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Abstract

The oxidative folding of proteins has been studied for over sixty years, providing
critical insight into protein folding mechanisms. Hirudin, the most potent natural
inhibitor of thrombin, is a 65-residue protein with three disulfide bonds, and is viewed
as a folding model for a wide range of disulfide-rich proteins. Hirudin’s folding
pathway is plagued with highly heterogeneous intermediates and scrambled isomers,
affecting its folding rate and yield. Aiming to overcome this limitation, we introduced
diselenide bridges at native and non-native positions and investigated their effect on
hirudin’s folding, structure and activity. Our studies demonstrated that, regardless of
the specific positions of these substitutions, the diselenide crosslinks enhanced the
folding rate and yield of the corresponding hirudin analogs, while reducing the
complexity and heterogeneity of the process. Moreover, crystal structural analysis
confirmed that the diselenide substations maintained the overall structure of the protein
without causing major changes in function. The current choice of hirudin as a study
model has implications beyond its specific folding mechanism, demonstrating the high
potential of diselenide substitutions in the designing, preparation and characterization

of disulfide-rich proteins.



Introduction

The in vitro oxidative folding of many proteins is usually a rather sluggish process,
making it often a major bottleneck in the preparation of therapeutic, disulfide-rich
proteins.!!! During this relatively slow process, a reduced/unfolded polypeptide
undergoes conformational folding combined with disulfide bond intermediates
formation, eventually reaching the native state (N) of the protein with its final disulfide
crosslinks.!?] Despite the disadvantage, the slow kinetics of disulfide bond formation
and shuffling enable chemical trapping, isolation and further characterization of the
folding intermediates,!?® 3! allowing an important in-depth elucidation of the folding
process. Extensive studies of such processes have shown divergent folding pathways
that differ mainly in the heterogeneity of the intermediates.!?! At the ends of this wide
spectrum of processes, there are two extreme mechanism models, represented by bovine
pancreatic trypsin inhibitor (BPTI) and hirudin.[?! In one extreme there is the bifurcated
folding mechanism of BPTI, which is characterized by the predominance of a finite
number of distinct intermediates. These intermediates have native-like structures,
which assume one, and then two, native disulfide bonds, before reaching the final
conformational state of the protein with its three native disulfide bonds.[*! The other
extreme is hirudin, a small protein isolated from the leech Hirudo medicinalis®), which
is known to be the most potent natural inhibitor of thrombin.[®) Hirudin contains two
major parts, a compact N-terminal domain, held by three disulfide crosslinks, and an
extended, practically unstructured, C-terminal peptide (Fig. 1a).[”! Unlike BPTI, the
folding pathway of hirudin involves numerous, highly heterogeneous disulfide-bonded
intermediates, generally known as a “trial and error” mechanism.?® 81 Reduced hirudin
folds into its final native state in two stages; first, hirudin undergoes a non-specific
packing stage, with random disulfide pairing, to form the heterogeneous intermediate
ensembles, involving a single disulfide (1-SS), two disulfides (2-SS) and three
disulfides (3-SS) scrambled species (Fig. 1b). The second, and rate-determining, stage
is the disulfide reshuffling of the heterogeneous scrambled population, leading to the
formation of the final structure with its three native disulfide bonds, 614, 16-28 and

22-39 (Fig. 1a).12>-8l

Scrambled isomer formation and the accumulation of trapped intermediates are known
to decrease the efficiency of in vitro oxidative folding of many proteins, thereby

limiting their folding rate and yield.””) One of the potential approaches to overcome



such limitations involves the use of selenium-containing molecules, which can act as
inter/intramolecular catalysts in disulfide exchange reactions.'l A similar approach
involves cysteine to selenocysteine (Sec, U) substitutions, which has been used to study
the oxidative folding of several proteins,[!% 1] as was done in the isosteric replacement
of native and non-native disulfides with diselenides in BPTLI!!& 121 All the Seleno-BPTI
(Se-BPTTI) analogs were found to fold correctly into the native state, some of which
were demonstrated to bypass the common trapped intermediates of the folding
pathway.['?"] These improved folding results of the Se-BPTI case study, motivated us
to investigate the effect of diselenide substitution on the folding pathway of hirudin, the
opposite folding model. Given the more chaotic folding pathway of hirudin, we
speculated that the introduction of diselenide crosslinks within the hirudin protein
would decrease the distribution of folding intermediates, and thereby improving the
overall folding rate. That is, in minimizing the random disulfide parings inherent to the
native folding pathway, it was expected that the productive folding routes will be

enhanced over the unproductive ones, leading to a more efficient folding process.

