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Chemical synthesis of Shiga toxin subunit B
using a next-generation traceless “helping hand”
solubilizing tagf

James M. Fulcher,® Mark E. Petersen,§? Riley J. Giesler,? Zachary S. Cruz,®
Debra M. Eckert,® J. Nicholas Francis,J° Eric M. Kawamoto,” Michael T. Jacobsen®®
and Michael S. Kay @ *@

The application of solid-phase peptide synthesis and native chemical ligation in chemical protein syn-
thesis (CPS) has enabled access to synthetic proteins that cannot be produced recombinantly, such as
site-specific post-translationally modified or mirror-image proteins (D-proteins). However, CPS is com-
monly hampered by aggregation and insolubility of peptide segments and assembly intermediates.
Installation of a solubilizing tag consisting of basic Lys or Arg amino acids can overcome these issues.
Through the introduction of a traceless cleavable linker, the solubilizing tag can be selectively removed to
generate native peptide. Here we describe the synthesis of a next-generation amine-reactive linker
N-Fmoc-2-(7-amino-1-hydroxyheptylidene)-5,5-dimethylcyclohexane-1,3-dione (Fmoc-Ddap-OH) that
can be used to selectively introduce semi-permanent solubilizing tags (“helping hands”) onto Lys side
chains of difficult peptides. This linker has improved stability compared to its predecessor, a property that
can increase yields for multi-step syntheses with longer handling times. We also introduce a new linker
cleavage protocol using hydroxylamine that greatly accelerates removal of the linker. The utility of this
linker in CPS was demonstrated by the preparation of the synthetically challenging Shiga toxin subunit B
(StxB) protein. This robust and easy-to-use linker is a valuable addition to the CPS toolbox for the pro-
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Introduction

Total chemical synthesis of proteins enables techniques such
as racemic protein crystallography’ and mirror-image phage
display,® as well as structure/function studies of post-transla-
tionally modified proteins.>* Through the use of solid-phase
peptide synthesis (SPPS)° and native chemical ligation
(NCL),*® chemical protein synthesis (CPS)>'® permits the
routine synthesis of proteins up to ~200 amino acids.
However, challenges with peptide insolubility are commonly
encountered during the assembly of synthetic proteins and
can limit the scope of CPS."" Ambitious synthesis projects are
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duction of challenging synthetic proteins.

often hampered by peptide segments that are too insoluble to
be purified by HPLC or dissolved at the high concentrations
needed for efficient NCL.">"?

To address and overcome issues encountered with insoluble
peptides, several groups have devised strategies that incorpor-
ate two main components: (1) a solubilizing tag composed of
multiple basic amino acids, and (2) a linker between the tag
and peptide that can be removed to restore the native peptide
sequence. For example, work by Kent'* and Aimoto'® detailed
a thioester linker combined with a poly-Arg tag to increase the
solubility of hydrophobic peptide segments. After HPLC purifi-
cation, this tag can be removed through transthioesterification
during NCL. Although this direct thioester linker is restricted
to Boc-SPPS, several Fmoc-compatible strategies have been
developed.'®™"® The main disadvantage to these strategies is
that they cannot survive more than one NCL reaction."’
Recently, several NCL-compatible strategies introducing semi-
permanent solubilizing tags have been presented. Liu’s group
developed a salicylaldehyde-derived linker and Arg-tag for the
introduction of solubilizing removable backbone modifi-
cations (RBMs), which have the advantage of not requiring
specific residues or side chains for implementation.”®*!
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Several Cys-based linkers/solubilizing tags have also been
developed recently including the phenylactamidomethyl
(Phacm) linker by Brik’s group, the Arg-tagged ACM" by
Danishefsky’s group, and an Arg-tagged trityl linker from the
Yoshiya group.**>® Additionally, the Yoshiya group recently
introduced a self-cleavable canaline linker.?’”

The introduction of these linkers and solubilizing tags has
expanded the scope of CPS, but significant barriers to their
broader use remain. These barriers include complex linker
synthesis, limited availability of sites for attachment of linkers,
or lability under certain reaction conditions. Building on pre-
vious work with the Dde protecting group,”*° we recently
described a linker (N-Fmoc-1-(4,4-dimethyl-2,6-dioxocyclo-hex-
ylidene)-3-[2-(2-aminoethoxy)ethoxy]-propan-1-ol ~ or  Fmoc-
Ddae-OH) that aimed to address these limitations with its ease
of use and compatibility with common conditions employed
during Fmoc-SPPS and NCL.*' The Ddae linker could easily be
incorporated at various Lys sites within a peptide and trace-
lessly removed to generate the target of interest. This Ddae
linker met all of our initial design requirements; however, we
sought to improve its stability and handling properties, as well
as reduce the cost of synthesis to increase its utility and
accessibility.

