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Abstract

Human granulocyte colony-stimulating factor (G-CSF) is an endogenous glycoprotein involved in 

hematopoiesis. Natively glycosylated and nonglycosylated recombinant forms, lenograstim and 

filgrastim, respectively, are used clinically to manage neutropenia in patients undergoing 

chemotherapeutic treatment. Despite their comparable therapeutic potential, the purpose of O-

linked glycosylation at Thr133 remains a subject of controversy. In light of this, we have 

developed a synthetic platform to prepare G-CSF aglycone with the goal of enabling access to 
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native and designed glycoforms with site-selectivity and glycan homogeneity. To address the 

synthesis of a relatively large, aggregation-prone sequence, we advanced an isonitrile-mediated 

ligation method. The chemoselective activation and coupling of C-terminal peptidyl Gly thioacids 

with the N-terminus of an unprotected peptide provide ligated peptides directly in a manner 

complementary to that with conventional native chemical ligation–desulfurization strategies. 

Herein, we describe the details and application of this method as it enabled the convergent total 

synthesis of G-CSF aglycone.

1. INTRODUCTION

Human granulocyte colony stimulating factor (G-CSF) 1 is the principal growth factor 

responsible for the regulation of neutrophil granulocyte proliferation and maturation.1,2 In 

its major active form, G-CSF 1 is a 19.6 kDa glycoprotein containing 174 amino acid 

residues and belongs to a family of structurally similar cytokines (Figure 1A).3,4 Its tertiary 

structure is composed of four antiparallel alpha-helices rigidified by two crucial 

intramolecular disulfide linkages, Cys36–Cys42 and Cys64–Cys74 (Figure 1B).3 Natively 

glycosylated lenograstim 1 (Granocyte, 1–174) and aglycone filgrastim 2b (r-metHuG-CSF, 

Neupogen, Met0 + 1–174) produced by recombinant expression5 are used clinically to treat 

neutropenia in cancer patients undergoing chemotherapy.2,6 Recent interest in the use of G-

CSF for the treatment of neurological disease,6c among other therapeutic uses,6 provides 

impetus for continued research. Our interest in G-CSF stems from its importance among 

related hematopoietic regulatory glycoproteins4,7,8 as well as the curious nature of its 

glycosylation with regard to therapeutic function and structure.9

Both endogenous G-CSF 1 and lenograstim (1) exist as mixtures of O-linked glycans at 

Thr133 (Figure 1C).10 These equipotent glycoforms have been purified to homogeneity, and 

their carbohydrate structures have been characterized as Neu5Ac-α(2–3)Gal-β(1–3)

[Neu5Ac-α(2–6)]GalNAc and its sialic acid-truncated form, Neu5Ac-α(2–3)Gal-β(1–3)-

GalNAc.10b,c The presence of O-glycosylation does not appear to directly influence 

biological function, yet it is deemed to be important for proteolytic stability and prevention 

of severe aggregate formation in solution.10b Native glycosylation may indirectly protect the 

Cys1711 sulfhydryl moiety from degradative reactivity,10b although the carbohydrate is 

neither proximal to Cys17 nor immediately involved at the principal ligand-binding region 

of 1 bound to its glycoprotein receptor.12

Aggregation in nonglycosylated 2b13 can be reduced through covalent attachment of 

polyethylene glycol at N-terminal Met0, which also augments circulation time in the 

blood.14 Several clinical studies express concern with regard to the biological stability of 

these glycosylated versus nonglycosylated therapeutics (compare 1 and 2b).15 Despite this 

dissimilarity, the role of G-CSF, its respective clinical forms, and emerging biosimilars in 

hematopoiesis is well-established.16 Recent studies demonstrate that the incorporation of 

novel N-linked glycans at single-residue-mutated G-CSF variants provides novel 

glycosylated analogues.17 Interestingly, only the Phe140Asn mutant shows notable activity, 

perhaps due to the proximity of its glycan relative to the native glycosylation site (Thr133).
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In the broader context of glycoprotein synthesis and function, natively glycosylated G-CSF 

1 and its aglycone 2a (1–174) are viewed as a veritable targets for chemical synthesis. 

