x 20 mL). The organic extract was then dried with anhydrous MgSQOu4(s), filtered,
and concentrated under reduced pressure, and the product was purified by column
chromatography (silica, 10% v/v methanol in dichloromethane), yielding 5.29 as a colorless oil
(0.171 g, 76%).

"H NMR (400 MHz, CDCl;) § = 7.91-7.86 (m, 4H), 7.58—7.53 (m, 2H), 7.45—7.43 (m,
2H), 6.90 (br, s, 1H), 4.06—3.43 (m, 12H); *C NMR (100 MHz, CDCL;) 6 = 173.4, 167.1,
166.5, 133.6, 133.0, 132.7, 128.8, 128.4, 128.0, 127.4, 127.1, 126.5, 123.7,49.0, 44.7, 42.6, 38.8,
38.4; HRMS (ESI) calculated for [C19H22C12N303]+ M + H+) requires m/z = 410.1033, found

410.1033.

T o I
© O O

cl N cl EtN.AcSH " s N S
QLNNm\A Nk oo Coow T Jkﬁ/\é.sow H)b T
0



152

A round-bottom flask was charged with 5.29 (0.171 g, 0.417 mmol), dissolved with 5 mL
of dichloromethane, and placed under an atmosphere of N,(g). Triethylamine (0.29 mL, 2.08
mmol) and thioacetic acid (0.1 mL, 1.40 mmol) were then added, and the reaction mixture was
stirred overnight. After 24 h, the reaction mixture was concentrated under reduced pressure, and
the product was purified by column chromatography (silica, 10% v/v methanol in
dichloromethane) providing 5.30 as a yellow solid (0.184 g, 90%).

"H NMR (400 MHz, CDCls) § = 7.87—7.82 (m, 4H), 7.53—7.49 (m, 2H), 7.44 (d, J=8.4
Hz, 1H), 7.35 (br, s, 1H), 7.10 (br, s, 1H), 3.69-3.28 (m, 12H), 2.30 (s, 6H); *C NMR (100
MHz, CDCL) 0 = 195.5, 173.3, 168.9, 168.4, 133.5, 133.1, 132.6, 128.5, 127.9, 127.2, 126.9,
126.5, 123.9, 49.3, 44.8, 39.2, 38.5, 32.9, 30.3; HRMS (ESI) calculated for [C23HsN305S,]" (M

+H") requires m/z = 490.1465, found 490.1464.

A flame-dried round-bottom flask was charged with 5.30 (0.184 g, 0.376 mmol) and
placed under an atmosphere of N»(g). Six mL of anhydrous methanol followed by 3 mL of 3 N
HCI in methanol were then added, and the reaction mixture was stirred under N,(g) overnight.
After 24 h, the reaction mixture was concentrated under reduced pressure, and the product was

purified by reverse-phase HPLC using a preparatory C18 column and a linear gradient of 10—
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80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. Dithiol 5.8 eluted at
32 min and, after lyophilization, was isolated as a white solid (103.69 mg, 68%)).

"H NMR (400 MHz, DMSO-dy) d = 8.29 (t, J = 5.7 Hz, 1H), 8.06 (t, J = 5.7 Hz, 1H),
7.97-7.93 (m, 4H), 7.59-7.55 (m, 2H), 7.50 (dd, J = 8.5, 1.6 Hz, 1H), 3.59-3.57 (m, 2H), 3.43—
3.34 (m, 4H), 3.16 (m, 4H), 3.00 (d, J = 8.0 Hz, 2H), 2.80 (t, J = 8.0 Hz, 1H), 2.66 (t, J = 8.0 Hz,
1H); *C NMR (100 MHz, DMSO-dq) 6 = 171.1, 170.0, 169.7, 134.3, 132.9, 132.3, 128.3,
128.0, 127.8, 126.9, 126.7, 125.9, 124.5, 48.5, 44.2, 37.3, 36.8, 27.3, 27.1; HRMS (ESI)

calculated for [C1oH24N303S,]" (M + H") requires m/z = 406.1254, found 406.1256.

5.7.3 Determination of thiol pK, Values

The thiol pK, values for 5.2, 5.5, and 5.7 were determined by following closely a
procedure reported previously that exploits the elevated absorbance of the deprotonated thiolate
at 238 nm.*"'*'® A plot of A3 vs pH was recorded (Figure 5.4), and pK, values were
determined by fitting these data to eq 5.1, which was derived from Beer’s law and the definition

of the acid dissociation constant.

e = C €37 10(PH-PKa2) 4 o8 4 £8H 1 o(PKa1-pH) (5.1)
238 T 10(PH-pKa2) 1 1410(pKa1-pH) :

In eq 5.1, Cr is the total thiol concentration, 5 is the extinction coefficient of the

doubly protonated form of 5.2, 5.5, or 5.7, sssﬁ is the extinction coefficient of the singly

protonated form of 5.2, 5.5, or 5.7, and ESS: is the extinction coefficient of the doubly

deprotonated form of 5.2, 5.5, or 5.7.
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Absorbance
238 nm

Figure 5.5 Effect of pH on absorbance by 5.2 at 238 nm in 0.10 M potassium phosphate buffer.
pK. values of 8.0 £ 0.2 and 9.2 = 0.1, and extinction coefficients of e = 9.20, e3; = 3996, 3~
=9296 M 'em™ with 7 > 0.99 were determined by fitting the data to eq 5.1.