Here we describe the synthesis of a next generation linker,
Fmoc-Ddap-OH  (N-Fmoc-2-(7-amino-1-hydroxyheptylidene)-
5,5-dimethylcyclohexane-1,3-dione), that has increased stabi-
lity in aqueous solvents and is an easy-to-handle powder com-
pared to Ddae. Incorporation of the Ddap linker follows
the same protocol as Ddae and is achieved through direct
addition onto a free amine, typically a Lys side chain, present
on an otherwise protected peptide (Scheme 1). Following
Fmoc removal, the solubilizing sequence can be built
through standard Fmoc-SPPS. The Ddap linker is stable to
TFA cleavage, as well as several commonly used buffers in
chemical protein synthesis. Once the handling steps that
require enhanced solubilization are complete, the linker can
be cleaved using an a-nucleophile, such as hydrazine or
hydroxylamine.>> We demonstrate the versatility of this new
linker in the synthetically challenging Shiga toxin subunit B
(StxB), a 69-amino acid protein essential for the pathogenesis
of Shigella and Shiga Toxin-Producing E. coli (STEC).*®
Synthetic StxB and a recombinant StxB control were com-
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pared using high-resolution mass spectrometry (HRMS), cir-
cular dichroism (CD), size-exclusion chromatography (SEC)
and analytical ultracentrifugation (AUC) to validate the syn-
thetic approach.

Results and discussion

Synthesis and characterization of linkers using the model
peptide C20

We began by substituting the PEG, moiety present in our orig-
inal Ddae linker with 6, 7, or 8-carbon alkyl chains (termed
Ddax, Ddap, and Ddac, respectively; Fig. 1 and S1-167) as the
starting materials are commercially available and relatively in-
expensive (Table S17). After flash purification and lyophiliza-
tion, we observed that the Ddap and Ddac linkers are solids at
room temperature, unlike the Ddax and Ddae linkers, which
are viscous oils (Fig. S177). These linkers were then compared
throughout several stages of SPPS assembly using the model
peptide  C20  (Ac-DWTKNITDK(Dde)IDQITHDFVDK-NH,,
Fig. S18t). This model peptide was selected due to its diverse
peptide sequence (including a Lys residue), high crude purity
(>70%), and previous use in the characterization of the Ddae
linker.** After synthesis of C20 at 30 pmol scale, the Dde group
was removed using 5% hydrazine in DMF to reveal an unpro-
tected primary amine at Lys9. The coupling (attachment of the
linker to amine) was performed by adding 1 mL of 200 mM
linker in N-methylpyrrolidine (NMP) to the resin at 37 °C.
Attachment of alkyl chain linkers reached completion in
<15 min compared to 60 min required for Ddae coupling
(Fig. S197). As no other additives are needed for coupling, the
excess linker can be recycled by flash chromatography and
reused. After coupling of the linkers, we performed standard
Fmoc-SPPS to build a Lys, solubilizing tag (referred to as a
“helping hand” or HH) for each C20 linker variant. We chose
six Lys residues based on previous reports describing the
benefits of positively charged residues in addressing
insolubility.**** All peptides were cleaved from solid supports
using standard TFA cleavage conditions (95% TFA, 2.5% TIS,
2.5% H,0) and purified by RP-HPLC (Fig. S20-237).

With these purified peptides in hand, we next tested the
cleavage kinetics of each linker using 1 M hydrazine in dena-
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(A) Key properties of the Ddap linker and (B) steps for the installation/removal of a semipermanent solubilizing helping hand.
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Fig. 1 One-step synthetic route for all linkers used in this study (yields shown next to each linker). See ESI for synthesis details.
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Fig. 2 Characterization of linker cleavage kinetics with different a-nucleophiles. (A) Cleavage kinetics of C20(HH) with all linkers using 1 M hydra-
zine in cleavage buffer (6 M GnHCI, 100 mM NaPOy,, pH 7.5). (B) Cleavage kinetics of C20(Lyse-Ddap) with 1 M hydrazine or hydroxylamine in clea-
vage buffer at pH 7.5 or 6.75, respectively. Average of 2 replicates shown with s.d. error bars. (C) Representative HPLC traces of C20(Lysg-Ddap) clea-
vage using 1 M hydroxylamine in cleavage buffer, pH 6.75. Y-Axis shows A,14 normalized to the highest peak.