Additionally, designed N-linked glycoproteins, such as 3, are intriguing17 and potentially 

useful as therapeutics with improved stability.9,18 Site-specific access to designed N-linked 

glycoforms at the native position, Thr133Asn, are unattainable by current expression 

techniques. For these reasons, we aimed to develop a platform for the chemical synthesis of 

aglycone 2a using a route amenable to site-selective glycan incorporation.

Our initial strategy relied on conventional chemical protein synthesis methods,19 including 

9-fluorenylmethyloxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS),20 native 

chemical ligation (NCL),21 and desulfurization methodological advances,22 as delineated in 

Figure 2. The later two-step sequence is well-recognized as a powerful strategy within the 

field.23 Despite its broad utility, enabling access to numerous protein targets, our 

preliminary endeavors were thwarted due to a single recalcitrant dethiylation of Cys127 to 

provide native Ala127 (vide infra). Notably, target subsequence G-CSF 74–174 harbors no 

internal Cys residues available for its convergent assembly by NCL. This impediment serves 

to emphasize the need for the continued development of thiol-independent ligation 

techniques24,25 that do not employ Cys or Cys surrogates,21,23 both of which require 

postligation desulfurization22,23 or ligation auxiliaries26 that require removal (Figure 2). 

Therefore, we were inspired to develop a ligation method that would provide G-CSF 74–174 

directly, without postligative manipulation of an aggregation-prone sequence.13

The structural complexity, size, and physical properties13 of aglycone 2a present a synthetic 

challenge addressed by the advance of a solution-phase ligation of large, side-chain-

unprotected polypeptides (>20-mer residue sequences).27 This effort builds upon previous 

research in our laboratory pertaining to the intriguing reactivity of isonitriles with carboxylic 

and thiocarboxylic acids alike.28,29 The chemo-selective activation of C-terminal 

thiocarboxylic acids by an isonitrile at room temperature presumably generates a reactive 

thio-formimidate carboxylate mixed anhydride (thio-FCMA) or 1-hydroxybenzotriazole 

(HOBt) ester intermediate, permitting subsequent bimolecular ligation (Figure 2).28,29 Our 

previous studies demonstrate the utility of such mild reactivity29a in the context of 

macrocyclic peptide synthesis,29b–d peptide and glycopeptide ligation,29e and solid-phase 

fragment coupling,29f as well as peptide aspartylation.29g The current process is effective 

even at the low molar concentrations required to solubilize long, hydrophobic peptides in 

side-chain-unprotected form. The first chemical total synthesis of G-CSF 2a enabled by 

evaluation of this method in the context of large peptidyl substrates is described herein.

2. RESULTS AND DISCUSSION

2.1. Preliminary Approach and Efforts toward the Chemical Synthesis of G-CSF Aglycone 
(2a)

At the onset of this research, we devised a chemical synthesis of G-CSF aglycone 2a 
utilizing state-of-the-art NCL-metal-free desulfur-ization (MFD) techniques (Figure 2).21,22c 

In this vein, we envisioned reliable means dependent on “now conventional” methods19,23 to 

provide expedient access to glycosylated 1 and designed N-linked glycoforms such as 3 
(Figure 1). We hypothesize that N-linked glycosylation9,17,18 may impart improved relative 
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stability and solubility as well as decreased potential for aggregation during chemical 

assembly.10b,13

We proposed access to the 174-residue protein 2a by its retrosynthetic dissection into the 

following four functionalized polypeptides: G-CSF 1–35 (4), G-CSF 36–73 (5), G-CSF 74–

126 (7), and G-CSF 127–174 (8) (Scheme 1). These disconnections were made with 

consideration of manageable sequence length (averaging 44 residues per sequence), 

elements of anticipated secondary structure,3 and appropriate Cys sites for convergent 

assembly by NCL (Cys36, Cys74, Cys127). This dictates preparation of G-CSF 1–73 by 

native ligation of 4 with 521 and access to G-CSF 74–174 from respective partners 7 and 8 
via a two-step Ala-ligation.22,23 The platform hinges on a penultimate union of G-CSF 1–73 

(6) with G-CSF 74–174 (9b) by NCL at a kinetically favorable Gly73–Cys74 junction. 