Absorbance
238 nm

OG -1 T T 1
6 8 10 12

pH

Figure 5.6 Effect of pH on absorbance by 5.5 at 238 nm in 0.10 M potassium phosphate buffer.
pK, values of 8.1 + 0.3 and 9.3 + 0.3, and extinction coefficients of 5 = 10.23, e§57 = 4610, 5~
=9386 M 'cm ' with > > 0.99 were determined by fitting the data to eq 5.1.
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Absorbance
238 nm

0.0 T T 1
6 8 10 12

pH

Figure 5.7 Effect of pH on absorbance by 5.7 at 238 nm in 0.10 M potassium phosphate buffer.
pK, values of 8.1 + 0.2 and 9.4 = 0.2, and extinction coefficients of e = 8.13, e5; = 4940, 3~
=9390 M 'cm ' with * > 0.99 were determined by fitting the data to eq 5.1.

5.7.4 Determination of reduction potential

The reduction potentials of BMC, 5.2, 5.5 and 5.7 were determined as described
previously.””!' Briefly, an equilibrium was established between reduced BMC (or 5.2, or 5.5, or
5.7) and BME® and analyzed with analytical HPLC. The equilibrium concentrations were
determined by integration of the peaks corresponding to BME and BME®. From these
concentrations, the K4 for the reaction was determined and the reduction potential of BMC (or
5.2, or 5.5, or 5.7) was then calculated using the Nernst equation and Epve”°' = —0.260 V. The

values reported are the mean (£SE) of three separate measurements for each compound

5.7.5 Assay for isomerase activity
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sRNase was prepared as described previously.'®” The activation of sRNase A in the
presence of refolding catalysts was determined as described previously. Refolding reactions were
performed at 30 °C in 50 mM Tris—HCI buffer (pH 7.6), containing GSH (1.0 mM), GSSG (0.2
mM), and catalyst (1 mM). Catalysts were delivered from 100-fold concentrated stock solutions
in DMSO. The reactions were initiated by the addition of sRNase A to a final concentration of 5
pg/mL. Reaction progress was monitored by quantifying the cleavage of the RNase A substrate
6-FAM—dArUdAdA—6-TAMRA at 493 nm/515 nm, as described previously.'®' Assays were
performed in triplicate at ambient temperature in a black polystyrene 96-well plate, in 200 uL of
0.10 M MES-NaOH buffer, pH 6.0, containing NaCl (0.10 M). The resulting fluorescence data
were fitted to the equation ke./Ky = (AIAL)/(I—1p)[E], in which AI/At is the initial reaction
velocity, [y is the fluorescence intensity before addition of any ribonuclease, /r is the fluorescence
intensity after complete substrate hydrolysis, and [E] is the total ribonuclease concentration.
Reaction progress was monitored every hour until the increase in activity leveled off (~5 h). In
Figure 5.4A, data were fited to eq 5.2.

[active RNase A] = [sRNase A]o(1 — elcatalystltkons (5 2)
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Figure 5.8 Yield of native RNase A achieved by PDI mimics 5.1-5.7 after 5 h (*p < 0.05, **p <0.01,
***p < 0.005). Values are listed in Table 5.1.
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5.8 NMR Spectra
"H NMR (DMSO-d;) and *C NMR (DMSO-d;) of 5.1 (BMC)
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'H NMR (CDCl;) and ">C NMR (CDCl;) of 5.10 in dichloromethane
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'H NMR (CDCl;3) and ">C NMR (CDCl;) of 5.11 in dichloromethane
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"H NMR (DMSO-dq) and *C NMR (DMSO-ds) of 5.2
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'H NMR (CDCl;3) and "*C NMR (CDCl;) of 5.12 in dichloromethane
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'H NMR (CDCl3) and "*C NMR (CDCl;) of 5.13 in ethyl acetate
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'H NMR (CDCl;) and "*C NMR (CDCl;) of 5.14
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'H NMR (CDCl3) and *C NMR (CDCl;) of 5.15
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"H NMR (DMSO-dq) and *C NMR (DMSO-ds) of 5.3
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.16
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.17
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'H NMR (CDCl3) and ">C NMR (CDCl;) of 5.18 in dichloromethane
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"H NMR (DMSO-d;) and >C NMR (DMSO-ds) of 5.4

3
03 _
§ QN

8

0.0

0.5

1.0

1.5

25

3.0

35

T

5?0 415 4.0
f1 (ppm)

