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Abstract: Non-enzymatic posttranslational modifications
(nPTMs) affect at least ~30% of human proteins, but our
understanding of their impact on protein structure and function
is limited. Studies of nPTMs are difficult because many
modifications are not included in common chemical libraries
or protein expression systems and should be introduced site-
specifically. Herein, we probed the effect of the nPTM
argpyrimidine on the structure and function of human protein
Hsp27, which acquires argpyrimidine at residue 188 in vivo.
We developed a synthetic approach to an argpyrimidine
building block, which we then incorporated at position 188
of Hsp27 through protein semisynthesis. This modification did
not affect the protein secondary structure, but perturbed the
oligomeric assembly and impaired chaperone activity. Our
work demonstrates that protein function can be altered by
a single nPTM and opens up a new area of investigation only
accessible by methods that allow site-selective protein modifi-
cation.

P rotein structure and function are often modulated by
enzyme-controlled chemical reactions with small molecules
that result in covalent posttranslational modifications
(PTMs)."! In addition, protein modification can proceed in
an enzyme-independent fashion through the binding of
electrophilic metabolites to nucleophilic groups in protein
side chains.”) The ensuing non-enzymatic posttranslational
modifications (nPTMs) comprise a large and expanding group
of chemical moieties that include the so-called AGEs
(advanced glycation end products)®®) and ALEs (advanced
lipoxidation end products), caused by metabolites originat-
ing from carbohydrate or lipid sources.”! These modifications
have become prominently linked to aging, diabetes, uremia,
vascular disease, inflammatory disorders, neurodegenerative
diseases, cancer, and cataract.****¢ They have been recog-
nized not only as markers of pathology, but also as promoting
disease initiation and progression.®® nPTM formation is
subject to the general determinants of nucleophilic additions,
such as reactant concentration, steric accessibility, acid-base
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catalysis, and reaction time, and thus the resulting distribution
pattern of nPTMs under native conditions is not random!” but
determined by protein structure, microenvironment, and half-
life. On the other hand, the majority of biochemical studies of
nPTM-derivatized proteins have been conducted by incubat-
ing proteins with high concentrations of electrophiles, often
precluding selectivity observed in vivo and favoring crosslink
formation. Major differences may exist in the nature and
location of nPTMs formed in this way compared to those
found in vivo.® In addition, there are no effective muta-
genesis-based strategies for introducing or mimicking nPTMs,
and thus very little is known about the structural and
functional consequences of selective, biologically-relevant
nPTM formation. Therefore, new methods are required that
can introduce nPTMs in a site-directed manner and provide
homogenous modified proteins to pinpoint the biological
effect of particular nPTMs. Promising steps toward this goal
have recently been made by establishing chemical access to
several nPTMs in the context of small peptides.

Here, we focused on the effect of the formation of
argpyrimidine (Apy), a nPTM that has been detected, to
varying extents, in healthy and cataractous lenses,'” in
amyloid fibers from patients with familial amyloidotic poly-
neuropathy,’ and in tissues from diabetic and cancer
patients.') Apy is a fluorescent adduct formed between
arginine and methylglyoxal (MG, Scheme 1), a highly
reactive electrophile generated as an unavoidable by-product
of glycolysis and responsible for the modification of at least
~30% of human proteins.!'*]
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Scheme 1. Modification of arginine with methylglyoxal (MG) can
produce argpyrimidine (Apy), a non-enzymatic posttranslational modi-
fication (nPTM).

