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ABSTRACT: Intrinsically disordered proteins (IDPs) do not have a well-defined folded 

structure, but instead behave as extended polymer chains in solution. Many IDPs are rich 

in glycine residues, which create steric barriers to secondary structuring and protein 

folding. Inspired by this feature, we have studied how the introduction of glycine residues 

influences the secondary structure of a model polypeptide, poly(L-glutamic acid), a helical 

polymer. For this purpose, we carried out ring opening copolymerization with -benzyl-L-

glutamate and glycine N-carboxyanhydride (NCA) monomers. We aimed to control the 

glycine distribution within PBLG by adjusting the reactivity ratios of the two NCAs using 

different reaction conditions (temperature, solvent). The relationship between those 

conditions, the monomer distributions and the secondary structure enabled the design of 

intrinsically disordered polypeptides when a highly gradient microstructure was achieved 

in DMSO. 

KEYWORDS: Polypeptides polymers, N-carboxyanhydride, copolymerization, reactivity 

ratios, intrinsically disordered 

INTRODUCTION: 

Mimicking the structural and functional abilities of proteins, nature’s most versatile 

biomacromolecules, is a long-standing goal of polymer chemists. The extreme structural 

complexity of most proteins, however, is a near-insurmountable obstacle. Intrinsically 

disordered proteins (IDPs) lack higher order structure and behave as free polymer chains 

in solution.1 Nonetheless, they play major structural and functional roles in living 

organisms,2 as well as in some notable human diseases.3 IDPs mainly consist of random 

coil segments whose amino acids do not have the fixed torsion angles characteristic of 

common secondary structures.4,5 They are characterized by low complexity sequences2 of 

repeating patterns of amino acids that promote extended coil conformations and disfavor 

tertiary folding. These features lead to highly soluble and non-aggregated proteins. The 
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prevalence of polar amino acids promotes the solvation of the extended chains while 

charged residues generate repulsion between chain segments.6 Proline and glycine, 

commonly found in IDPs, create steric barriers to the appearance of secondary structure.7 

Peptidic polymers, in which amino acids are randomly distributed, are much simpler 

macromolecules than proteins.8 They combine the advantageous features of synthetic 

polymers (solubility, process, elasticity, etc.) with many of those of natural proteins 

(secondary structure, functionality, biocompatibility, etc.). These synthetic polypeptides 

are efficiently and economically prepared by ring-opening polymerization (ROP) of amino 

acid N-carboxyanhydrides (NCA) and the monomer distribution, like that of proteins, 

strongly influences their functional properties.9,10 However, relatively few studies have 

focused on studying the copolymerization kinetics of NCAs to control the primary 

sequence of synthetic polypeptides and its effect on the secondary structuring.11,12 The 

ability to control monomer sequence in synthetic macromolecules is a powerful tool for 

tailoring copolymer properties and functions.13 Techniques for sequence control have been 

historically developed in other fields before being applied to synthetic polymer chemistry, 

including iterative synthesis (biochemistry, chemical biology) and template polymerization 

(biology).14 In classical polymerization processes (step- and chain-growth), 

macromolecules with statistical distributions of molecular weight, structure, and/or 

composition are produced.15 These distributions are determined by the reaction conditions 

and reactivities of the monomers involved,16 and can be modified by controlling the 

reaction conditions.17 The result is a degree of control over the monomer sequence, albeit 

imperfect and statistical in nature. 

In polymer chemistry, the probability of obtaining the desired monomer distribution can 

be maximized by choosing appropriate monomer feed ratios. In this direction, tandem 

repeat proteins have already inspired studies of terpolymerization systems based on ROP 

of NCA monomers. For example, the proportion of Leu-Asp-Val sequences can be 

maximized by adapting the feed ratio of leucine, aspartate and valine NCA monomers.10 

Similarly, Arg-Gly-Asp sequences can be obtained from the terpolymerization of arginine, 

glycine and aspartate NCAs.9 In both examples, controlling the monomer distribution led 

to an increase in the desired cell adhesion property. With NCAs, the monomer distributions 

are also sensitive to the reaction conditions, and to the secondary structure of the 

polypeptide.18 For instance the solvent significantly affects secondary structuring in 

copolymerizations of -benzyl-L-glutamate NCA (BLG-NCA) and valine NCA,19 which 

in turn affects the reactivity of the different comonomers.20 Nevertheless, studies on the 

relationship between the monomer distribution and the secondary structure are scarce. The 

initiator type, the solvent and temperature affected the copolymerization kinetics and, to 

an extent, the secondary structure of a binary system comprising of valine NCA and leucine 

NCA.21 Similarly, when BLG-NCA was copolymerized with valine NCA the resulting 

gradient copolymers showed β-sheet-like structures consistent with short BLG sequences 

and valine sequences of variable length.22 It was also shown that adding glycine units in a 

random copolymerization system with BLG, produces similar secondary structure trends.23 
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In this work, we study the kinetics, the reactivity ratios, the monomer distribution and 

the secondary structure of various polypeptides obtained through copolymerization of 

BLG-NCA and glycine-NCA, the main disorder inducing amino-acid in IDPs. We found 

that the helical conformation can be disrupted by controlling the reactivity and the addition 

of glycine, producing an unprecedented homochiral poly(-benzyl-L-glutamate) with a coil 

disorder state, an intrinsically disordered polypeptide. This was optimal when the synthesis 

was conducted in DMSO, via the formation of highly gradient copolymer microstructures. 