T

5.5

OSWQ ELE
10756

9691
G697 W
au

r3

120 110 100
f1 (ppm)

T
130

T
140

T T T
190 180 170

T
200

Lo



'H NMR (CDCl3) and *C NMR (CDCl;) of 5.19 in ethyl acetate
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.20
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'H NMR (CDCl3) and "*C NMR (CDCl;) of 5.21
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"H NMR (DMSO-d;) and >C NMR (DMSO-dq) of 5.5
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'H NMR (CDCl;3) and *C NMR (CDCl;) of 5.22
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'H NMR (CDCl3) and *C NMR (CDCl;) of 5.23
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'H NMR (CDCl;) and ">C NMR (CDCl;) of 5.24
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"H NMR (DMSO-d;) and *C NMR (DMSO-ds) of 5.6
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'H NMR (CDCl3) and *C NMR (CDCl;) of 5.25
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.26
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'H NMR (CDCl3) and *C NMR (CDCl;) of 5.27
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"H NMR (DMSO-d;) and >C NMR (DMSO-dq) of 5.7
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'H NMR (CDCl3) and *C NMR (CDCl;) of 5.28 in ethyl acetate
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.29
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'H NMR (CDCl3) and *C NMR (CDCl3) of 5.30
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"H NMR (DMSO-d;) and *C NMR (DMSO-ds) of 5.8

0.0

0.5

1.0

1.5

25

3.0

35

T

5?0 415 4.0
f1 (ppm)

T

5.5

[ v.

w

BE
143
0SWa 206E

OSWa SEBE
OSHQ b 6E
0SHATS6E
OSWQ T96E
0SWa 696
OSWA8L6E
0SWQ S8'6E

Sl
8
&0
&9
L
ez
X
suer
06%!
e

0esr
wor W
6018

==

T
-10

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

T
210




187

Chapter 6: Future Directions

6.1 New Disulfide-Reducing Agents for Chemical Biology

The development of disulfide-reducing agents that can efficiently reduce disulfide bonds
in proteins and other biomolecules is of paramount importance in biology and biochemistry.”*
Over the years, several dithiol reagents with kinetic reactivity superior to that of DTT have been
reported.”’”*>* Yet, none of these compounds possessed the thermodynamic strength of DTT.
The development of disulfide-reducing agents that are both kinetically faster and
thermodynamically superior to that of DTT is a difficult task. In general, disulfide bonds that are
formed between more acidic thiols, which is necessary for enhanced reactivity in neutral water,
are less stable and easier to reduce.'®! Still, it could be possible to overcome this predicament by
preorganizing the reducing agent for disulfide bond formation. As a general rule, six-membered
cyclic disulfides are most stable. Nonetheless, one explanation for the enhanced reducing power
of DTT relative to that of, say, 1,4-butanedithiol could stem from the gauche effect imparted by
the two adjacent hydroxyl groups on DTT, which preorganizes its conformation in the reduced
state and lowers the entropic cost of its oxidation. We attempted to accomplish analogous
preorganization in Chapter 4 by using a highly electron-deficient pyrazine scaffold.”
Unfortunately, the stability of its oxidized form was diminished enthalpically as a result of two
sp”-hybridized carbons in its six-membered ring. Figure 6.1 provides a short list of potential
compounds that could fit this target description of being both kinetically and thermodynamically
superior to that of DTT—possessing lower thiol pK, values and a reduced number of degrees of

rotational freedom in their acyclic form.
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Figure 6.1 Proposed disulfide-reducing agents with enhanced
disulfide bond formation.
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Figure 6. 2 Proposed synthesis of 6.1
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Figure 6. 4 Proposed synthesis of 6.3

6.2 Labeling of Proteins with Electron-Relay Catalysis System

The electron-relay catalysis system described in Chapter 3 could find significant use in

common biochemical techniques, such as the reduction of native disulfide bonds in antibodies

and other proteins to generate thiol groups that could then be labeled with a fluorophore or other

soluble molecule.'® The electrophilic partner for such processes is typically a thiol-specific

reagent such as a maleimide or iodoacetamide. Still, the presence of large concentrations of

disulfide-reducing agent (i.e., DTT) limits yield and efficiency of this method and requires its

removal prior to labeling.'**'®® The

use of our electron-relay catalysis system, however, would

allow for the rapid reduction of protein disulfides to take place in the presence of trace amounts
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of soluble thiol or selenol, avoiding the need to remove excess reagent prior to labeling.
Moreover, the use of sterically hindered selenols (or thiols) could be employed in our electron-
relay system for the selective reduction of only the most sterically accessible disulfide bond in a

protein or antibody—a challenging task that has had little success in the field of biotechnology.