Results and discussion

In the present work, following the above rationale, we prepared and characterized four
seleno-hirudin (Se-Hir) analogs in order to study the effect of selenocysteine
substitutions on the folding, the structure and the biological activity of the protein.
Three of the analogs contained diselenides at the native crosslinks, 6—-14, 16-28 and
22-39, while the fourth analog introduced a diselenide bond at a non-native crosslink,
6—16. Overall, our results demonstrate that disulfide-to-diselenide substitutions of the
native disulfide crosslinks improve the folding efficiency to the native state,
significantly minimizing the formation of non-productive intermediates. Remarkably,
this was also the case with the non-native diselenide-containing analog 6—16. Two of
the Se-Hir analogs studied here indicated a simpler folding pathway, where the common
1-SS intermediate ensembles were not observed (vide infra). Interestingly, the overall
3D structure of the Se-Hir analogs remained almost unchanged, as confirmed
unequivocally by crystal structure studies of the corresponding Se-Hir-thrombin

complexes. Two of the analogs exhibited a slightly lower inhibitory activity, probably



as aresult of small local conformational changes around the substituted selenium atoms,

mainly at positions 6, 14 and/or 16.

The current study began with the full chemical synthesis of wild-type hirudin (WT-Hir)
and the four Se-Hir analogs described above. All five proteins were chemically
prepared from two segments and a single native chemical ligation (NCL)!3! reaction at
the GIn38-Cys39 junction (Scheme 1).1'4 The corresponding C-terminal peptides
Hir(39-65), containing Cys/Sec39, were synthesized by Fmoc-SPPS,[!*] purified and
characterized by HPLC and ESI-MS (Fig. S1 and S2). Similarly prepared by the Fmoc-
SPPS approach, were the Hir(1-38)-COSR N-terminal peptides, bearing a C-terminal
thioester surrogate,!'® and Sec at different specific positions (6, 14, 16, 22 and/or 28)
as needed (for details see SI, and Fig. S3-S7). A Cys/Sec-NCL!'"! was then performed
for the preparation of all the analogs studied (Fig. S8-S12), providing milligram
quantities of the homogenous proteins. For the Se-Hir analogs this resulted in proteins
with a single diselenide crosslink and four reduced thiols, while the WT-Hir protein

was isolated in the fully reduced form, as confirmed by MS analysis.

Once the proteins have been synthesized and purified, they were subjected to oxidative
folding under anaerobic conditions at pH 8.7, using oxidized glutathione (GSSG) as the
oxidant (see details in the SI).[®") For WT-Hir, under these conditions, the common three
ensemble populations 1-SS, 2-SS, and 3-SS, could be clearly observed during the
folding process. These species overlapped extensively and hence appeared in the HPLC
output as broad peaks (Fig. 2a), in a good agreement with previous reports.[3® 181 Ag
folding proceeded, and within 0.5 h, the 3-SS species predominated and remained stable
even after 1.5 h.[ 11 The final stage of reshuffling ended only after 7 h, yielding about
88% of the native form of WT-Hir (Table 1, Fig. 2a, Fig. S20).

For the Se-Hir analog Hir(C16U/C28U), a significantly faster folding process was
observed under the same conditions, as compared to WT-Hir. More than half of the
protein reached the native state within 0.5 h, and the entire folding process was
completed in 1.5 h, yielding about 90% of the native form of the protein (Table 1, Fig.
2b, Fig. S21c¢). The intermediates of this process appeared as fewer and more distinct
peaks, containing mainly 2- and 3-crosslinks. This pattern suggests a significant
decrease in the heterogeneous populations (1-SS, 2-SS and 3-SS), where scrambled

intermediates predominate and rearranged more rapidly to the final native state. Thus,



the Sec substitution at positions 16 and 28 lead to about 5-fold increase in the folding
rate relative to WT-Hir, with comparable overall yield, and in good correlation with the
initial predictions made above. The advantage of using Sec in oxidative folding is even
more significant under aerobic conditions and in the absence of additional oxidants.[!'%
1251 Air oxidation of Hir(C16U/C28U) resulted in 80% overall yield of folded protein
after 5 h, and these results remained unchanged even after 22 h. In comparison, under
the same conditions, the folding of WT-Hir resulted in only 20% overall yield of folded
protein (Fig. 3a and S13). These results also emphasize the importance of the GSSG
component in oxidative protein folding, which appears to be critical not only as an
oxidant but also as a catalyst for the disulfide (and diselenide) reshuffling.!”) In this
respect it is noted that although the Sec substitution apparently steers the folding
process to form higher ratios of productive intermediates, a small number of trapped
unproductive intermediates could be observed alongside the main process, which
appear to be stable even after 7 h. This indicates that scrambled isomers in this Se-Hir
analog react differently towards reshuffling,” and a small fraction become even more

stable as a result of the Cys to Sec substitutions.