 

EXPERIMENTAL SECTION: 

Materials and Methods. All chemicals and solvents were purchased from Sigma 

Aldrich, Fluorochem, Acros, TCI, Strem and VWR, and were used without further 

purification unless otherwise described. Dimethylformamide (DMF), tetrahydrofuran 

(THF), dichloromethane (DCM), ethyl acetate and cyclohexane were obtained from a 

solvent system purifier (PureSolv, Innovative Technology), kept under argon atmosphere 

and freshly used. Diethylether (Et2O) was dried over 3Å molecular sieves before use in 

NCA purification.  Milli-Q water was obtained from a Purelab Prima purification system 

(ELGA) with a resistivity of 18.2 MΩ cm-1. BLG N-carboxyanhydride was purchased from 

PMC Isochem, stored at -20 °C under argon atmosphere and weighed in a glove box 

(Jacomex GP13 no. 2675). Dialysis membranes were purchased from SpectrumLabs. 

Hexylamine was freeze-thawed and cryo-distilled on the Schlenk line prior to use. 

Deuterated solvents used for in-situ NMR monitoring were dried before use. THF-d was 

dried using benzophenone/Na and cryodistilled before use. DMF-d was stored on activated 

3Å molecular sieves for at least one week and cryodistilled before use. DMSO-d was stored 

on activated 3Å molecular sieves for at least one week before use.  

Nuclear Magnetic Resonance (NMR) 

1H NMR 400 MHz spectra were obtained using a Bruker Avance I (Liquid-state 400 

MHz NMR spectrometer with 5 mm BBFO probe). In-situ 1H NMR and quantitative 13C 

NMR were recorded on a 500 MHz Prodigy NMR AVANCE NEO 500. Solvent peaks 

were used as reference for the locking. The spectra obtained were calibrated using residual 

solvent signals. Signals were categorized as follows: singlet (s), doublet (d), triplet (t), 

quartet (q), multiplet (m) and broad (br). 

Procedure for in-situ 1H NMR monitoring 

Measurements were carried out in Young NMR tubes using dried deuterated solvents. 

Samples were prepared inside the glovebox and the tubes sealed before inserting them into 

the spectrometer at the specified temperature. The tubes were spun inside the magnet to 

induce stirring in the samples. The magnet was auto-shimmed and the first spectrum 

collected served as a reference. The experiments were conducted directly inside the 

spectrometer with controlled temperature depending on the system (25°C for systems X2 

and X6, 0°C for systems X1 and X3 and 50°C for system X5). Subsequent spectra were 

collected at different time periods until high conversion was obtained. The NMR data were 

analyzed using Topspin software with automatized baseline and phase correction and 

integration. Manual adjustments were made as needed and solvent peaks were used as 
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references and internal standards. In each case, the disappearing peaks of the different 

NCAs were integrated in comparison to the unchanged peaks of the solvent peaks of the 

solvent. 

Size exclusion chromatography (SEC)  

1. DMF + LiBr 1g/L or DMSO as eluent. Measurements were performed on an 

Ultimate 3000 system from Thermoscientific equipped with diode array detector (DAD). 

The system also include a multi-angles light scattering detector (MALS) and differential 

refractive index detector (dRI) from Wyatt technology. Polymers were separated on two 

Shodex Asahipack gel columns GF310 and GF510 (300 x 7.5 mm) (exclusion limits from 

500 Da to 300 000 Da) at a flowrate of 0.5 mL/min. Column temperature was held at 50°C. 

Mn values were calculated from the MALS signal using dn/dC of 0.1197 calculated using 

homo-PBLG samples. Pullulan from Agilent was used as standards for calibration curve 

calculations.  

2. 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) + 0,05% KTFA as eluent. 

Measurements were performed on an Ultimate 3000 system from Thermoscientific 

equipped with UV detector and dRI detector from Wyatt technology. Polymers were 

separated on two PL HFIP gel columns (300 x 7.5 mm) (exclusion limits from 200 Da to 

2 000 000 Da) at a flowrate of 0.8mL/min. Column temperature was held at 40°C. An 

Easivial kit of poly(methyl methacrylate) (PMMA) from Agilent was used as standards for 

calibration curve calculations.  

3. aqueous buffer as the eluent. Measurements were performed on an Ultimate 3000 

system from Thermoscientific equipped with diode array detector DAD, MALS and dRI 

detectors from Wyatt technology. Polymers were separated on two Shodex OH Pack 

SB802.5 and SB803 (8*300) (exclusion limit from 500da to 100 000da) columns at a 

flowrate of 0.6 mL/min with Phosphate buffer 0.01M Na2HNO3, 0.1M HPO42-, NaN3 

0.02% pH9 as the eluent. Column temperatures was held at 25°C. Mn values were 

calculated using dn/dC value of 0.1489 calculated using homo-PGA samples. Easivial kit 

of polyethylene glycol (PEG) from Agilent was used as standards for calibration curve 

calculations.  

Fourier-transform infrared (FTIR) spectrometery 

Infrared (IR) spectra were recorded using an FTIR spectrometer (Vertex 70, Bruker), and 

an attenuated total reflectance (ATR) (GladiATR, Pike Technologies) apparatus from 

Fisher technologies performing 32 scans. The raw data were analyzed with Opus7.5 

software. The analyzed compounds were dissolved in anhydrous solvent under an argon 

atmosphere at 20°C at 0.4 M. Samples (50 µL) were taken with an argon-purged syringe 

at predetermined intervals. The samples were dropped onto the ATR unit of the IR 

spectrometer and measured in the range of 400-4000 cm-1. The monomer conversion was 

followed using the band height of the C=O stretching at about 1850 cm-1, whose increase 

is linear in the examined concentration range. The initial value for the band at 100% 

conversion was corrected using the corresponding solvent as blank. Samples were taken 

until no further change in band height was observed in order to determine the monomer 

conversion and corresponding reaction times (the point were no further change occurred 
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was assumed to correspond to 100% conversion). Solid compounds were crushed on the 

ATR before recording the spectra. Data analysis was carried out using Microsoft Excel. 