Peptide thioesters 4, 5, and 7 were prepared using microwave-mediated Fmoc-based 

SPPS20,30 with selected use of pseudoproline dipeptides31 and late-stage installation of 

thioester-containing residues by a modified Sakakibara elongation.32 With access to C-

terminal thioesters 4, 5, and 7 as well as polypeptide 8, we began preliminary studies to 

assemble G-CSF aglycone 2a.33

Our research commenced uneventfully to access G-CSF 1–73 (6) via kinetic chemical 

ligation (KCL) of Leu35 phenyl thioester 4 with N-terminal Cys36 5 (Scheme 1).34 The 

strategic use of tert-butyl thio-protection enables access to Gly73 ethyl thioester 6 with four 

of the five native sulfhydryl moieties unveiled at Cys17, -36, -42, and -64.8 With G-CSF 1–

73 (6) prepared, we turned our attention to the synthesis of its requisite ligation partner, G-

CSF 74–174 (9b). The NCL of Met126 ethyl thioester 7 and N-terminal Cys127 8 proceeded 

with apparent full conversion under standard conditions. However, isolated yields of 9a 
were consistently poor, and ligations conducted with excess nucleophile 8 (2 equiv) did not 

improve product recovery.35 These observations led us to believe that poor isolated yield 

reflects the unfavorable properties of thioester 7, which seem to translate into product 9a.36 

Subsequent attempts to dethiylate 9a (Cys127 → Ala127) in the presence of radical initiator, 

VA-044, tris(2-carboxyethyl)phosphine, and 2-methylpropane-2-thiol under standard 

conditions failed to deliver target 9b (Scheme 1, X = H). Prolonged reaction time, elevated 

temperature, and alternative solvents, such as N,N-dimethylformamide (DMF) or dimethyl 

sulfoxide, provided an inseparable mixture of 9a and 9b with poor conversion. Partially 

successful reactions generated small quantities of 9b in the presence of presumed 

irreversible adduct 9c as a major species.37,38 It became apparent that low conversion was 

likely reflective of the poor solubility properties of 9a. To the best of our knowledge, 

sequence length is not a known limitation, as our laboratory8,39 and others40 have reported 

successful desulfurization of comparably sized peptides and glycopeptides.

2.2. Evaluation of the Sequence of G-CSF 74–174 and Development of an Isonitrile-
Mediated Coupling Method for Its Preparation

The structure of rh-metG-CSF 2b in solution positions the corresponding native Ala127 at 

the beginning of the flexible CD loop region (126–144) and in close proximity to helices B 

and C (Figure 1A).3d,41 Although direct comparison of Cys127 in G-CSF 74–174 (9a) 

through analogy with structural data from folded G-CSF 0–174 (2b) is tenuous, the insight 
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offers a structural hindrance explanation as to why efficient dethiylation may be precluded. 

Alternative Ala ligation sites could have been examined (i.e., Phe113–Ala114, Pro128–

Ala129); however, there is currently no a priori method for determining the efficiency of 

dethiylation. To this end, the development of Cys surrogate residues for NCL with more 

facile reduction potential,42 as well as homocysteine43a or selenocysteine variants,43b 

represents attractive alternative solutions. Recent disclosures that simplify tandem NCL–

desulfurization processes are equally intriguing.44 Possible alternatives aside, our first 

approach was unable to deliver isolable quantities of G-CSF 74–174 (9b). We desired a 

ligation method that permits coupling at non-Cys sites, requires minimal post SPPS substrate 

modification, can be conducted in the presence of unprotected side-chain functionality and 

requires minimal postligation manipulation.