Apy has been co-immunoprecipitated with human small
heat shock protein Hsp27 (HspB1) in a number of diseased
human samples including diabetic heart,'”! brunescent cata-
ractous lenses,'® hyperglycemic endothelial cells,””! and
several cancer cells and tissues."™'® Hsp27 is an ATP-
independent chaperone that is upregulated in response to
a variety of stress conditions.'”) In cancer cells, expression of
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Hsp27 is abnormally high, and the protein may participate in
oncogenesis and resistance to chemotherapy.””’ The 205-
amino acid protein has 16 arginines (Figure 1a), but while all
of these are in principle susceptible to Apy formation, only
mutation of Arg188 (to Gly) eliminated the recognition of the
protein by an anti-argpyrimidine antibody and the take-up of
1C-labeled MG.I"*
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Figure 1. a) Amino acid sequence of Hsp27, indicating the position
that has been observed to undergo the Apy modification in human
cancer cells (R188, magenta); the only cysteine residue (C137) is
shown in italic; the ligation site (see below) is underlined. b) Overview
of the strategy for the semisynthesis of Hsp27 bearing the Apy188
modification.

Despite the biological significance of Apy formation at
position 188 of Hsp27, no functional consequences of this
modification at the molecular level have been reported to
date. The required homogeneously Apy-modified protein is
not attainable by incubation with MG, as it gives rise to
mixtures of differentially modified and cross-linked proteins.
Likewise, there are no amino acids that can mimic the unique
electronic and structural features of Apy for use in muta-
genesis. To address this limitation, we devised a robust
semisynthetic strategy to introduce Apy site-specifically that
requires the synthesis of a suitably protected Apy building
block, its incorporation into a peptide, and subsequent
ligation to a recombinantly produced Hsp27 segment
(expressed protein ligation, EPLP; Figure 1b). EPL is
a powerful combination of recombinant protein expression
and solid phase peptide synthesis (SPPS), which, along with
chemical protein synthesis,”” has enabled deciphering the
impact of enzymatic PTMs on a large variety of proteins.*!
Herein, the selectively modified C-terminal peptide could be
appended to the longer segment produced recombinantly as
a protein a-thioester covering amino acids 1-172. In the
absence of a strategically useful cysteine residue for the
pivotal native chemical ligation (NCL),?" peptide Hsp27
(174-205) was extended with an N-terminal cysteine
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(Cys173), which can be reverted, after the ligation, to the
native Alal73 by chemical desulfurization.”” While the
desulfurization step is not selective and thus also reduces
the only native cysteine 137 to alanine, this Cysl137Ala
conversion is functionally neutral in the context of our
characterization.?®

For our approach to Apy-modified Hsp27, we required an
efficient, multigram-scale synthetic route that affords Apy as
a building block for standard Fmoc-based SPPS. By contrast,
the syntheses of Apy published so far are limited to providing
protecting-group-free compounds on analytical scale.>!%7
Our synthesis commenced with the construction of the
aminopyrimidine ring of Apy by subjecting readily available
guanidine sulfate to an excess of the known 1,3-diketone 2%
in methanesulfonic acid (Scheme 2). TBS-protection of the
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Scheme 2. Chemical synthesis of multi-gram quantities of Apy as
a building block for Fmoc-based SPPS and access to the unprotected
amino acid, Apy™.

ensuing 2-aminopyrimidinol 3, followed by the activation of
the amine function as the corresponding 2,2,4,6,7-pentam-
ethyldihydrobenzofuran-5-sulfonyl ~ (Pbf)  sulfonamide,
allowed the resulting intermediate 5 to engage in a smooth
Mitsunobu reaction®' with the glutamate derivative 6.°%
Gentle hydrogenolysis of the resulting benzyl ester 7 then
furnished the desired Apy building block 8. Our synthesis
allowed us to prepare over 5 g of this valuable material in five
steps with an overall yield of 37 %. We then went on to obtain
pure samples of the free amino acid Apy (Apy™, 9) for
analytical purposes through global deprotection of 8 (see
Figure S1 and the Supporting Information). The spectral and
physical data derived from this amino acid were in excellent
agreement with the literature values.”®'*?"! In particular, the
UV/Vis spectrum of this material displays the expected
absorption maxima at 230 and 320 nm (Figure 2 a), consistent
with the values reported by Nagaraj et al.'®l Likewise, the
characteristic Apy excitation and emission maxima at 320 and
385 nm, respectively,'” are observed in the fluorescence
spectrum of our synthetic Apy™ (Figure S2).