Circular Dichroism (CD) spectroscopy 

CD measurements were performed on a JASCO J-815 spectropolarimeter between 190 

nm and 260 nm (far-UV). A quartz cell of 1 mm path length (type: 21/10/Q/1) was 

purchased from Starna Scientific, Ltd. Spectra were recorded at desired temperatures: 20 

°C for standard measurements. The measurement parameters were: sensitivity between 5 

and 200 mdeg, 0.01 mdeg resolution, 8 seconds response time (Digital Integration Time), 

1 nm bandwidth and 10 nm.min−1 scanning rate. Polymer solutions at a monomer unit 

concentration of 2.5 µM in buffered solutions were used for the measurements. The 

concentration of buffered solution was 2.5 mM. For pH=4 sodium acetate/acetic acid was 

used, while for pH=6.5 sodium acetate was used. Unprotected polymers were analyzed as 

0.57mM solutions in HFIP. 

Synthesis of glycine N-carboxyanhydride (Gly NCA) 

Gly NCA was synthesized using Leuch’s method as previously described:24   

In a clean and dried Schlenk flask N-Boc-glycine (2 g, 11.4 mmol, 1 equiv.) was dried for 

15 min in the Schlenk line, then 32 mL of anhydrous THF was added, followed by thionyl 

chloride (1 mL, 13.7 mmol, 1.2 equiv.). The reaction was stirred for 4 h at RT and its color 

turned from yellow to dark brown. The solvent was evaporated under vacuum, and the 

residue was washed three times with 35 mL of anhydrous hexane. The suspension was 

filtered using a cannula and the powder was dried. Then 90 mL of anhydrous ethyl acetate 

were added, and the suspension was filtered over dry celite. The system was washed with 

60 mL of anhydrous ethyl acetate and the solution concentrated. The solution was filtered 

again over dry celite and the system washed with 60 ml of anhydrous ethyl acetate. The 

solid was washed twice with 10 mL of dry diethyl ether before drying. This last step 

removed any remaining Boc-containing side products. The product was isolated as a white 

yellowish crystalline powder in 79% yield (700 mg).  1H-NMR, DMSO-d6 400 MHz δ: 

4.20 (s, 2H, CH2), 8.83 (s, 1H, NH). 13C-NMR, DMSO-d6 400 MHz δ: 46.26 (s, CH2), 

153.97 (s, NCOO), 169.40 (s, COO). ESI-MS: m/z[M-H]=100 C3H2NO3. 

Synthesis of poly(-benzyl-L-glutamate) (PBLG) 

In a typical ROP of BLG NCA, BLG NCA (3 g, 11.4 mmol, 50eq) was weighed in a 

previously flame dried Schlenk in a glovebox under pure argon. The powder was then 

dissolved in 19 mL of anhydrous DMF (0.6 M) at 4°C. Hexylamine (30 µL, 0.23 

mmol,1eq) was added and this was considered to be the starting time of the reaction. The 

solution was stirred for 10 days at 4°C under argon. The reaction completion was monitored 

by following the depletion of the bands at 1859 cm-1 and 1787 cm-1 characteristic of the 

C=O stretching of NCAs. The polymer was precipitated twice from diethyl ether and dried 

under high vacuum. Yield: 1690 mg; 67%, white powder. 1H-NMR (10 mg/ml, CDCl3 

containing 15% trifluoroacetic acid, 400 MHz, δ, ppm): 0.87 (t, 3H, CH3 hexylamine), 

1.25 (br, 6H, CH3-(CH2)3- hexylamine), 1.46 (t, 2H, -CH2-CH2-NH- hexylamine), 1.81-

2.19 (m, 2H, CH2), 2.44 (t, 2H, CH2, J=6.8 Hz), 3.2 (m,2H, -CH2-NH- hexylamine), 4.59 

(m, 1H, CH), 5.03-5.11 (m, 2H, CH2O), 7.25-7.29 (m, 5H, ArH). 13C-NMR, (125 MHz, δ, 
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ppm): 14.7 (1C, CH3- hexylamine), 21.0 (1C, CH3-CH2- hexylamine), 26.5 (1C, -CH2-

CH2-CH2- hexylamine), 28.5 (6C, -CH2-CH2-CH2- hexylamine), 31.0 (1C, -CH2-CH2-

NH- hexylamine), 40.9 (1C, -CH2-CH2-NH- hexylamine), 26.5(1C, CH-CH2- BLG), 30.0 

(2C, -CH2-CH2- BLG), 53.2 (1C, -CH- BLG), 68.2 (1C, -COO-CH2-, BLG), 128-129 (m, 

6C, Ar), 173 (1C, -CH-COO- BLG),  175 (1C, -CH2-COO- BLG). SEC analysis using 

dn/dC calucations gave an Mn=11.1 kg/mol (DP=50) and Ɖ=1.03 (Figure S6). 