Despite the growing body of literature focused on the development of chemoselective 

methods for amide bond-forming reactions,25 particularly those concerned with cysteine-or 

thiol-independent ligation of unprotected peptides,24 few studies address the limitations 

related to sequence length and the poor solubility of large hydrophobic peptides in 

bimolecular reactions. Notable exceptions include silver-promoted thio-acid46a and 

thioester46b,c ligations, reverse NCL,46d Ser/Thr ligations,46e,f and ketoacid-hydroxylamine 

ligations.46g–k To evaluate the suitability of alternative methods, we took a closer look at the 

sequence of G-CSF 74–174, which comprises three of four alpha helical regions in folded 

G-CSF (Figure 1A).3 Sequence analysis indicates the target 101-mer is considerably 

hydrophobic, harboring 12 Leu residues within G-CSF 74–125, as well as both Ala- and 

Leu-rich stretches within G-CSF 126–174. Our initial studies demonstrate that the 

exemplary sequence is challenging to solubilize, purify, and isolate in unprotected form by 

conventional techniques. Predictions based upon the coil conformation parameter, Pc, 

suggest that these sequences would be poorly soluble in fully protected form, rendering 

efficient solution-phase coupling difficult.45 Our successes with the chemoselective 

activation of thiocarbox-ylic acids prompted us to pursue this modality for large peptide 

ligations.28,29

In recent years, a variety of other methods demonstrate the potential of thiocarboxylic and 

peptidyl C-terminal thiocarbox-ylic acids alike to serve as effective acyl donors.47–49 The 

activation of thiocarboxylic acids under various oxidative conditions is well-studied.47,48 

Additionally, thiocarboxylic acid substrates provide access to various amide types upon 

engagement with acyl azides,49a azides,49b–d isocyanates,49e 2-pyridyl thioethers,49f,g 

thiols,49h and aryl sulfonamides.49i–k The utility of peptidyl aziridines in context with 

activated thioacids has also been realized.50 Recent methods report mild conditions for acyl 

transfer through the unique activation of thioacids51a and thioesters51b with N,O-

bis(trimethylsilyl)-acetamide. Lastly, thioacid activation with N-terminal dithio-

carbamates52a or N-terminal thioamides52b highlights the utility of presumed 1,3-diacyl 

intermediates. Despite the variety of conditions available to chemoselectively engage 

thiocarboxylic acids, few studies exploit their potential in the context of large peptide 

substrates.27 Furthermore, low to moderate isolated yields during such bimolecular 

activation–ligation sequences are common in native amide-bond–forming reactions for 

examples that are larger than tripeptides. This limitation may be due, in part, to the 
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propensity of peptide C-terminal thiocarboxylic acids to undergo epimerization during 

activation as well as the inherently poor solubility of large sequences in compatible 

solvents.29 To examine the potential of the later prospect with confidence, we opted to study 

tert-butyl isonitrile-mediated activations and ligations at Gly residues of large peptidyl 

thioacids to access to G-CSF 74–174.

Fortunately, the G-CSF 74–174 sequence is particularly well-suited for evaluation of this 

method.53 Although lacking internal Cys residues, the native sequence is replete with well-

spaced Gly residues, which would serve as ideal acyl donors, and free of Lys residues, 

which would require orthogonal side-chain protection. By analogy to the synthesis of 

Met126 ethyl thioester 7, we prepared Gly125 thioacid 12 by activation of Leu124 

carboxylic acid 11 in the presence of excess Gly125 thioester 11 followed by complete side-

chain deprotection and purification (Scheme 2).48k,54

We evaluated several parameters for the bimolecular activation–ligation of Gly125 thioacid 

12 in the presence of nucleophilic partner Met126 13 (1.5 equiv). Reaction progress was 

monitored at various time points.33 A convenient procedure was developed wherein the 

reaction was quenched with piperidine followed by precipitation.55 In a two-step, one-pot 

process, isonitrile-mediated ligation afforded 101-mer, G-CSF 74–174 (14) in 10–18% 

isolated yield under optimal conditions. For this ligation, N,N-dimethylacetamide (DMA) 

provides superior conversion relative to that with DMF and N-methylpyrrolidone (NMP). 