With the Apy building block in hand, we proceeded to
synthesize the 33-mer peptide that comprises the C-terminus

Angew. Chem. Int. Ed. 2016, 55, 1—7


http://www.angewandte.org

. .
Communications
D e %
i 1250 i a b ( . N p— )
L %\ 19.2 : Lys: | cloning and expression in E. coli ]
I
| E 1000 1 HO
] ! 0 )
I c affinity
3 750 - FmocHNu» ‘ chromatography
i N 1
18 500 ! Oh 48h MW
i 8 i SkEPS Hsp27 (1-172) intein —His >’
! » (including the = B r o8 -
! g 250 i Bbr N)_N building block 8) L e [
! —|
| ol , ! 8 N\ p HS\/\So Na wlas
1 0 0 20 30 ! intein '—Hisg —> |
: Time (min) : OTBS = | w30
1 1
1 ! HS -~
i 4+ | RPHPLC & 21
I 100 I
s 5y i <— HN Hsp27 (174-205) Hsp27 (1-172) J\s/\/SOaNa
1> 8o ! O b
: g ! (original image is shown in Figure S6)
1€ o0 MW,_, 3531Da | c [ommmeenmmnemmossmmmemesseseeeennones 4
L2 | HN NCL i :
£ W, 353100 | ha Lhl { Emo |
T I . 1 E !
Em 20 ! | 5 1500+ 43 i
' 2 | oH 'y :
) ol i o SH 1 7 1000 !
! 500 750 1000 1250 1500 1750 2000 | 18 i
b miz ! Hsp27 (1-172) )J\N Hsp27 (174-205) ! § a0 !
k| 1
| l 9 ] |
! 230 ! Cys137  Cys173 14 ] !
= " — Apy™ I 1 y !
:?( ; Asy modified peptide | HN ! 0 h T‘m (mi )30 |
1> 1048 oo =moc: o0 g I ime (min 1
! § - - - non-modified peptide ] desulfurization >/—N Apy188 | —~ 29+ 1
| § ! (i) N ! i
1= — I
E g 05 | oH i< 80 o MW__22830Da |
! E )OL RP HPLC EE o o || [, 22,700 Da (-Met)i
1 1 Hsp27 (1-172) N Hsp27 (174-205) —> 2 1 1
E 0,04 ! H § ! 2 " MW,_ 22,826 Da !
X £ +
| ! AE137  Alai73 ' 40 22,696 Da (-Met)!
1 =
1 1'® 1
N e e e HN 1 :2"5 20 i
>/—N Apy188 | |
N Y i
oy — 1 500 750 1000 1250 1500 |
Hsp27 OH N Mz __ ’

Figure 2. Semisynthesis of Hsp27*?". a) Fmoc-based SPPS afforded Apy-modified peptide that was characterized by analytical HPLC, ESI-MS, and
UV/Vis spectroscopy. b) Thiolysis of the expressed fusion protein Hsp27 (1-172)-Mxe GyrA intein-His; afforded Hsp27 (1-172) a-thioester.

) NCL of the two segments followed by radical desulfurization provided Hsp27"” that was characterized by analytical HPLC and ESI-MS: i) 6m
Gdn-HCl, 0.2m NaPi, 250 mm MESNA, 50 mm TCEP, pH 7.8; ij) 6 M Gdn-HCl, 0.2 m NaPi, 200 mm TCEP, 16 mm V-50, pH 6.7.

of Hsp27 including Apyl88 and an N-terminal cysteine
residue (Apy-modified peptide; Figure 2a). As anticipated,
automated Fmoc-SPPS using the building block 8 proceeded
readily to afford sufficient quantities (~ 20 mg) of the required
peptide in a purity of >95% and in 6% yield (based on the
crude material) after HPLC. Notably, global deprotection and
cleavage of the peptide from the resin went smoothly and did
not require additional steps or unconventional reagents. The
corresponding peptide without the Apy modification (non-
modified peptide) was prepared as well in a similar purity and
yield (>95% and 10%, respectively; Figure S4). Fluores-
cence properties of Apy were retained after its incorporation
into the peptide with an absorption and emission maxima at
320 and 385 nm, respectively (Figure S5), along with the
expected absorptions in the UV region around 230 and
320 nm (Figure 2a).