Synthesis of copolymers (HA-P(Glyx-BLGy)) 

In a typical copolymerization of Gly NCA and BLG NCA: Gly NCA (xeq) and BLG NCA 

(yeq) were weighed in a flame-dried Schlenk in a glovebox under argon. The powders were 

then dissolved in anhydrous solvent at a concentration of 0.1M. Hexylamine (x+y/50eq) 

was added and this was considered starting time of the reaction. The solution was stirred 

until all NCAs were consumed as determined by FTIR. The polymer was precipitated twice 

from diethyl ether and dried under high vacuum. 1H-NMR (10 mg/ml TFA-d, 400MHz, δ, 

ppm): 0.90 (t, 3H, CH3 hexylamine), 1.31 (br, 6H, CH3-(CH2)3- hexylamine), 1.54 (m, 

2H, -CH2-CH2-NH- hexylamine), 1.87-2.31 (m, 2yH, CH2 BLG), 2.40-2.70 (m, 2yH, 

CH2 BLG), 3.30 (m,2H, -CH2-NH- hexylamine),  4.13 (s,br, 2xH, CH2 Gly),  4.63 (m, 

1yH, CH BLG), 5.17 (m, 2yH, CH2O BLG), 7.34 (m, 5yH, ArH BLG). 

Synthesis of polyglutamate (PGA)/ deprotection from PBLG 

HA-PBLG50 (100 mg, 0.45 mmol of BLG units, 50eq) was dissolved in TFA (7.7 mL) then 

HBr 48% aqueous solution (0.18 ml, 1.6 mmol, 175eq) were added under vigorous stirring. 

The reaction mixture was stirred at room temperature overnight. Solution was precipitated 

twice from cold Et2O and centrifuged. The obtained white powder was precipitated in 5ml 

MilliQ water then 10 ml of a saturated sodium bicarbonate solution was added so that a pH 

of 8 was obtained. The resulting mixture was dialyzed against milliQ water (MWCO 3.5 

kDa) and lyophilized to give the deprotected form; PGA as a white solid (Yield: 72%, 50 

mg). Sample was then analyzed by 1H NMR with a small amount of NaOD at 10 mg/ml in 

D2O. 1H-NMR (400MHz, δ, ppm): 0.75 (t, 3H, CH3 hexylamine), 1.16 (br, 6H, CH3-

(CH2)3- hexylamine), 1.39 (m, 2H, -CH2-CH2-NH- hexylamine), 1.78-2.07 (m, 2H, CH2 

BLG), 2.21 (m, 2H, CH2 BLG), 3.10 (t ,2H, -CH2-NH- hexylamine), 4.63 (m, 1H, CH 

BLG), 4.23 (m, 2H, -CH2O- BLG). 13C-NMR, (500MHz, δ, ppm): 13.4 (1C, CH3- 

hexylamine), 22.0 (1C, CH3-CH2- hexylamine), 25.7 (1C, -CH2-CH2-CH2- hexylamine), 

28.1 (1C, -CH2-CH2-CH2- hexylamine), 30.7 (1C, -CH2-CH2-NH- hexylamine), 39.5 

(1C, -CH2-CH2-NH- hexylamine), 25.5 (2C, CH-CH2- BLG), 33.0 (2C, -CH2-CH2- 

BLG), 42.6 (2C, CH2 Gly),  53.8 (1C, -CH- BLG), 174 (1C, -CH-COO- BLG), 181 (1C, -

CH2-COO- BLG). SEC analysis using dn/dC calucations gave an Mn=7.9 kg/mol (DP=52) 

and Ɖ=1.03 (Figure S8). 

Synthesis of poly(glycine-co-glutamate) (HA-P(Glyx-co-GAy)/ deprotection from HA-

P(Glyx-BLGy) 

HA-P(Glyx-co-PBLGy) (yeq) was dissolved in TFA at 13mg/ml then HBr 48% aqueous 

solution (yeq) were added under vigorous stirring. The reaction mixture was stirred at room 

temperature overnight. Solution was precipitated twice in cold Et2O and centrifuged. The 

obtained white powder was precipitated in 5ml MilliQ water then 10 ml of a saturated 
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sodium bicarbonate solution was added so that a pH of 8 was obtained. The resulting 

mixture was dialyzed against milliQ water (MWCO 3.5 kDa) and lyophilized to give the 

deprotected form HA-P(Glyx-co-GAy) as a white solid. Sample was then analyzed by 1H 

NMR at 10 mg/ml in D2O with a small amount of NaOD. 1H-NMR (400MHz, δ, ppm): 

0.75 (t, 3H, CH3 hexylamine), 1.16 (br, 6H, CH3-(CH2)3- hexylamine), 1.39 (m, 2H, -

CH2-CH2-NH- hexylamine), 1.78-2.07 (m, 2yH, CH2 BLG), 2.21 (m, 2yH, CH2 BLG), 

3.10 (t ,2H, -CH2-NH- hexylamine),  3.91 (s, 2xH, CH2 Gly),  4.63 (m, 1yH, CH BLG), 

4.23 (m, 2yH, CH2O BLG).  13C-NMR, (500MHz, δ, ppm): 13.4 (1C, CH3- hexylamine), 

22.0 (1C, CH3-CH2- hexylamine), 25.7 (1C, -CH2-CH2-CH2- hexylamine), 28.1 (1C, -

CH2-CH2-CH2- hexylamine), 30.7 (1C, -CH2-CH2-NH- hexylamine), 39.5 (1C, -CH2-

CH2-NH- hexylamine), 25.5 (2yC, CH-CH2- BLG), 33.0 (2yC, -CH2-CH2- BLG), 42.6 

(2xC, CH2 Gly),  53.8 (1yC, -CH- BLG), 170-172 (1xC, -COO- Gly), 173-175 (1yC, -CH-

COO- BLG), 180-182 (1yC, -CH2-COO- BLG). 