The Se-Hir analog Hir(C22U/C39U) also showed a significant improvement of its
folding efficiency under anaerobic conditions. About 66% of the protein reached the
native state within 5 min, and the entire folding process was completed in 1.5 h, yielding
about 94% of the native form of the protein (Table 1). Interestingly, a major HPLC peak
was detected at 23 min, which contain mainly the 3-SS intermediate species (Fig. 2c,

Fig. S21d).

Although the folding yield of the Hir(C6U/C14U) was similar to the other proteins
(Table 1, Fig. 2d, and Fig. S21b), this analog formed significantly fewer intermediate
peaks during the folding process (Fig. 2d). These results are in good correlation with
previous kinetic and computational studies, which indicated that not all disulfide
crosslinks have a similar role during the folding process of hirudin. The 6—14 crosslink
was proposed to play a critical role, since it was found to be highly populated among
the 1-SS, 2-SS, and 3-SS species in WT-Hir.[> 2% Unlike WT-Hir, Hir(C16U/C28U)
and Hir(C22U/C39U), no 1-SS species were detected during the folding process of
Hir(C6U/C14U) (Fig. 2d). This can be explained by a pre-existing 6—14 diselenide

crosslink, which, once present, is likely to more easily govern the formation of the



remaining disulfide bonds. Thus, these current results further confirm the critical role

of the 614 disulfide bond in the hirudin folding pathway (Fig. 1b).

Despite its favorable folding rate and yield, we found that the Hir(C6U/C14U) analog
displays a lower inhibitory activity toward its natural target thrombin. The inhibitory
constant K; of this analog for thrombin was about 20-fold higher than either WT-Hir[6®
211 or the other seleno-analogs, Hir(C16U/C28U) and Hir(C22U/C39U) (Fig. 3b, Table
1). Additionally, a distinct difference was observed in the retention time of the folded
form of the Hir(C6U/C14U) analog, as compared to the other seleno-variants (Fig. 2f).
Although a similar observations have been reported by Alewood et al. of the seleno-
analogs of conotoxins,?] the differences we observed in the retention time combined
with the lower activity against thrombin raised our concern at to whether the

Hir(C6U/C14U) analog is correctly folded into the native state.

These relatively small differences motivated us to examine more closely the detailed
3D structures of the studied proteins. Since free hirudin proteins proved to be quite
challenging to crystallize and analyze, we undertook a comprehensive structural
analysis of the relevant hirudin analogs using the crystal structure of their bound
complexes with thrombin.l”> 221 The three Se-Hir analogs described above were
incubated with bovine thrombin to form the corresponding complexes, namely
Hir(C16U/C28U)-thrombin (Complex-1), Hir(C6U/C14U)-thrombin (Complex-2) and
Hir(C22U/C39U)-thrombin (Complex-3). The complexes were crystallized and their
detailed 3D structures were determined and analyzed (see details in the SI). In general,
all three structures were found to be quite similar to each other, and to the reported 3D
structure of WT-Hir with bovine thrombin (PDB: 1HRT, Fig. 1a).[?*! A global structural
comparison of the bound Se-Hir in Complexes 1-3, to the bound WT-Hir in this
reference structure (1HRT) gives relatively small (overall) RMSD values of 1.620,
1.476, 1.472 A, respectively. These values, as well as a visual superposition of each of
these pairs (Fig. 4) indeed demonstrate that no major global structural differences could
be observed between the four structures compared here. This result is important, as it
confirms unequivocally that despite the replacement of a disulfide bond with a
diselenide bond at different positions; all three Se-Hir analogs achieved the native
folded state, with practically the same 3D structure. This conclusion is further

supported by spectral analysis of the free Hir(C6U/C14U) analog in solution, which



was confirmed by 2D 'H-NMR COSY to have an overall chemical shift pattern that
agrees with that of the natural wild-type protein (Fig. S19).