Relative to observed side products, Gly125 carboxylic acid 15 and its respective piperidide 

16, reaction conversion is estimated to be between 30 and 50%.33 The relative quantity of 16 
decreased during reaction progression. This suggests that activated acyl intermediate(s) 

derived from 12 are stable to coupling conditions and diverge to ligation product 14 or 

hydrolysis product 15. The absence of remaining thioacid 12 suggests that activation occurs 

quantitatively, yet bimolecular ligation competes with an undetermined pathway, resulting 

in formal hydrolysis. Under all productive conditions examined, the reaction rate slows after 

48 h such that prolonged experiments do not result in a significant increase in yield. 

Experiments run open to air in the absence of tert-butyl isonitrile resulted in poor conversion 

(entries 6 and 7, <10% conversion).29e We attribute overall attenuated isolated yields to the 

aggregation-prone properties and poor solubility of target 101-mer 14, as well as difficult 

chromatographic separation from carboxylic acid 15. Notwithstanding poor recovery, this 

method demonstrates an effective means to access an aggregation-prone sequence relative to 

conventional strategies (vide supra) and represents the largest isonitrile-mediated ligation to 

date.

To further evaluate this method, we examined couplings at Gly149–Gly150 and Gly135–

Ala136 junctions in the context of G-CSF 126–174 (Scheme 3). Target sequences G-CSF 

126–174 (13) and glycosylated derivative 22 were chosen to provide insight as to how novel 

N-linked glycoforms, such as 3, may be accessed. The ligation of Gly149 thioacid 17 with 

nucleophilic partner Gly150 18 provides 49-mer 13 in 21–33% isolated yield. The median 

junction point Gly149–Gly150 provides convergent access to 13 from two soluble, equal-

sized sequences and completes a formal four-step synthesis of target 101-mer 14. The 

ligation of glycan containing Gly135 thioacid 19a with nucleophilic partner Ala136 20 
provides the analogous 49-mer glycopeptide 21 in 37–65% isolated yield.33 Interestingly, 
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the shortened glycosylated thioacid sequence 19a confers improved physical properties and 

permits efficient ligation conducted at higher concentration (10 mM) without compromised 

solubility.

With few examples, it is difficult to establish general conditions with regard to effective 

concentration and solvent. It is apparent that solubility is a limiting, sequence-dependent 

factor. As a guideline, ideal conditions should be identified by screening compatible 

solvents at concentrations near saturation of the ligation partners. In the context of the 

relevant G-CSF sequences described, NMP and DMA (>2 mM) are optimal for such large 

peptide sequences. Bimolecular acyl transfer to the incoming N-terminal peptide resulting in 

product formation competes with C-terminal thioacid substrate hydrolysis. Efforts to 

understand and minimize factors that contribute to hydrolysis are ongoing. The extent of 

hydrolysis may vary by sequence and is perhaps dependent on the propensity of an activated 

substrate to form transient oxazolone species.56 This study has demonstrated successful 

ligations between Gly–Met, Gly–Gly, and Gly–Ala junctions.