 

RESULTS AND DISCUSSION 

Glutamate is the highest produced amino acid industrially25 due to its use in the food 

sector.26 Its derivatives, including -benzyl-L-glutamate NCA (BLG-NCA), are readily 

available. BLG-NCA affords poly(-benzyl-L-glutamate) (PBLG) which is a helical 

polymer with biomimetic secondary structuring properties,27  while its deprotected form, 

polyglutamic acid (PGA), is water soluble and pH-responsive.28 Polymers18,26,29,30 and 

copolymers31,32 of PBLG or PGA derivatives have potential applications in bioactive 

substance delivery,33–35 and the preparation of antibacterial agents36 or biomaterials37.  

The objective of our study is to synthesize intrinsically disordered PBLG polymers, 

meaning that they do not adopt helical conformations. For this purpose, glycine units were 

introduced into the glutamate backbones via copolymerization of BLG NCA and Gly NCA. 

The less sterically hindered monomer, Gly NCA, is more reactive in ROP than BLG-NCA 

but the difference in reactivity has not been quantified.24 We synthesized Gly-NCA using 

Leuch’s method using N-Boc glycine and SOCl2 in THF followed by celite filtration 

(Scheme 1) which proved to be convenient for scale up. 

 

Scheme 1. Developed synthesis pathway for glycine NCA using SOCl2 and starting from 

N-Boc glycine. The main side products resulting from the reaction are all gaseous or 

volatile. 

 Homopolymerization of Gly-NCA is notoriously difficult as the reaction mixture 

becomes heterogeneous, slowing down the reaction speed and risking the degradation of 

unreacted monomers.38–40 Nonetheless, the copolymerization of Gly-NCA with other types 

of NCAs is possible,41–43while being highly more reactive in most cases12. The 

copolymerization of BLG and Gly NCAs was followed using the in-situ NMR technique 

which allows to monitor the consumption of each monomer independently and the 

corresponding reactivity ratio. The absence of a side chain on glycine makes it easier to 
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distinguish from other amino acids by NMR,44 simplifying the characterization of the 

copolymers.  

The monomer distribution can be estimated from the reactivity ratios of the comonomers. 

In the terminal model of copolymerization,45 it is assumed that only the terminal group of 

the polymer chain affects the reaction kinetics, and these kinetics are assumed to be 

independent of chain length. In a copolymerization between monomer A and monomer B, 

the reactivity ratio of monomer A (rA) is defined as the ratio between the propagation 

constants kAA and kAB, corresponding to the reaction of growing polymer chain with A as 

the terminal monomer unit with monomers A (homopropagation) or B (cross-propagation), 

respectively.   The Meyer-Lowry equation (Equation 1) can be used to calculate the 

reactivity ratios by following the changing monomer composition of the reaction mixture 

as the polymerization proceeds.46 This method allows reactivity ratios to be determined at 

moderate to high conversions, the region where high molecular weight polymer is produced 

in a controlled polymerization.  Frequently used low conversion methods of reactivity ratio 

determination are inappropriate for these polymerizations as the assumption of chain-

length independent kinetics is unlikely to be valid when only oligomers are present.47 All 

copolymerizations were therefore monitored to high conversions to also consider the effect 

that secondary structure can have on the copolymerization kinetics and possible deviation 

from the model.  

𝑥 = 1 − (
𝑓1
𝑓1,0

)

𝛼

(
𝑓2
𝑓2,0

)

𝛽

(
𝑓1,0 − 𝛿

𝑓1 − 𝛿
)
𝛾

 

𝛼 =
𝑟2

1 − 𝑟2
 𝛽 =

𝑟1
1 − 𝑟1

 

𝛾 =
1 − 𝑟1𝑟2

(1 − 𝑟1)(1 − 𝑟1)
 𝛿 =

1 − 𝑟1𝑟2
2 − 𝑟1 − 𝑟2

 

 

 

Equation 1. Integrated copolymerization equation and the values of the constants.  𝑥 is 

reaction conversion, 𝑓𝑖 is instantaneous mole fraction of monomer i, 𝑓𝑖,0 is initial mole 

fraction of monomer i.48 

The copolymerization systems comprised BLG and Gly-NCA at a total concentration of 

0.1 M. Hexylamine (0.02 eq, targeted DP of 50) was used to initiate polymerizations 

(Scheme 2). 

 

Scheme 2. Copolymerizations’ general scheme. x+y is kept at 50. 

Gly NCA and BLG NCA were first copolymerized in DMF at 0°C. In total, five 

copolymerizations were performed with initial BLG-NCA fractions (fB,0) of 0.90, 0.80, 

0.50, 0.36 and 0.20 (Figure 1.A.). The experimental data was fitted to equation 1 to obtain 

the reactivity ratios. Since both conversion and BLG fraction are experimentally 

determined it is necessary to consider the induced error in each. For this purpose, a 

previously developed48 nonlinear least squares method was used assuming non-negligible 

error in all variables.49 Using the visualization of the sum of squares space method, point 
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estimates of rGly and rBLG of 1.75 and 0.47 respectively were obtained (Figure 1.B.). This 

result indicated that the copolymer adopts a gradient like microstructure with a higher 

concentration of glycine units at one end of the chain. Reasonable agreement between 

experimental results and the model was obtained, although some deviations can sometimes 

be observed at higher conversion (Figure 1.A.). 

 

Figure 1. (A) Modelled monomer (BLG NCA) compositions as a function of the 

copolymerization conversion (lines) in the case of the five experiments listed above with 

varying initial monomer feeds (copolymerization system X1). These plots are compared 

with the experimental data from all the experiments (points). (B) Point estimate and 95% 

joint confidence interval (contour) of reactivity ratios of copolymerization system X1. rGly 

= 1.75 and rBLG = 0.47.  