turing buffer (6 M GnHCIl, 100 mM NaPO,, pH 7.5) with C20
(HH) peptides at 0.5 mM. Timepoints were analyzed using
analytical HPLC monitoring at 214 nm, and product formation
was calculated based on relative peak areas with a correction
factor to account for the UV absorbance of the cleaved linker
(Fig. S24 and S257). All alkyl chain linkers were cleaved within
8 h, compared to 4 h for the PEG,-based Ddae linker (Fig. 2A).
Comparison of C20 with Lyss-Ddap and Lyss-Ddae in several

This journal is © The Royal Society of Chemistry 2019

common reaction conditions used in CPS demonstrates the
improved stability of the Ddap linker over Ddae as well
(Table 1 and Fig. S267). Although cleavage kinetics are similar
between the alkyl chain linkers, we picked the Ddap linker as
the most favorable compound due to its lower-cost starting
material compared to Ddac and solid physical state compared
to Ddax. Therefore, we continued our characterization using
the Ddap linker as our lead candidate.
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Table 1 Stability comparison between C20(Lyse-Ddae) and C20(Lyse-Ddap) after 48 h in several commonly used buffers in CPS. See ESIT for experi-

mental details

C20(Lys¢-Ddae)
uncleaved linker

C20(Lys¢-Ddap)
uncleaved linker

Buffer (%) after 48 h (%) after 48 h
0.1% TFA in 50% ACN (HPLC Buffer) 90 95
6 M GnHCI, 100 mM NaPO,, pH 3 88 90
6 M GnHCl, 200 mM NaPO,, pH 7 89 92
6 M GnHCI, 5% AcOH 89 94
6 M GnHCl, 100 mM NaPO,, 200 mM MeONH,, pH 3 (Thz cleavage buffer) 60 87
6 M GnHCl, 200 mM NaPO,, 200 mM MPAA, 50 mM TCEP, pH 7 (NCL conditions) 86 94

Ddap cleavage kinetics using hydroxylamine

The greater stability of Ddap, though advantageous for mini-
mizing dissociation during multiple handling steps, led us to
wonder if the cleavage time could be reduced by using a
different a-nucleophile. Considering the pK, of the conjugate
acid of hydroxylamine (~6) allows for a higher proportion of
nucleophilic species at lower pH than hydrazine (pK, ~ 8),*°
we rationalized that hydroxylamine at pH 6.75 could poten-
tially be much faster than our standard hydrazine cleavage
conditions (1 M hydrazine in denaturing buffer: 6 M GnHCI,
100 mM NaPO,, pH 7.5).>>*” The lower pH of 6.75 was chosen
to more closely match NCL conditions and reduce the poten-
tial for hydroxylamine-induced cleavage of peptide bonds.*®
The rate of cleavage with 1 M hydroxylamine at pH 6.75 in
denaturing buffer was ~19x faster than our previous cleavage
protocol using 1 M hydrazine at pH 7.5 (k of 224.8 vs. 11.6 x
107% s71), reaching completion within 30 min (Fig. 2B and
S277). The reaction also proceeded cleanly without formation
of any significant side products (Fig. 2C and Fig. S28-297). We

A

extended both cleavage reactions for 24 h to investigate the
potential for side reactions. Under these exceptionally harsh
conditions, the majority of the C20 peptide remained unmodi-
fied by LC-MS, however several hydrazide and hydroxamate
modifications were observed (Fig. 30 and $311).*°

UV absorbance of Ddap linker

One characteristic of the Ddap linker we observed in our
initial characterization was significant 280 nm absorbance
(Azg0)- As Aygo from Trp or Tyr residues is a convenient method
for determining peptide concentration, we determined the
molar extinction coefficient (¢, M~ em™") of our linker so that
it could be utilized as a UV tag and would not interfere with
peptide concentration measurements. Utilizing our C20 test
peptide modified with an N-terminal carboxyfluorescein, we
compared the A,g, of the peptide with or without the Ddap
linker at equal concentrations as determined using the A,q5 of
fluorescein (Fig. S32 and $3371).*° The difference in A5, was
found to correspond to an & of ~14600 M~' cm™" in denatur-
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T21_R%_OH |—>| T21_R%_OH
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Fig. 3 StxB sequence and synthesis strategy. (A) Sequence of mature StxB (without precursor signal peptide). N-Terminal (T?~A’%) and C-terminal
(C77-R®) segments are shown in red and blue, respectively. (B) Sequences of individual peptides showing position of pseudoproline dipeptides
(black) and helping hand (underline). (C) Assembly strategy for the two segments showing one-pot NCL/helping hand cleavage to produce full-
length StxB before folding through stepwise dialysis under oxidizing conditions.
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ing buffer (6 M GnHCI, 200 mM NaPO,, pH 8), similar to the ¢
of the related N-4,4-dimethyl-2,6-dioxocyclohexylidenemethyl
(Dem) protecting group (15020 M™' em™ at 360 nm).** It is
worth noting the & of Ddap is considerably higher than Trp
and Tyr, which have ¢ of 5500 and 1490 M~" cm™', respec-
tively."* Therefore, this property of Ddap would be particularly
useful for peptides lacking Tyr or Trp, allowing it to be used as
a tag for UV monitoring or concentration measurements via A,g.