In parallel experiments, protein a-thioester encompassing
the bulk of Hsp27 was generated (Figure 2b). Hsp27 (1-172)
segment was expressed in E. coli as an N-terminal fusion with
Mxe GyrA intein and a polyhistidine purification tag, and this
protein was then harvested within inclusion bodies. Solubi-
lized proteins were subjected to nickel affinity chromatog-
raphy to obtain the required fusion protein accompanied by
traces of prematurely excised intein-Hiss-containing segments
(Figure 2b, SDS-PAGE analysis, lane 1). Thiolysis of this
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material using an excess of sodium 2-mercaptoethanesulfo-
nate (MESNA; Figure 2b, SDS-PAGE analysis, lane 2),
followed by HPLC purification, afforded sufficient amounts
of the protein a-thioester (3.3 mgliter ' of E. coli culture) in
high purity. The only inhomogeneity here was due to the
inconsequential partial removal of the N-terminal methionine
(AMW 131 Da), as often observed for proteins overexpressed
in bacterial®! (Figure S7).

With the ligation partners in hand, we focused on the
assembly of full-length Hsp27 by the key NCL reaction
(Figure 2¢). Submitting Hsp27 (1-172) a-thioester to a 2-fold
excess of the Apy-modified or non-modified synthetic peptide
under denaturing and reducing conditions (6M Gdn-HCI,
50 mMm tris(2-carboxyethyl)phosphine (TCEP)) in the pres-
ence of MESNA as a mediator afforded the desired ligation
products after 48 h in high conversion (Figures 2c, S8). The
subsequent insitu radical desulfurization,”? mediated by
additional TCEP as the thiyl radical acceptor, MESNA as the
hydride source and the water-soluble radical initiator V-
50,231 proceeded smoothly in 16 h (Figure S9) to afford,
after HPLC purification including separation of traces of
hydrolyzed o-thioester, the required semisynthetic Hsp27
variants in milligram amounts. These two proteins featured
the native Alal73 at the ligation site as well as the Cys137Ala
conversion, and differed only in residue 188 being Apy
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(Hsp274) or Arg (Hsp27™™). The compounds were obtained
in high purity (Figures 2 ¢, S10, S11) and with isolated yields of
~45% over two steps. Successful folding by dilution with
appropriate buffer was indicated by circular dichroism (CD)
(Figure 3 a and see below). The fluorescent properties of Apy
allowed us to directly observe its incorporation by the
characteristic absorption and emission maxima at 320 nm
and 380 nm, respectively (Figure 3b).
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Figure 3. Structural and functional characterization of Hsp27*”. a) Far-
UV CD spectra of folded semisynthetic proteins, Hsp27*” and
Hsp27"". b) Fluorescence spectrum derived from the above proteins.
c) Size exclusion chromatogram obtained for Hsp27*” and Hsp27"".
d) Functional assay of Hsp27*? and Hsp27"™ using citrate synthase
(CS) as a client protein.