The gradient copolymer obtained from this system was schematically depicted on the scale 

of an individual chain using a Monte Carlo simulation to calculate the probability of 

insertion of one monomer unit at a time. In Figure 2, 20 chains are presented, with an 

average number of units equal to the number-average degree of polymerization (50) of the 

polymer and a length distribution with dispersity of 1.1. The probability that a given unit 

is assigned as Gly or BLG is determined by the identity of the previous unit and the 

monomer ratio at the conversion corresponding to that chain length calculated from the 

reactivity ratios.48,50 
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Figure 2. Simulated 20 polymer sequences of copolymerization system X1 with fG,0 = fB,0 

= 0.5, DPn of 50, dispersity of 1.1 and a conversion of 99%. The direction of polymerization 

is from left to right. Gly-Gly dyads are shown in blue (28%), Gly-BLG and BLG-Gly dyads 

in green (51%) and BLG-BLG dyads in red (28%).  

Most radical copolymerizations are relatively insensitive to reaction conditions, as rate 

constants for each comonomer vary similarly to changes in solvent polarity or temperature. 

Nonetheless, in some cases it is possible to modify copolymer microstructure by varying 

reaction conditions like solvent polarity51 and temperature52. In general, much less data 

exists for non-radical copolymerizations, which tend to exhibit greater monomer selectivity 

than their radical counterparts. These copolymerizations, which involve higher activation 

energies and polarized transition states, are more sensitive to changes in temperature and 

solvent polarity. Indeed, the solvent has previously been shown to affect NCA 

copolymerization kinetics.19,20 To study this effect, copolymerizations were carried out in 

DMF (copolymerization system X2), THF (copolymerization system X3) and DMSO 

(copolymerization system X4). As DMSO solidifies at 19°C, copolymerizations were 

carried out at 25°C. All other parameters were kept constant (0.1M concentration of 

monomers, monomer:hexylamine = 50). We found that the solvent strongly influenced the 

reactivity ratios of Gly and BLG NCA (Figure 3.A.). Simulations of typical chains for 

copolymers synthesized at an initial glycine fraction of 50% show clear differences in 

structure (Figure 3.B.). 

 

Figure 3. (A) Point estimate and 95% joint confidence interval (contour) of reactivity ratios 

of copolymerization systems X2-X4. The values of system rGly and rBLG from each solvent 

system are shown. The dotted line corresponds to the case of an ideal copolymerization 

where the difference in reactivity between the comonomers is independent of the 

propagating chain end.53 (B) Simulated 20 polymer sequences of copolymer systems X2-

X4 with fG,0 = fB,0 = 0.5, DPn  of 50, dispersity of 1.1 and a conversion of 99%. The direction 

of polymerization is from left to right. Gly-Gly dyads are shown in blue, Gly-BLG and 
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BLG-Gly dyads in green and BLG-BLG dyads in red. Since the dispersity is considered, 

the polymer chains are represented in order of their length from top to bottom. 

Copolymers in both DMF and DMSO show a strong composition gradient, but the DMF 

copolymer is characterized by short sequences of homo- and alternating dyads, while the 

homopolymer sequences in the DMSO copolymer are much longer. By contrast, the 

composition gradient of the THF polymer is much weaker and the polymer has a nearly 

random structure. This is borne out by the product of the reactivity ratios, rGlyrBLG. The 

lowest rGlyrBLG was obtained in THF (0.59) while in DMF rGlyrBLG was 0.82. These values 

indicate a tendency to form alternating polymer. In the case of DMSO rGlyrBLG was equal 

to 2.36 which indicates a tendency to form blocks of homopolymer. We attributed the 

difference in results between the solvents to the different solubility of the polymer chains, 

polarity of the solvents, their protic nature, and their capacity to form hydrogen bonds. 

DMF and DMSO are more polar and can form hydrogen bonds with the growing polymer 

chains thus preventing the α-helical secondary structuring of PBLG homosequences during 

the reaction. This structuring is known to accelerate the ROP of BLG NCA due to 

macrodipolar affinity.30 In contrast, formation of secondary structure could be observed in 

THF, a helicogenic solvent. 

At equal initial monomer feeds (fG,0 = fB,0 = 0.5) for Gly NCA and BLG NCA, the 

copolymer has a gradient nature with a higher concentration of Gly-Gly dyads at the 

beginning of the chain and of BLG-BLG dyads at the other end with an overall high 

concentration of alternating dyads. In copolymerization system X1 (0°C in DMF), the 

reactivity ratios were calculated to be rGly=1.75 and rBLG=0.47 (Figure 1) while in the same 

solvent at 25°C (copolymerization system X2) the values were 2.38 and 0.2 respectively 

(Figure 3). The difference in reactivity ratios obtained for these two copolymerization 

systems showed that the temperature can also influence the kinetics. Similar studies were 

done at 50°C in DMF (copolymerization system X5) and at 0°C in THF (copolymerization 

system X6) (Figure 4). 

 

Figure 4: Point estimate (black circles: DMF; blue crosses: THF) and 95% joint confidence 

interval (contour in black: DMF; blue: THF) of reactivity ratios of copolymerization in 

DMF and THF at different temperatures.  
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As shown in Figure 4¸ the increase in temperature significantly increases the value of rGly 

and has little effect on the value of rBLG. This effect was more significant in DMF than in 

THF at both these temperatures. The increased difference between the two reactivity ratios 

led to a steeper gradient. Increasing the reaction temperature also increases the overall 

reactivity of the copolymerization. However, chain end capping due to backbiting of the 

BLG end-units limits the maximum useful polymerization temperatures. 