Synthesis of Shiga toxin subunit B using the helping hand

We tested the utility of our next-generation helping hand by
incorporating it into the synthesis of Shiga toxin subunit B
(StxB; note StxB contains an N-terminal signal peptide that is
cleaved to form the mature protein, Fig. 3A).*> Our initial syn-
thesis attempts to make the full-length 69-amino acid mature
protein via SPPS were hampered by poor crude quality and
insolubility in HPLC conditions. To improve the quality of
the crude peptide produced by SPPS, StxB was divided into
two segments (StxB-N and StxB-C) for NCL, and several
pseudoproline dipeptides were used in the synthesis of
StxB-N.**** To address insolubility of StxB-N, we installed the
Ddap helping hand at Lys47 (Fig. 3B and C). StxB represents a
good test for our new linker as it not only displays insolubility
in aqueous conditions but also contains an Asn-Gly in its
sequence, a reported hydroxylamine cleavage site (though
under much harsher conditions such as 2 M hydroxylamine
at pH 9).38:45:46

StxB-N was synthesized as a C-terminal hydrazide for
NCL.””"* The C-terminal hydrazide was utilized as a thioester
surrogate due to its convenience and compatibility with Fmoc-
SPPS. StxB-N was prepared with Boc-protection at the
N-terminus and an orthogonally protected Lys(Dde) for incor-
poration of the helping hand (Fig. 3B). As a control to evaluate
improvement in solubility, StxB-N was also produced without a
solubilizing tag. StxB-C was synthesized with a C-terminal acid
using standard Fmoc-SPPS. The crude peptides (StxB-N and

— Without HH
e With HH

mAU (214 nm)

Retention Time (min)

Fig. 4 Comparison of crude StxB-N with and without helping hand.
StxB-N and StxB-N(HH) were dissolved in HPLC buffer (20% B, 80% A)
until saturation before centrifugation at 5000g for 20 min to remove
precipitated material. HPLC traces were collected for StxB-N and
StxB-N(HH) with a linear gradient of 10—-60% B over 30 min.

This journal is © The Royal Society of Chemistry 2019
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StxB-N(HH)) were dissolved in HPLC buffer (20% ACN 0.1%
TFA) until saturation and centrifuged at 5000 g for 20 min,
and the supernatants were lyophilized to determine the
soluble peptide fraction. StxB-N without the solubilizing tag
was only soluble to 0.4 mg mL~" and was not studied further,
while StxB-N(HH) with the solubilizing tag was 40-fold more
soluble (16.0 mg mL™"). This increased solubility considerably
sharpened the analytical HPLC trace (Fig. 4). Although the

StxB-N(HH)

StxB-C

StxB(HH)

LA,ML T =30 min
J T =0 min
HH Cleavage
N e
T =5 min
_J L_’_"J\J\/\M
T =30 min
_j w
StxB
*
Purified
10 15 20 25 30

Retention Time (min)

Fig. 5 Assembly of synthetic StxB. HPLC traces demonstrating NCL
between StxB-C and StxB-N(HH) before one-pot cleavage of the helping
hand using 1 M hydroxylamine (pH 6.75) to produce full-length StxB. Y-Axis
is A214 and the gradient was 10 to 60% B. * Indicates oxidized-MPAA con-
taminant that coeluted with full-length StxB during final HPLC purification.
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HPLC purification of StxB-N(HH) was much easier with the
helping hand due to the improved solubility, we could not
resolve material containing a Val deletion (=99 Da) from the
correct product. StxB-C was purified without issues using
HPLC. With the purified peptides in hand (Fig. S34 and S357),
we proceeded with NCL. StxB-N(HH) (0.5 mM) was converted
in situ to an MPAA thioester and combined with 3 equiv. of
StxB-C (1.5 mM) in denaturing buffer. NCL between StxB-N
(HH) and StxB-C was complete within 30 min, with minimal
loss of product due to hydrolysis of StxB-N(HH) (Fig. 5 and
S361). Cleavage of the helping hand was performed in one pot
by equal volume addition of 2 M hydroxylamine, pH 6.75 in
denaturing buffer. As anticipated, cleavage proceeded rapidly
and was complete within 30 min, producing full-length StxB
after a final HPLC purification (Fig. 5 and S377).