6.3 Hydrophobic Diselenide Oxidants as Catalysts for Protein Folding

Diselenides have been shown to be outstanding catalysts for thiol—disulfide interchange
chemistry and, as such, have been shown to quite useful in facilitating oxidative protein folding.
An obvious extension to our work describing hydrophobic PDI mimics in Chapter 5 would be to
employ a series of diselenides with similar hydrophobic moieties. The hydrophobic nature of the
diselenide oxidants shown below (Figure 6.5) should enhance further the rate at which they

promote disulfide-bond formation in unfolded proteins.

o) Oﬂ\
HN >SN

N

HN™ " >""NH
O)\/Se—SeV&O O}\/Se—Sexo
6.27

6.28

Figure 6.5 Hydrophobic cyclic diselenides for oxidative protein folding

As acyclic diselenides—such as selenoglutathione—are typically used as catalysts for

protein folding, the use of cyclic diselenides could also confer additional benefits, such as
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eliminating trapped selenylsulfide intermediates and improving the overall yield of folded

protein.
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Appendix 1*: Acetylated DTBA for the Treatment of Cystinosis
*This work is being performed in collaboration with the laboratory of Dr. Donald J. Brown at the

University of California—Irvine.

A1.1 Author Contributions
D.J.B. proposed the use of DTBA to treat cystinosis. R.T.R. proposed the use of
acetylated DTBA to improve stability and cellular delivery. J.C.L. synthesized and characterized

acetylated DTBA. D.J.B. and his laboratory performed all other experiments.

Al.2 Introduction
Cystinsosis is a rare genetic disease which results in the accumulation of oxidized
cysteine (cystine) in the lysosome of human cells as a result of defects in the cystinosin transport

'8 Without treatment, the accumulation of cystine will continue, often resulting in tissue

system.
and/or organ damage. To date, the treatment of cystinosis has typically relied on the small-
molecule reducing agent, cysteamine.190 Cysteamine is a monothiol that reduces cystine down to
cysteine, which can then be transported out of the lysosome. As a result, it was hypothesized that
a stronger and more efficient disulfide-reducing agent—such as DTBA—would be beneficial in

treating this disease. To improve stability and cellular delivery, acetylated DTBA (A.2) was

synthesized and characterized.

A1.3 Materials and Methods
Commercial reagents were used without further purification. Dithiobutylamine (DTBA)

was from Sigma-Aldrich (St. Louis, MO). All glassware was oven- or flame-dried, and reactions
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were performed under N(g) unless stated otherwise. Dichloromethane was dried over a column
of alumina. Triethylamine was dried over a column of alumina and purified further by passage
through an isocyanate scrubbing column. Flash chromatography was performed with columns of
40-63 A silica, 230400 mesh (Silicycle, Québec City, Canada). Thin-layer chromatography
(TLC) was performed on plates of EMD 250-um silica 60-F;s4. The term “concentrated under
reduced pressure” refers to the removal of solvents and other volatile materials using a rotary
evaporator at water aspirator pressure (<20 torr) while maintaining the water-bath temperature
below 40 °C. Residual solvent was removed from samples at high vacuum (<0.1 torr). NMR
spectra were acquired at ambient temperature with a Bruker DMX-400 Avance spectrometer at
the National Magnetic Resonance Facility at Madison (NMRFAM) and referenced to TMS or
residual protic solvent. Electrospray ionization (ESI) mass spectrometry was performed with a
Micromass LCT at the Mass Spectrometry Facility in the Department of Chemistry at the

University of Wisconsin—Madison.

Al.4 Chemical Synthesis

® o )\

NH5Cl Et;N,Accl © O 'NH

“_SH A S
HS™ " DCM s \f(

A1 A2 o)

To a round-bottom flask containing DTBA—HCI (A.1, 1.002 g, 5.768 mmol) was added
200 mL of dry dichloromethane. The mixture was then placed in an ice bath and cooled to 0 °C.
Under an atmosphere of Nj(g), triethylamine (8.0 mL, 57.7 mmol) and acetyl chloride (1.6 mL,

23.1 mmol) were added. After stirring for 4 h, the reaction mixture was concentrated under
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reduced pressure, and the product was purified by column chromatography (silica, EtOAc),
yielding A.2 as a white solid (1.246 g, 82%)).

'"H NMR (400 MHz, CDCl3) 6 = 5.73 (d, J = 7.9 Hz, 1H), 4.15-4.07 (m, 1H), 3.07 (d, J
= 6.2 Hz, 2H), 2.98-2.91 (m, 1H), 2.82—-2.75 (m, 1H), 2.36 (s, 3H), 2.33 (s, 3H), 1.98 (s, 3H),
1.88—1.79 (m, 1H), 1.76—1.67 (m, 1H); *C NMR (100 MHz, CDCl3) § = 196.3, 196.1, 170.2,
49.0, 34.3, 33.1, 30.7, 30.6, 25.6, 23.4; HRMS (ESI) calculated for [CI0OHISNO3S2]" (M+H")

requires m/z = 264.0723, found 264.0730.
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A1.5 NMR Spectra
"H NMR (CDCl3) and *C NMR (CDCls) of A.2
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Appendix 2: Boronic Acid Inhibitors of HIV Protease

A2.1 Author Contributions

M.J.P. proposed the use of boronic acids as a way to increase HIV protease binding
affinity. M.J.P. performed preliminary studies. J.C.L. synthesized and characterized HIV
protease inhibitors. LW.W. performed all other experiments and obtained an X-ray crystal
structure of the HIV protease bound complex with inhibitors. K.T.F. assisted . W.W. in structure

determination. R.T.R., LW.W. and M.J.P. planned experiments and analyzed data.