A PBLG homopolymer (polymer 1) and a series of copolymers (2-7) of Gly NCA and 

BLG NCA were then synthesized in DMF at 0°C to examine the effect of increasing 

glycine content. Unlike pure PBLG, the copolymers became insoluble in DMF at different 

conversion depending on the glycine content (esi). Copolymers 2-7 were synthesized with 

fB,0 value spanning a range from 0 to 0.5 (Table 1). Copolymers 8-10 were synthesized to 

establish the effect of the reaction solvent on their macromolecular properties (Table 1). 

Only copolymer 10 was soluble throughout polymerization in DMSO, while copolymers 8 

and 9 precipitated at 50% and 40% conversion respectively (esi). No single solvent system 

could solubilize all copolymers, as their solubility depended strongly on the glycine content 

and the reaction solvent. As a result, characterization by SEC was performed using DMF, 

DMSO or HFIP as eluent, depending on the copolymer (esi). In order to compare the 

copolymers, deprotection to water-soluble polyglutamic acid was performed. 

Acidic or mildly basic conditions are preferably employed for deprotection in order to 

avoid epimerization.28 In this study, deprotection was conducted in TFA using HBr 

followed by neutralization and dialysis (Scheme 4). 

 

 

Scheme 3. Deprotection of the synthesized copolymers P(Gly-stat-BLG) to obtain their 

unprotected counterparts (D) P(Gly-stat-GA). 

The basic conditions used in workup result in the deprotonation of the carboxylic acid 

side chains,54 ensuring solubility. Using PEG calibration and RI detection polymer 1D’s 

Mn was calculated to be 5.4 kg/mol with a dispersity of 1.08. All synthesized copolymers 

were recovered in acceptable yields, had expected structures as verified by 1H NMR and 

eluted at similar volumes in SEC analysis (Table 1 and esi).  
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Table 1. SEC analysis of all synthesized copolymers (1-10) and their deprotected, water-soluble form (1D-10D) compared to polymer 1(D) where D stands for deprotected. 

 fB,0 
a
 Reaction solvent Reaction temperature Yield (%)b Structure (theoretical) fB,0  by 1H NMRc Overall DP by 1H NMRd

 Mn (kg/mol) e Ɖf 

Polymer 1D 1.00 DMF 0°C 86 HA-PGA50 1 55 5.4 1.08 

Copolymer 2D 0.95 DMF 0°C 64 HA-PGA47-co-PGly3 0.94 57 7.6 1.13 

Copolymer 3D 0.90 DMF 0°C 60 HA-PGA45-co-PGly5 0.85 60 7 1.18 

Copolymer 4D 0.80 DMF 0°C 70 HA-PGA40-co-PGly10 0.80 64 3.7 1.17 

Copolymer 5D 0.70 DMF 0°C 94 HA-PGA35-co-PGly15 0.65 63 14.2 1.37 

Copolymer 6D 0.60 DMF 0°C 85 HA-PGA30-co-PGly20 0.60 50 8.4 1.19 

Copolymer 7D 0.50 DMF 0°C 78 HA-PGA25-co-PGly25 0.50 51 7.7 1.26 

Copolymer 8D 0.50 DMF 25°C 82 HA-PGA25-co-PGly25 0.50 50 5.1 1.21 

Copolymer 9D 0.50 THF 25°C 90 HA-PGA25-co-PGly25 0.48 48 6.8 1.12 

Copolymer 10D 0.50 DMSO 25°C 80 HA-PGA25-co-PGly25 0.50 50 5.3 1.10 

 
ainitial mole fraction of BLG in monomer feed; byields after deprotection; cas determined by integration of glycine and glutamate peaks in 1H NMR in D2O; das determined by the ratio between the integration of the HA peaks and monomer 

peaks in 1H NMR in D2O; e as determined by PEG calibration in aqueous SEC using RI detection; f as determined by SEC peaks using RI detection.
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Copolymers 8-10 were further characterized by quantitative 13C NMR in TFA-d to 

attribute homo-sequences and hetero-sequences in the carbonyl peak area (Figure 5) and 

compare it to results obtained through theoretical modeling (Figure 3.B.). The homo-

sequences peaks were identified by analyzing homo-PBLG (polymer 1) and oligomers of 

glycine (esi). 

 

Figure 5. Quantitative 13C NMR of the carbonyl region (170-180 ppm) of copolymers 8-

10.  Gly-Gly carbonyl peaks are highlighted in blue, Gly-BLG and BLG-Gly carbonyl 

peaks in green and BLG-BLG carbonyl peaks in red. The percentages of the different peak 

regions were determined by peak fitting and deconvolution. 

BLG repeat units’ carbonyl peaks are deshielded when the previous unit is glycine (blue 

peaks at 175.4 ppm). On the other hand, glycine repeat units’ carbonyl peaks are shielded 

when the previous unit is BLG (red peaks at 174.4 ppm). By fitting and deconvolution of 

the different peaks (esi), it was possible to calculate the percentage of homo-dyads and 

hetero-dyads (Figure 5/Table 2). Although the values from 13C NMR and Monte Carlo 

simulations were not the same, the tendencies were similar. 13C NMR analysis confirmed 

that copolymer 10, with steepest composition gradient, had the lowest alternating dyad 

content and the highest content of homosequences of both monomers. For all copolymers 

more Gly-Gly dyads were observed than the BLG-BLG dyads. This is consistent with the 

reactivity ratios obtained where rGly > rBLG. The difference in microstructure of copolymers 

8-10 confirms the influence of solvent on the reactivity ratios of Gly NCA and BLG NCA. 

Overall, our characterizations showed that by changing the reaction solvent, the glycine 

monomer distribution can be controlled to obtain higher alternation. 