2.3. Fully Synthetic G-CSF 1–174 Aglycone (2a): Ultimate Ligation, Folding, 
Characterization, and Evaluation of Biological Competency

With access to G-CSF 1–73 (6) and G-CSF 74–174 (14), we performed the ultimate NCL to 

access the complete linear sequence of G-CSF 2a (Scheme 4). Full-length G-CSF 1–174 

(22) formed in high conversion in the presence of excess Gly ethyl thioester 6 (1.5 equiv) 

after 20 h. This Gly73–Cys74-ligated material 22 was routinely purified to homogeneity by 

reverse-phase HPLC. Folding of 22 under oxidative conditions previously established for 

recombinant 2b57 proceeded uneventfully to provide synthetic G-CSF 2a in 28% isolated 

yield from 22. Streamlined access to 2a was achieved wherein crude 22 is folded under 

identical conditions immediately following its precipitation from ligation buffer (6% 

isolated yield, two steps).58 As expected, synthetic 2a and recombinant 2b, differing only by 

the addition of N-terminal Met0 residue, have similar retention when analyzed under various 

chromatographic methods.33 Moreover, high-resolution mass spectrometry data supports the 

partial oxidation of G-CSF 1–174 (22) to provide G-CSF 1–174 (2a) with two disulfide 

linkages and an intact sulfhydryl moiety (Figure 3B). Additional characterization data of 

synthetic G-CSF 2a in comparison with commercial recombinant G-CSF 2b, including 

analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Figure 3A), circular 

dichroism spectroscopy, and proteolytic mapping, support59 its identity.33

2.4. Biological Competency of Synthetic G-CSF 1–174 Aglycone (2a)

A proliferation assay of murine myeloblastic NFS-60 cells and a colony-forming assay of 

human primary cord blood CD34+ cells were used to validate the biological activity of 

synthetic G-CSF 1–174 aglycone (2a) compared with control, recombinant G-CSF 0–174 

(2b, Neupogen, Amgen Inc.).7b,33,60 Preliminary evaluation in NFS-60 cells demonstrates 

that synthetic G-CSF 2a does induce cellular proliferation (Figure 4), albeit with reduced 

competency relative to recombinant G-CSF 2b (2a, EC50 of ~0.2 ng/mL vs 2b, 2 ng/mL). 

Synthetic 2a also stimulates the proliferation of normal human CD34+ cells to form clusters 

and colonies alone, as well as synergistically with recombinant human klotho protein (KL) 

(2a, EC50 of ~1.25 ng/mL vs 2b, 0.08 ng/mL).33 Despite the reduced activity, these results 
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are encouraging in light of the known propensity for nonglycosylated G-CSF 2b to 

aggregate.13 Such physical property challenges are reported during denaturation, refolding, 

and isolation of 2b from recombinant preparations,57 as well as during formulation and 

storage in nonstabilized media.61

Interestingly, recent reports by Broxmeyer and co-workers provide an explanation for 

diminished cytokine potency attributed to enzymatic regulation by dipeptidylpeptidase 

(DPP4).62 The study suggests the additional Met0 residue at the N-terminus of recombinant 

G-CSF 2b serves as a fortuitous and distinguishing modification relative to native G-CSF 

1.62a The analogous experiments with synthetic G-CSF 2a, lacking this beneficial residue 

(Met0), relative to recombinant G-CSF2b are of considerable interest. Efforts to better 

emulate reported isolation and formulation techniques to afford a more potent synthetic G-

CSF 2a as well as glycosylated variants thereof are ongoing.

3. CONCLUSIONS

In response to a challenging dethiylation, we revised our initial approach to access synthetic 

G-CSF aglycone 2a. The strategy hinges on the development and application of an 

isonitrile-mediated ligation of large, side-chain-unprotected peptides in solution. This 

advance enables a highly convergent assembly of 2a and provides insight as to how future 