A closer look at the Se-Hir analogs within these complexes, and in comparison to WT-
Hir, confirmed that most of the intramolecular hydrogen bonds have been closely
maintained, especially the tight cluster of H-bonds located generally around the 614
disulfide (or diselenide) crosslink. A superposition of the Se-Hir structures in Complex-
1 and Complex-2 (Table S3 in SI), demonstrates that this central H-bonding cluster
remains practically unchanged, and emphasizes its central role in the stabilization of
the core structure of hirudin. Especially critical within this cluster are the interactions
made by Lys47, which play a key role in holding the hirudin N-terminal and C-terminal
peptides in their specific directions. These results reinforce previous studies which
showed that the hydrogen bonds formed by the sidechain amino group of Lys47 with
the backbone carbonyl of Asp5 and the hydroxyl sidechain of Thr4 help to position the
N-terminal of hirudin in the active-site cleft of thrombin.!??! Interestingly, only small
local conformational differences are apparent around the three original disulfide bonds
that have been substituted with diselenides, perhaps as the result of changes in the bond
length, dihedral angles and atom size (Fig. S15). These local changes appear to be most
critical in the case of the Hir(C6U/C14U) analog, probably due to the critical location
of the 614 crosslink within the central H-bonding cluster (Table S2). This was further
supported by 2D 'H-NMR COSY, in which deviations in chemical shift by NMR were
observed in the region of Thr4, GInl1, Leul3, Leul5 and Cys16.

Along the rationale outlined above, it was interesting to investigate how a non-native
diselenide crosslink influence the hirudin folding process. Previous studies on apamin
and BPTI, where non-native diselenide substitutions were introduced, showed
contradictory results. While a non-native diselenide substitution impeded the formation
of the native species in the short polypeptide apamin;[''*) a BPTI analog folded perfectly
into its native state with two selenylsulfides and one disulfide crosslinks.[?"! In the case
of hirudin, we selected the non-native crosslink 6—16 due to its predominance in 1-SS
and 2-SS ensembles (vide supra).”® Our experiment demonstrated that the
Hir(C6U/C16U) analog folded in a similar pathway to WT-Hir, forming a
heterogeneous mixture of species, mainly the 2-SS and 3-SS intermediates, that rapidly
converted into the native state with a similar yield to WT-Hir (Table 1, Fig. 2e, and Fig.
S21e). This analog, similar to Hir(C6U/C14U), showed a 10-fold reduction in its



inhibitory activity toward thrombin (Table 1, Fig. 3b), supporting our previous
interpretation that a fine-tuned structural perturbation around Cys/Sec at 6, 14 and/or
16 may be responsible for the decreased activity observed for these two analogs (vide

supra).

Conclusions

In summary, we studied the effect of diselenide substitutions on the folding of the model
protein hirudin. We show that a regioselective diselenide crosslink formation reduces
the complexity and heterogeneity of the folding pathway of hirudin and thereby
enhances the folding rate and its efficiency. Interestingly, in the case of the native 6—14
and non-native 6—16 diselenide substitutions, the 1-SS populations were mostly absent,
showing that the early-stages of hirudin folding could be bypassed entirely, 2%l and yet
to result in the native state. However, these two diselenide substitutions slightly reduced
the inhibitory activity of the corresponding hirudin analogs, likely due to subtle
structural perturbations surrounding the Cys/Sec6,14 and/or 16 residues. Fortunately,
the substitution of the other two native crosslinks with diselenides had practically no
effect on the 3D structure and inhibitory activity of these Se-Hir analogs, yet still
demonstrating the general folding improvement observed for all the Se-Hir analogs.
These results indicate that although disulfide-to-diselenide substitution proved to be
generally advantageous for the preparation of hirudin analogs, and other proteins, the
exact location of the replaced crosslink could be important for a full retention of its

inhibitory activity.