 

Table 2: Dyad percentages determined by Monte Carlo simulation and 13C NMR for 

copolymers 8-10 

  Monte Carlo simulation 13C NMR 

 
Solvent Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Gly-BLG% 

BLG-Gly% 

BLG-

BLG% 

Gly-

Gly% 

Copolymer 8 DMF 51 19 29 35 26 39 

Copolymer 9 THF 54 20 26 42 28 30 

Copolymer 10 DMSO 31 28 41 21 37 42 
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The goal of our study is to produce glutamate-based copolymers that are intrinsically 

disordered by breaking their secondary structures using the incorporation of glycine units. 

PBLG exhibits secondary structuring that depends on its molecular weight and on the 

solvent. While oligomers of BLG can adopt beta-sheet like structures, above a DP of 10-

15, they adopt an α-helical conformation.55 This conformation reveals itself in helicogenic 

solvents, such as tetrahydrofuran (THF) or chloroform, and is usually insoluble.56,57 

Circular dichroism spectroscopy (CD) is widely used in structural biology to evaluate the 

conformation of proteins.58 The CD spectra of most secondary structures, such as α-helices, 

β-sheets and random coil, have well documented shapes and magnitudes.59 This analysis 

is preferably done in aqueous conditions where proteins can be observed in biological 

conditions. In its protonated form, the carboxylic acid moieties of PGA side chains form 

intramolecular hydrogen bonds, stabilizing the α-helical form. In its deprotonated form, 

electrostatic repulsion between negative charges induces a random coil conformation.60 

The CD spectrum of Polymer 1D at pH 4 had two minima at 209 nm and 224 nm and a 

maximum at 195 nm corresponding to the α-helical form.60 . The obtained spectra of the 

sample at pH=6.5 had a small maximum at 218 nm and a sharp minimum at 198 nm (Figure 

6.A.) attributable to a random coil conformation. 

 

Figure 6. (A) CD spectra of the two forms of PGA (polymer 1D); (B) CD spectra of 

copolymers 2D-7D in helix inducing media (pH=4); (C) data from (A) and (B) was plotted 

to show the effect of the %PGA units in polymer 1D and copolymers 2D-7D on the 

intensity of the negative peak around 209nm and its position; (D) CD spectra of copolymers 

8D-10D in helix-inducing aqueous media (pH=4). 

Since this α-helical structuring requires long sequences of PGA units,55 we hypothesized 

that small incorporations of glycine units could disrupt the structure. Figure 6.B. shows 

the CD spectra of the deprotected copolymers (2D-7D) at pH=4 where PGA adopts an α-

helical structure. The peak intensity is significantly reduced even with only 5% glycine 

content (Figure 6.C.) as in the case of copolymer 2D. Nonetheless, copolymer 7D with 

50% glycine content retains helical structuring (Figure 6.B.). The CD spectra also show a 

shift in the peak maximum towards lower wavelengths (Figure 6.C.), suggesting an 
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incomplete shift towards a random coil conformation, which is characterized by the strong 

negative peak below 200 nm.  

The deprotected copolymers (8D-10D) containing 50% glycine but prepared in different 

solvents showed varying behaviors at pH=4. Copolymer 9D, synthesized in THF showed 

significant helical conformation despite its high glycine content (50%). In contrast, 

copolymers 8D and 10D showed more random coil behavior with the negative peak shifted 

towards lower wavelengths. This was more pronounced for copolymer 10D synthesized in 

DMSO, which also had the highest gradient nature (Figure 6.D.). 

These results confirm that the way in which the comonomers are distributed within the 

copolymer has a strong effect on its secondary structure. Copolymer 9D, which has the 

most similar reactivity ratios and the most random monomer distribution, has the most 

helical nature. We thus hypothesize that the incorporation of evenly distributed glycine 

units along the PGA chain does not disrupt its helical structure. In other words, helical 

conformations can still be obtained when isolated chiral glutamate units are replaced by 

achiral units without side chains. The helicity signal from copolymer 9D is around half of 

that of polymer 1D, corresponding to the reduction in the number of chiral glutamate units 

due to their replacement by achiral glycine. On the other hand, if the monomer distribution 

is less even, the conformation is disrupted. A highly gradient copolymer such as copolymer 

10D (Figure 3.B), has a part with high concentration of glycine that does not form alpha 

helical structure, and on the other end of the copolymer, a higher concentration of glutamate 

unit that does not form a long enough chain to form a helix structure.  

 

CONCLUSIONS 

The copolymerization of BLG-NCA and glycine-NCA was investigated as a model 

system to design synthetic IDPs using ROP of NCA. Feed ratio, solvent and temperature 

were changed to observe their effect on the copolymerization kinetics. It was found that by 

changing these reaction conditions, copolymers with different microstructural properties 

could be obtained. Differences in primary sequence, analyzed by Monte Carlo simulations 

and 13C quantitative NMR analysis, correlated with differences in secondary structure after 

deprotection. As the glycine content of copolymers prepared in DMF increased, the helical 

nature decreased linearly. At a glycine content of 50%, the polymer had low helicity 

compared to polypeptide without glycine but still retained a helical CD signature. Synthesis 

performed in higher polarity solvents accentuated the gradient nature of the copolymers, 

resulting in the formation of copolymers with significant random coil conformation. 

Increasing the polymerization temperature had a similar effect. Our experimental 

conditions thus allow to exert a degree of control over the distribution of comonomers 

along the polymer chains and the use of Glycine NCA comonomers allow to mimic the 

properties of IDPs in a synthetic polymer scaffold. Production of intrinsically disordered 

PBLG was shown to be possible and paves new ways towards the use of a hydrophobic 

and homochiral polypeptide exhibiting tunable helicity or a coil-disordered state in 

solution. 
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