A2.2 Introduction
Boronic acids have shown utility in forming weak covalent bonds with organic oxy-
acids."”' Consequently, we hypothesized that the binding affinity of a small-molecule drug could

be enhanced by using boronic acids to target the carboxylic acid residues of an active site.'** F

or
our model protein e drug complex, we chose HIV protease and Amprenavir. Amprenavir has an
aniline moiety that forms key hydrogen bonds with Asp29 and Asp30 of HIV protease.'” In this

study, we demonstrate that the binding affinity of Amprenavir can be enhanced by replacing the

aniline amino group with a boronic acid.

A2.3 Materials and Methods

Commercial reagents were used without further purification. (25,35)-1,2-epoxy-3-(boc-
amino)-4-phenylbutane was from Sigma-Aldrich (St. Louis, MO). All glassware was oven- or
flame-dried, and reactions were performed under N,(g) unless stated otherwise. Dichloromethane

was dried over a column of alumina. Triethylamine was dried over a column of alumina and
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purified further by passage through an isocyanate scrubbing column. Flash chromatography was
performed with columns of 40-63 A silica, 230—400 mesh (Silicycle, Québec City, Canada).
Thin-layer chromatography (TLC) was performed on plates of EMD 250-pm silica 60-F;s4. The
term “concentrated under reduced pressure” refers to the removal of solvents and other volatile
materials using a rotary evaporator at water aspirator pressure (<20 torr) while maintaining the
water-bath temperature below 40 °C. Residual solvent was removed from samples at high
vacuum (<0.1 torr). The term “high vacuum” refers to vacuum achieved by a mechanical belt-
drive oil pump. NMR spectra were acquired at ambient temperature with a Bruker DMX-400
Avance spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM) and
referenced to TMS or residual protic solvent. Electrospray ionization (ESI) mass spectrometry
was performed with a Micromass LCT at the Mass Spectrometry Facility in the Department of

Chemistry at the University of Wisconsin—Madison.

A2.4 Chemical Synthesis

- i
8 ew TN g (o LT
o N 0" "N NSy
H H O
OH DCM OH
A3 A4

A round-bottom flask containing A.3"* (1.791 g, 5.323 mmol) was dissolved in 60 mL of

dichloromethane, and the resulting solution was cooled to 0 °C. Triethylamine (1.2 mL, 8.6
mmol) and 4-bromobenzenesulfonyl chloride (1.362 g, 5.330 mmol) were then added, and the
reaction mixture was left to stir overnight under an atmosphere of dry Nx(g). After 16 h, the

reaction mixture was concentrated under reduced pressure, and the product was purified by
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column chromatography (silica, 20% v/v EtOAc in hexanes), resulting in A.4 as a white solid
(2.543 g, 86%)).

"H NMR (400 MHz, CDCls) § = 7.67—7.62 (m, 4H), 7.33—7.22 (m, 5H), 4.64 (d, J=8.4
Hz, 1H), 3.87-3.76 (m, 3H), 3.11 (d, J = 6.1 Hz, 1H), 3.03—-2.84 (m, 4H), 1.91-1.81 (m, 1H),
1.36 (s, 9H), 0.91 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6Hz, 3H); *C NMR (100 MHz, CDCl;) § =
156.2, 137.8, 137.7, 132.5, 129.6, 128.9, 128.6, 127.9, 126.6, 79.9, 72.7, 58.4, 54.9, 53.4, 35.6,
28.4,27.2,20.2, 20.0; HRMS (ESI) calculated for [C,5H3sBrN,OsSNa]™ (M + Na') requires m/z

=577.1343, found 577.1364.

C,))%
Br o © By
o B-B_ 0
)( )J\ 0, KOAc, Pd(dppf)Cl,-CH,Cls, g o )( J\ O‘\S
o N N/S\\o Dioxane, 80 °C © H N \\O
" on ‘ OH
A4 A.5

A.4 (0.262 g, 0.472 mmol), KOAc (0.139 g, 1.416 mmol), bis(pinacolato)diboron (0.708
g, 0.180 mmol), and Pd(dppf)Cl,-CH,Cl, (34.54 mg, 0.0472 mmol) were placed in a dry Schlenk
tube. The reaction flask was then evacuated and backfilled with Ny(g) five times. Freshly
degassed 1,4-dioxane (5 mL) was then added, and the reaction mixture was heated to 80 °C and
stirred for 24 h under a N»(g) atmosphere. After 24 h, the reaction was vacuum filtered through a
pad of Celite and concentrated under reduced pressure, and the product was purified by column
chromatography (silica, 30% v/v EtOAc in hexanes), giving A.5 as a white solid (0.253 g, 89%).