The choice of hirudin as the present model study seems to have implications beyond its
specific folding mechanism. Unlike BPTI, the defining characteristic of hirudin lies in
the complex route it follows to achieve its native fold, and this seemingly chaotic
pathway is shared by many other proteins.l?) Furthermore, many proteins adopt a
folding mechanism that lies somewhere on the spectrum between these two opposite
models.?® We found that the substitution of native/non-native disulfide with diselenide
bonds typically enhances protein folding and yield, mostly without any major changes
in the protein structure, and some with no significant effect on function. Based on these
results, the current study of the seleno-hirudin analogs extends the previous studies on

selenocysteine-containing analogs of BPTL[1?> 12¢1 conotoxins,!!'*! and insulin,?*



which together demonstrate the high potential of disulfide-to-diselenide substitutions
in basic and applied research. In addition to its obvious advantage in the study and
preparation of disulfide-rich proteins, such an approach may also prove useful for a
wide range of applications, including the rational improvement of the stability, activity

and specificity of this unique family of proteins.
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Figure 1. 3D Structure and oxidative folding mechanism of hirudin. a. 3D structure of
hirudin (PDB entry: 1HRT) based on crystal structure of its complex with bovine
thrombin, which is not shown here. The three native disulfide bonds 16-28, 614, and
22-39 are shown as sticks (yellow); b. the proposed oxidative folding mechanism of
WT-Hir (in black) and its seleno-analogs (colored).'>'3] R and N are reduced/unfolded
and native hirudin, respectively; 1-SS, 2-SS and 3-SS are ensembles of molecules with
the corresponding number of disulfide bonds. The four synthetic Se-Hir analogs
(colored) contain a diselenide bond at the specified positions. All Se-Hir analogs folded
faster than WT-Hir, and with fewer intermediates. Although all analogs formed the 2-
SS and 3-SS ensembles, the 1-SS populations were mostly absent in Hir(C6U/C14U)
and Hir(C6U/C16U).
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Scheme 1. Chemical synthesis of WT-Hir and its seleno-analogs; Hir(C6U/C14U),

Hir(C6U/C16U), Hir(C16U/C28U), and Hir(C22U/C39U) by native chemical ligation
(NCL) reactions.
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Figure 2. The anaerobic oxidative folding at pH 8.7 in the presence of 150 uM GSSG
and 30 uM of (a) WT-Hir; (b) Hir(C16U/C28U); (¢) Hir(C22U/C39U); (d)
Hir(C6U/C14U); and (e) Hir(C6U/C16U). # an impurity with unknown mass. 1-SS, 2-
SS and 3-SS represents the number of disulfide (or diselenide) crosslinks in the
intermediates. (f) Retention times of isolated native states of WT-Hir and the seleno-

variants.
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Table 1. Characterization of WT-Hir and the Se-Hir analogs.

Protein Yield% by HPLC (isolated) | HPLC r.t. of N® (min) | K (pM)*

WT-Hir 88% (61£1%) 11.2 10.9+4.9
Hir(C16U/C28U) 90% (56+1%) 11.3 10.0£3.7
Hir(C22U/C390) 94% (61%1%) 11.3 12.542.9
Hir(C6U/C14U) 95% (66+1%) 14.8 192.4+21.9
Hir(C6U/C16U) 90% (46+1%) 13.2 104.9+15.0

@ the retention time (r.t.) of the native state (N) is shown in Fig. 2f.# The inhibitory

activity of the different hirudin analogs with Thrombin was assayed in buffer at 37 °C

and using N-(p-Tosyl)-Gly-Pro-Arg-p-nitroanilide as a substrate, where the initial rate

of p-nitroaniline formation was followed at 405 nm by UV (complete details in SI).
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Figure 3. a. Kinetic traces of the aerobic folding in the absence of GSSG and with 30
uM WT-Hir or Hir(C16U/C28U) at pH 8.7. The lines connecting the data points are
shown only for illustrative purposes and do not represent a data fit. b. Inhibition activity
of WT-Hir and Se-Hir analogs. The inhibition of bovine thrombin by WT-Hir (blue
circles), Hir(C16U/C28U) (red diamonds), Hir(C22U/C39U) (brown circles),
Hir(C6U/C14U) (blue filled squares), and Hir(C6U/C16U) (open squares). The data
were fitted as described in the Supporting Information to give the apparent Ki values

indicated.
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Figure 4. The overall structures of the three Se-Hir-Thrombin complexes. a. Complex-
1; b. Complex-2; ¢. Complex-3. All complexes are shown in the same orientation,
where the thrombin active site is in the bottom-right, opening to the right. Color codes:
Thrombin heavy chain (dark purple); Thrombin light chain (light purple);
Hir(C16U/C28U) (blue); Hir(C6U/C14U) (red); Hir(C22U/C39U) (green). Gold

spheres represent the Se-Se bonds.
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