G-CSF glycoform variants may be constructed. Building in the C- to N-terminal direction, 

the method is complementary to NCL for the chemical synthesis of large hydrophobic 

proteins and is a useful alternative in instances where tandem NCL–desulfurization 

strategies are troublesome. Moreover, the application is distinct from most thiol-independent 

ligation methods in that one of the two coupling partners is an unmodified peptide available 

from routine SPPS. Efforts to showcase the generality of this ligation method in series as 

well as in convergent fashion for the synthesis of large peptides and glycoproteins are 

ongoing.
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Figure 1. 
Granulocyte colony-stimulating factor (G-CSF). Structure and therapeutic forms of 1, 2, and 

designed 3. (A) Linear representation of G-CSF (Met0 + 1–174) with disulfide linkages 

removed for clarity (Cys36–Cys42, Cys64–Cys74). (B) Representation of protein structure 

and helix directionality.3a (C) Structure of the native O-linked carbohydrates at Thr133 (1) 

and targeted N-linked glycoform at Asn133 (3).
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Figure 2. 
Chemical protein synthesis methods.
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Figure 3. 
Characterization of synthetic G-CSF 1–174 (22) and G-CSF (2a). (A) Silver-stained SDS-

PAGE, NuPage 4–12% Bis-Tris gel: lanes 1 and 10, benchmark protein ladder (MW 

marker); lanes 2, 5, and 9, blank; lane 3, synthetic G-CSF 1–174 22; lane 4, synthetic G-CSF 

2a; lanes 6–8, recombinant G-CSF 2b gradient. (B) High-resolution mass spectrometry: top, 

synthetic G-CSF 1–174 (22) and bottom, synthetic G-CSF 1–174 (2a).
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Figure 4. 
Murine myeloblastic NFS-60 cellular proliferation assay. In vitro assay measuring the effect 

of synthetic G-CSF 2a and recombinant G-CSF 2b on the proliferation of NFS-60 cells. 

Results are expressed as average relative fluorescent intensity ± SD, run in triplicate.
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Scheme 1. Preliminary Approach to G-CSF 1–174 (2a) by Conventional Meansa

aReagents and conditions: (a) 1.5 equiv of 4 and 1.0 equiv of 5, 6 M Gnd·HCl, 300 mM 

Na2HPO4, 20 mM TCEP, pH 7.2, isolated 6 (38%); (b) 1 equiv of 7 and 1.1 equiv of 8, 6 M 

Gnd·HCl, 300 mM Na2HPO4, 20 mM TCEP, 200 mM MPAA, pH 7.6, isolated 9a (14%); 

(c) 9a, VA-044, t-BuSH, TCEP, solvent (see the Supporting Information); TCEP = tris(2-

carboxyethyl)phosphine, MPAA = 4-mercaptophenylacetic acid, VA-044 = 2,2′-azobis[2-(2-

imidazolin-2-yl)propane] dihydrochloride.
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Scheme 2. Solution-Phase Ligation of Side-Chain-Unprotected Peptides: Optimized Synthesis of 
Aggregation-Prone 101-mer Polypeptide G-CSF 74–174 (14)a
aAdditional reaction parameters: (a) Relative ratio of products 14/15/ 16 determined by 

integration of UV trace at 280 nm (area under the curve); (b) isolated yield of peptide 14 
following HPLC purification and lyophilization; (c)triethylamine (10 equiv) as an additive. 

EDC = 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide, HOOBt = hy-droxy-3,4-

dihydro-4-oxo-1,2,3-benzotriazine, t-BuNC = tert-butyl isonitrile.
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Scheme 3. 
Solution-Phase Ligation of Side-Chain-Unprotected Peptides: Preparation of G-CSF 125–

174 (13) and Glycopeptide (21)
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Scheme 4. Synthesis of G-CSF 1–174 (2a): Union of 6 and 14 by NCL, Oxidative Folding of G-
CSF 22, and Isolation of Synthetic G-CSF 2aa

aReagents and conditions: (a) 1.5 equiv of 6 and 1 equiv of 14, 6 MGnd·HCl, 300 mM 

Na2HPO4, 40 mM TCEP, 200 mM MPAA, pH 6.8, isolated 22 (16–19%); (b) 22, sarkosyl, 

H2O; CuSO4, H2O, t = 20 h (see the Supporting Information); TCEP = tris(2-carboxyethyl)-

phosphine, MPAA = 4-mercaptophenylacetic acid.
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