To investigate the effect of Apyl88 on the structural
properties and stability of Hsp27, we analyzed the folded
semisynthetic proteins by CD spectroscopy. The far-UV CD
spectra of Hsp27*" and the non-modified variant are
characterized by a broad negative maximum between 207
and 220 nm (Figure 3 a), and the position and the amplitude of
this maximum are consistent with those of the recombinant
wild-type Hsp27 (hereafter, Hsp27""; Figure S12b), indicat-
ing the correct folding of the semisynthetic proteins at the
secondary structure level. The spectrum of Hsp27™ was
indistinguishable from that of its analogue that had been
obtained by subjecting Hsp27™" to the same procedure of
desulfurization, purification, and refolding as for the semi-
synthetic proteins (Hsp27°; Figures S12b, S13). Notably,
Figure 3a shows that the control Hsp27™ exhibits a practi-
cally identical CD spectrum to that of Hsp27*"*, dominated by
the PB-sheet structural element as for Hsp27"" (Table S1).
Variable temperature CD analysis (Figure S14) indicated
similar transition temperatures for both variants (59 and 60°C
for Hsp27*" and Hsp27™™, respectively) that are only slightly
lower than the previously measured values of 62-64°C for
recombinant Hsp27.Y Together, these results suggest that the
Argl88Apy modification did not cause significant changes in
the secondary structure and the overall stability of Hsp27.
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Next, we examined the degree of oligomerization of the
semisynthetic proteins using size exclusion chromatography
(SEC). Hsp27%T can exist as a multimer of 12 to 40 subunits,
and the quaternary structure of the protein greatly influences
its activity."”! The elution profile of semisynthetic Hsp27"™ is
dominated by a sharp peak at the void volume of the column
(~8mL, Figure 3c¢), indicating the formation of very large
oligomers with an apparent molecular weight of more than
1,000 kDa. As expected, the Hsp27° analogue behaved
identically (Figure S15b). On the other hand, Hsp274%
eluted predominantly as oligomers of ~600kDa (peak at
~9 min, Figure3c) corresponding to a complex of ~26
monomers, accompanied by a decreased peak at 8 mL at
the same protein concentration. In contrast to the spectrum of
the non-modified counterpart, the monomer peak is clearly
visible at ~16 mL elution volume of Hsp27. These results
indicate that the Apy modification destabilizes the formation
of very large oligomers or aggregates of the protein, and
induces the dissociation to monomers.

Higher order oligomers formed by interaction of mono-
meric or dimeric subunits, as well as binding to client proteins
(see below), have been previously attributed to the C-
terminal domain of Hsp27.*¥) Here, homology modeling
revealed a change in the surface charges within this region
upon Apy188 modification (see Table S2, Figure S16, and the
Supporting Information), providing a possible mechanism for
the observed changes.

To study the potential effect of the Apy modification on
the function of Hsp27, we analyzed the in vitro activity of the
folded semisynthetic variants as molecular chaperones using
the standard non-native client protein citrate synthase
(CS).*l We examined the ability of the proteins to suppress
the aggregation of CS that was denatured at 45°C by
monitoring UV absorbance at 400 nm as a measure of
amorphous precipitation of this client protein. In the presence
of 0.2 molar equivalents of Hsp27™™, the expected suppres-
sion of aggregation was observed (Figure 3d), identical to the
activity of the analogue Hsp27° (Figure S17b), indicating that
the semisynthetic proteins were functional. On the other
hand, Hsp27" was less effective in preventing CS aggrega-
tion, observed by both the faster onset and higher level of
precipitation of the client protein (Figure 3d). At maximum
aggregation (~21 min), there was a 22 % decrease in chaper-
one activity for Hsp274" relative to the control protein. Our
results suggest that a single Apy modification that occurs in
the C-terminal domain of Hsp27 had a significant detrimental
effect on the chaperone function of the protein. Our site-
specifically modified Hsp27 behaved very differently to the
MG-modified mixtures reported by Nagaraj etal. that
showed a strong enhancement of chaperone activity, which
the authors themselves found counterintuitive.!'**"

In summary, we were able to obtain molecular level
details of the impact of the formation of the nPTM Apy on
human Hsp27. Combining organic chemistry and protein
semisynthesis, we produced Hsp27 bearing the pathologically
relevant Apy188 modification that showed impaired chaper-
one activity. To our knowledge, this work represents the first
instance of the generation of a site-specifically nPTM-
modified, functional protein, and may serve as a paradigm
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for obtaining molecular insights into the influence of nPTMs
on proteins.
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