'"H NMR (400 MHz, CDCl;) § = 7.94 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H),

7.31-7.28 (m, 2H), 7.25-7.21 (m, 3H), 4.67 (d, J = 8.6 Hz, 1H), 3.93-3.91 (m, 1H), 3.84-3.81
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(m, 1H), 3.78-3.74 (m, 1H), 3.13-3.06 (m, 2H), 3.01-2.81 (m, 4H), 1.89—1.81 (m, 1H), 1.36 (s,
12H), 1.35 (s, 9H), 0.89 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H); '*C NMR (100 MHz,
CDCLy) § = 156.1, 140.6, 137.9, 135.5, 129.7, 128.6, 126.5, 126.4, 84.6, 79.8, 72.8, 58.6, 54.9,
53.7, 35.5, 29.8, 28.4, 27.2, 25.0, 20.2, 20.0; HRMS (ESI) calculated for [C3;Hs;BN,0,SNa]"

(M + Na") requires m/z = 624.3126, found 624.3151.

0 )§< 1) HCI, Dg)xane o o )<<
B- o} B-
o o LT QI o s oy
N\, (@) (@) O\\
)(J\ .S 2) EtsN, A.6 @ J\ -S
0" N N0 . 0 0" N
OH DCM
A5

To a round-bottom flask containing A.5 (0.150 g, 0.249 mmol) was added 10 mL of 4.0
M HCI in dioxane. Precipitation occurred almost immediately as the Boc group was removed.
After stirring for 4 h, the reaction mixture was purged with N,(g) to remove excess HCI(g). Once
the evolution of HCI(g) ceased, the reaction mixture was concentrated under reduced pressure
and dried overnight under high vacuum. The residue was then dissolved in 6 mL of DCM and
placed under an inert atmosphere. Triethylamine (0.17 mL, 1.2 mmol) and A.6 (synthesized as
described previously,'®® 0.086 g, 0.374 mmol) were then added, and the reaction mixture was
stirred at room temperature overnight. After reacting for 16 h, the reaction was concentrated
under reduced pressure, and the product was purified by column chromatography (silica, 50%
v/v EtOAc in hexanes), yielding A.7 as a white solid (0.121 g, 79%).

"H NMR (400 MHz, CDCl3) 6 = 7.94 (d, J = 7.8 Hz, 2H), 7.74 (d, J = 7.8 Hz, 2H),

7.32—7.28 (m, 2H), 7.25-7.21 (m, 3H), 5.12 (s, 1H), 4.85 (d, J = 8.7 Hz, 1H), 3.86-3.76 (m,
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5H), 3.71-3.61 (m, 2H), 3.16—3.10 (m, 1H), 3.01-2.86 (m, 4H), 2.83—-2.78 (m, 1H), 2.13-2.05
(m, 1H), 1.96—1.88 (m, 1H), 1.85—1.78 (m, 1H), 1.36 (s, 12H), 0.91 (d, J = 6.6 Hz, 3H), 0.86 (d,
J = 6.6 Hz, 3H); *C NMR (100 MHz, CDCl3) § = 156.1, 140.4, 137.6, 135.5, 129.6, 128.7,
126.7, 126.4, 84.6, 75.5, 73.4, 72.6, 67.0, 58.8, 55.2, 53.8, 35.5, 32.9, 27.3, 25.0, 20.2, 20.0;
HRMS (ESI) calculated for [C3;H4BN3;0sSNa]” (M + NHy") requires m/z = 633.3365, found

633.3386.

9% )
B B
o OH
0 0
Q oN /©/ NalO,, NH,0Ac @ Q oN /©/
J Vs PR S
N" o N

O N Acetone/H,O @) N
' OH OH
A7 A.8

A round-bottom flask was charged with A.7 (0.121 g, 0.196 mmol), which was dissolved

in acetone (10 mL) and H,O (10 mL). The resulting solution was placed under an atmosphere of
dry N»(g), and sodium periodate (0.168 g, 0.784 mmol) and ammonium acetate (60.43 mg, 0.784
mmol) were added. After stirring for 12 h, the reaction mixture was concentrated under reduced
pressure, and the product was purified by column chromatography (silica, 20% v/v MeOH in
DCM), giving rise to A.8 as an off white solid (75.42 mg, 72%). An analytically pure sample of
A.8 was obtained by reverse-phase HPLC using a preparatory C18 column and a linear gradient
of 10—80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45 min. A.8 eluted at
36 min and, after lyophilization, was isolated as a white powder.