Importantly, we did not observe any side products result-
ing from cleavage at the Asn-Gly bond in StxB, suggesting
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that treatment with 1 M hydroxylamine is relatively mild. A
final stepwise dialysis under oxidizing conditions was per-
formed to allow for disulfide bond formation followed by
folding of the synthetic material. The deletion products that
carried over from the initial, challenging HPLC purification
of StxB-N(HH) did not appear to fold correctly and were not
found in the final, post-dialysis clarified material (Fig. 6A
and S38%). After folding, synthetic StxB was compared to
a recombinant StxB control using high-resolution mass
spectrometry (HRMS), circular dichroism (CD), size-exclusion
chromatography (SEC), and analytical ultracentrifugation
(AUC). Comparison of data between the recombinant and syn-
thetic StxB from all four techniques closely agree, suggesting
similar chemical structure (mass spectra in Fig. 6A), second-
ary structure (CD spectra in Fig. 6B), and the expected penta-
meric quaternary structure (SEC in Fig. 6C and AUC in ESI
Fig. S397).

Recombinant StxB
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Fig. 6 Characterization of recombinant and synthetic StxB. Comparison of synthetic (blue) and recombinant StxB (green). (A) High-resolution mass
spectrometry shows matching masses. (B) Circular dichroism spectra indicate matching secondary structure. (C) Size-exclusion chromatography

suggests both synthetic and recombinant StxB form a pentamer.
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Conclusions

In this study, we describe the one-step synthesis of a next-gene-
ration amine-reactive linker, Fmoc-Ddap-OH, using in-
expensive and accessible starting materials. Like the first-gene-
ration Fmoc-Ddae-OH, this linker can be used to address inso-
lubility of peptides containing a Lys residue through the semi-
permanent addition of basic Lys/Arg amino acids (referred to
as “helping hands”). An added convenience is that this new
linker is a solid powder at room temperature unlike the pre-
vious viscous oil. We also found the alkyl chain linker con-
ferred two-fold greater stability in various common reaction
conditions used in the assembly of synthetic proteins. For
large protein syntheses that require a solubilizing tag and have
numerous handling steps, the greater stability of this linker in
aqueous conditions should prevent helping hand leakage and
provide higher final yields. The greater stability may be con-
ferred by lower electrophilicity of the carbon undergoing
nucleophilic attack due to differences in inductive effect for
each linker. Substitution of the inductively withdrawing alkoxy
group in Ddae for the inductively donating alkyl group in
Ddax/Ddap/Ddac may reduce the electrophilicity and therefore
vulnerability of the dimedone ring to nucleophilic attack.
Therefore, design of more stable linkers could be accom-
plished through addition of electron-donating groups to the
dimedone ring itself. This added stability, though advan-
tageous for multiple handling steps, increased the time
needed to cleave the Ddap linker using hydrazine. To this end,
we demonstrated a new method for cleaving the linker with
hydroxylamine that greatly accelerated the rate of cleavage,
allowing complete removal of the linker within 30 min. We
expect these accelerated cleavage conditions to be particularly
advantageous for removal of multiple Ddap linkers from a
single peptide or protein.

The synthesis of StxB not only presents an ideal opportunity
to test the new Ddap linker in a challenging real-world CPS
problem, but also results in a relevant target for mirror-image
phage display (MIPD).> Shiga toxins (Stx), classical AB5 toxins,
are produced by various Shigella bacterial species and are
important virulence factors in the development of hemorrha-
gic colitis/shigellosis.*®*° StxB mediates the introduction of
the ribotoxic StxA by binding to host glycosphingolipid Gb3.>?
Currently there are no approved treatments for the prevention
or reduction of disease symptoms, and treatment with tra-
ditional antibiotics can increase the risk of developing the
potentially fatal hemolytic uremic syndrome.>’ A D-peptide
therapeutic identified using MIPD that blocks the interaction
of StxB with Gb3 directly at the site of binding would be of
substantial clinical benefit. A requirement for MIPD, however,
is the synthesis of the target in the opposite (D-) chirality. With
a synthesis strategy for L-StxB now established, synthesis of
the mirror-image D-StxB can be performed following the same
steps described here. In conclusion, this convenient Ddap
linker with solubilizing Lyss tag is a widely accessible and
easy-to-use tool that enables the synthesis of insoluble pep-
tides and proteins.

This journal is © The Royal Society of Chemistry 2019
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