"H NMR (400 MHz, Methanol-dy) 6 = 7.80 (s, 4H), 7.27—7.22 (m, 3H), 7.19-7.15 (m,

1H), 7.00 (d, J = 9.4 Hz, 1H), 5.01-4.98 (m, 1H), 3.85-3.68 (m, SH), 3.47—3.43 (m, 2H), 3.15—
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3.08 (m, 2H), 2.98 (dd, J = 15.1, 8.7 Hz, 1H), 2.90 (dd, J = 13.7, 6.7 Hz, 1H), 2.55 (dd, J = 13.8,
10.7 Hz, 1H), 2.13—1.94 (m, 3H), 0.94 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H); *C NMR
(100 MHz, Methanol-dy) 5 = 158.2, 140.1, 135.2, 135.1, 130.5, 129.2, 127.4, 127.2, 76.4, 74.2,
74.1, 67.9, 58.7, 57.5, 53.8, 37.2, 33.6, 28.0, 20.5, 20.4; HRMS (ESI) calculated for

[CasH42BN,068]- (M + OMe-) requires m/z = 592.2745, found 592.2721.
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A2.5 NMR Spectra
"H NMR (CDCl3) and >C NMR (CDCls) of A.4
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'H NMR (CDCl3) and *C NMR (CDCl;) of A.5
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'H NMR (CDCl3) and *C NMR (CDCl;) of A.7
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"H NMR (Methanol-ds) and *C NMR (Methanol-d,) of A.8
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Appendix 3: Selective Disulfide-Reducing Agents for Phosphatase and Tensin Homolog

(PTEN)

A3.1 Author Contributions
R.T.R. proposed the derivatization of DTBA to generate a selective disulfide-reducing
agent for PTEN. K.K.W. assisted J.C.L. the synthesis and characterization of compounds. S.B.J.

expressed and purified PTEN and performed all other relevant assays.

A3.2 Introduction

Phosphatase and tensin homolog (PTEN), is a cytosolic protein and a known tumor
suppressor whose dysfunction is associated with many forms of cancer.”*** PTEN (Figure
A3.1) contains an active-site cysteine residue (Cys124). Its thiol must remain in a reduced state
for phosphatase activity. It has been shown that Cys124 is oxidized readily, forming a disulfide
bond with nearby Cys71.2°"** This non-native disulfide inactivates the protein, resulting in the
activation of downstream signaling cascades, which promote cell proliferation, survival, and

tumor development.

Figure A3.1 Electrostatic potential map of PTEN with red = anionic and blue = cationic, as
generated by PYMOL (SchrOdinger, Portland, OR). PDB: 1d5r°".
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We recently reported on dithiobutylamine (DTBA), a novel disulfide-reducing agent with
enhanced reactivity at physiological pH (See Chapter 2).** The superior observed kinetics are
attributable to low thiol pKjs, likely resulting from the strong Coulombic and inductive effects of
the protonated amino group of DTBA. The amino group, however, also confers the additional
benefit of easy derivatization by attachment of another soluble molecule with simple reactions,
such as reductive amination or N-acylation.™

The physiological substrate of PTEN, phosphatidylinositol (3,4,5)-trisphosphate (PIP3), is
an inositol decorated with anionic phosphates that facilitate association with the cationic active-
site of PTEN.""®?% With this in mind, we postulated that attaching a moiety to DTBA that
mimics the substrate PIP; would result in a selective and efficient way to regenerate the activity
of oxidized protein. We note that the development of additional "surgical disulfide-reducing
agents" could have a profound impact on the treatment of other dieseases associated with

oxidative stress.

A2.3 Materials and Methods

Commercial reagents were used without further purification. Dithiobutylamine (DTBA)
was from Sigma-Aldrich (St. Louis, MO). All glassware was oven- or flame-dried, and reactions
were performed under N»(g) unless stated otherwise. Dichloromethane was dried over a column
of alumina. Triethylamine was dried over a column of alumina and purified further by passage
through an isocyanate scrubbing column. Flash chromatography was performed with columns of
40-63 A silica, 230400 mesh (Silicycle, Québec City, Canada). Thin-layer chromatography

(TLC) was performed on plates of EMD 250-um silica 60-F,s4. The term “concentrated under
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reduced pressure” refers to the removal of solvents and other volatile materials using a rotary
evaporator at water aspirator pressure (<20 torr) while maintaining the water-bath temperature
below 40 °C. Residual solvent was removed from samples at high vacuum (<0.1 torr). The term
“high vacuum” refers to vacuum achieved by a mechanical belt-drive oil pump. NMR spectra
were acquired at ambient temperature with a Bruker DMX-400 Avance spectrometer at the
National Magnetic Resonance Facility at Madison (NMRFAM) and referenced to TMS or
residual protic solvent. Electrospray ionization (ESI) mass spectrometry was performed with a
Micromass LCT at the Mass Spectrometry Facility in the Department of Chemistry at the

University of Wisconsin—Madison.

A3.4 Chemical Synthesis

\ (0]
o)
(0] \ (@)
o)
o— o)
®
NH3C|@ Et;N, Cl
N oO—
A.10 o)
s-s NH
A.9 (DTBA%) DCM
S-S
A1

A round bottom flask was charged with dichloromethane (150 mL), compound A.9
(1.091 g, 6.354 mmol), and triethylamine (4.4 mL, 31.6 mmol), and placed under an atmosphere
of dry N»(g). The reaction mixture was then cooled to 0 °C, and 1.845 g (7.187 mmol) of A.10
(which was synthesized as previously described) was added. After reacting at 0 °C for 2 h, the

reaction mixture was warmed to room temperature and left to stir overnight. The reaction
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mixture was then concentrated under reduced pressure, and the product was purified by column
chromatography (silica, 50% EtOAc in hexanes), resulting in A.11 (1.716 g, 76%) as a white
solid.

"H NMR (400 MHz, CDCl3) § = 8.82 (s, 1H), 8.62 (s, 2H), 6.66 (br, s, 1H), 4.53—4.45
(m, 1H), 3.99 (s, 6H), 3.29-3.25 (m, 1H), 3.14-3.09 (m, 1H), 3.00—-2.93 (m, 1H), 2.84 (dd, J =
13.4, 7.9 Hz, 1H), 2.33-2.24 (m, 1H), 2.15-2.01 (m, 1H); *C NMR (100 MHz, CDCl;) ¢ =
165.5, 164.4, 135.0, 133.4, 132.1, 131.3, 52.7, 46.5, 44.2, 40.9, 37.9; HRMS (ESI) calculated for

[C1sH1sNOsS,]" (M + HY) requires m/z = 355.05481, found 355.42918.

\ (0] (0]
o) HO
0 0
o— OH
o] o]
NH LiOH NH
. e .
< > H,O/MeOH
S-S S-S
A1 A12

A round-bottom flask was charged with A.11 (0.120 g, 0.338 mmol), which was
dissolved in MeOH (15 mL) and H,O (10 mL). Lithium hydroxide monohydrate (70.91 mg,
1.690 mmol) was then added, and the reaction mixture was stirred under Ny(g) overnight. After
reacting for 16 h, the MeOH was removed under reduced pressure, and the resulting aqueous
solution was extracted twice with 10 mL of dichloromethane. The aqueous layer was then
acidified to pH 2, and the resulting white precipitate was isolated by vacuum filtration, washed

with 1 M HCI and dried under high vacuum overnight, giving rise to A.12 (78.56 mg, 71%)).
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'H NMR (400 MHz, DMSO-dg) 6 = 13.50 (br, s, 2H), 8.93 (d, J = 8.0 Hz, 1H), 8.62 (s,
2H), 8.56 (s, 1H), 4.13—4.05 (m, 1H), 3.13-2.96 (m, 3H), 2.82 (t, J = 10.8 Hz, 1H), 2.20-2.16
(m, 1H), 1.92—1.82 (m, 1H); *C NMR (100 MHz, DMSO-ds) 6 = 166.2, 163.7, 135.2, 132.4,
132.1, 131.6, 48.2, 36.8, 34.5, 33.6; HRMS (ESI) calculated for [C1sHsNOsS,]" (M + HY)

requires m/z = 328.0308, found 328.0311.

0
HO
o) o) 0
OH HO OH
o)
NH H, (200 PSI), Pd/C
) DS
MeOH z
S_g HS/\/\/SH
A12 A13

A.12 (78.56 mg, 0.240 mmol) and Pd/C (8.023 mg, 10 wt. % loading) were placed in a
Parr reactor. 15 mL of MeOH was added, and the reaction mixture was placed under an
atmosphere of Hj(g) (200 PSI) and left to stir until consumption of H»(g) had ceased. The
reaction mixture was then filtered through Celite, and concentrated under reduced pressure. The
resulting residue was purified by reverse-phase HPLC using a preparatory C18 column and a
linear gradient of 10—80% v/v acetonitrile (0.1% v/v TFA) in water (0.1% v/v TFA) over 45
min. A.13 eluted at 29 min and, after lyophilization, was isolated as a white powder (67.98 mg,
86%).

"H NMR (400 MHz, DMSO-ds) 0 = 13.50 (s, 2H), 8.69—8.64 (m, 3H), 8.58 (s, 1H),

4.19-4.13 (m, 1H), 2.71 (t, J = 7.8 Hz, 2H), 2.40-2.34 (m, 2H), 1.93—1.85 (m, 2H); *C NMR
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(100 MHz, DMSO-ds) 0 = 166.2, 164.8, 135.3, 132.2, 131.6, 131.5, 51.1, 37.1, 28.1, 20.8;

HRMS (ESI) calculated for [C13H16N0582]Jr M + H+) requires m/z = 330.0465, found 330.0465.



A3.5 NMR Spectra
"H NMR (CDCls) and *C NMR (CDCls) of A.11
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"H NMR (DMSO-dq) and *C NMR (DMSO-ds) of A.12
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"H NMR (DMSO-dq) and *C NMR (DMSO-d;) of A.13
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