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ABSTRACT 

 

Electrochemical Triggering and Optical Interrogation of Dynamic Biomolecular Systems 

 

by 

 

Sheng-Ping Liang 

 

The rich structure and function of many biological systems relies on the dynamic 

conformations and assemblies of biomolecules. These dynamic structures are often governed 

by inter- and intramolecular forces, such as hydrogen bonding, Van der Waals forces, and/or 

Coulombic interactions. Among these, Coulombic interactions that are governed by 

protonation level are the most tunable in vitro, and have been demonstrated to trigger 

structural evolution of biomolecules in various pH titration experiments. 

This thesis presents a novel approach that leverages site-selective deprotonation 

electrochemistry to manipulate the dynamic structures of biomolecules. Using cyclic and 

differential pulse voltammetry, a linear correlation was found between proton dissociation 

constant (pKa) and redox potential of molecular moieties in various biomolecules, leading to 

the hypothesis that site-selective proton reduction could be used to manipulate the dynamic 

evolution of biomolecular structures. This hypothesis was tested using site-selective 

electrochemistry coupled with in situ optical spectroscopies to trigger and analyze the 

structural transitions of two biomolecular systems representing transitions of different 

hierarchical structures, namely the coil-to-helix transition of polylysine and assembly of 

reflectin (the unique protein that enables structural color changes in squid skin).  
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Evidence from voltammetry, optical spectroscopy, and microscopy indicates that 

site-selective deprotonation electrochemistry indeed occurred in sidechain moieties of amino 

acid residues of biomolecules, and could trigger structural conversion of biomolecules at 

multiple structural hierarchies. The methods developed in this thesis provide new ways to 

induce localized structural transition on demand, which, in contrast to conventional pH 

titration or genetic engineering, may provide unpredicted access to the kinetics and 

thermodynamics of biomolecules that are challenging to assess by other means. 

Furthermore, being able to actively actuate biomolecular structures may inspire the design 

and/or discovery of advanced, bio-functional materials that leverage nanoscopic mechanics 

to achieve unprecedented chemical and physical functions. 
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Chapter 1 

Introduction 

1.1  Protein Structure and Assembly Processes 

Proteins adopt an elegant architecture that utilizes molecular codes to program dynamic 

functions with great complexity and flexibility[1]. These dynamic functions are derived from 

their conformation, assembly, and other structural transitions[2]. The dynamic structure of each 

protein originates from their primary structure, which ultimately determines their inter- and 

intramolecular interactions. In particular, Coulombic interactions governed by the protonation 

of sidechains of amino acid residues, as well as the surrounding chemical environments, are 

the most tunable, and can influence protein secondary and tertiary structures, as well as 

assembly dynamics[3–7]. 

Reflectin, a protein that regulates the dynamic color of cephalopod iridocytes, stands out 

as an interesting case study due to its simple molecular structure and unique assembly behavior, 

governed by enzymatic phosphorylation in vivo, and protonation level in vitro[6,7]. Reflectin is 

a His-rich protein (10% His/all AAs) found in cephalopods, and its unique reversible assembly 

is responsible for the dynamically tunable structural color of skin cells, enabling a recently 

evolved family of squids to communicate and camouflage themselves[8]. Reflectin has been 

triggered in vivo by acetylcholine (ACh)-activated phosphorylation that reduces the protein’s 

net positive charge[9], and in vitro using several methods that act as surrogates for 

phosphorylation, including changes in solution pH[6] and ionic strength[7] to reduce the 

effective number or contribution of its positively charged amino acids. Assembly can also be 

tuned through genetic modification of the wild-type protein to alter the balance of positively 

and negatively charged amino acids[6]. These works clearly demonstrate that the charge states 
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of amino acids in a protein have far-reaching implications because they critically influence 

protein structure and assembly dynamics, and thus functionality. Such effects and interactions 

are not unique to reflectin[10–13], and developing novel methods to probe and control protein 

charge state, as a means to unravel protein assembly processes and machinery, are important 

and challenging endeavors. 

Common approaches to influence the protonation-related Coulombic interactions in 

proteins include pH titration and/or genetic engineering of the primary structures. pH titration 

is the most common lab technique that allows one to probe the proton associated 

thermodynamics as well as the electro- or nucleophilic reactivity of a molecule. Since the 

higher order hierarchical structures of proteins or peptides are often dynamic and sensitive to 

drastic shifts in chemical environment, the window of observation in a pH titration experiment 

for biological system is often very narrow, compare to the entire pH scale. Genetic engineering 

may act as a complementary approach to pH titration, where, instead of eliminating the protons 

in amino acid residues, protonation is investigated via replacing specific protonatable amino 

acid residues with non-protonatable residues with compatible physical or chemical properties. 

However, subtle changes in local chemical environments in a protein may alter the entire 

structure and function, so extensive characterization and control experiments are required to 

understand the effects of genetic modification. 
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Due to the limitations of the aforementioned methods, novel approaches are needed to 

modulate the protonation level of biomolecules for the investigation of a wider collection of 

biomolecular processes, and is the core motivation of this thesis. The work herein aims to 

develop an electrochemical methodology to selectively influence the protonation level of a 

selected set of molecular moieties and further affect their structures. Being able to 

electrochemically trigger dynamic structural transitions of a biomolecule may enable a novel 

way to investigate dynamic biomolecular structures and functions that are otherwise not 

accessible. Moreover, this methodology may further act as an interfacing mechanism that 

allows the communications between electronics and biomolecular systems.  

1.2 Probing Dynamic Structural Biophysics of Proteins via Spectroelectrochemistry  

Although there exist many optical methods to analyze the structural behavior of a 

biomolecule, the investigation of kinetics is limited by the approaches available to trigger 

structural transitions. Traditionally, static methods such as genetic engineering, pH or salt 

titration are used to convert biomolecules between states that represents “snapshots” of the 

overall dynamic process. However, as mentioned in Section 1.1, these approaches are often 

limited to biomolecules with large tolerance to changes in chemical environment, and requires 

extensive preliminary studies to create chemical environments that mimic physiological 

conditions. Recent developments in laser technology and science enable in situ approaches, 

such as temperature jump experiments using pulsed lasers to induce sudden shifts in 

equilibrium constants between different conformation of biomolecules[14,15]. Though this 

method provides promising results to study the kinetics of many biomolecular systems in great 

detail, the technique is limited to systems where light absorbing amino acid residues (tyrosine 
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or tryptophan) are present. This is not always the case, and thus alternative approaches are 

needed to expand the toolbox to investigate various biomolecular processes. 

As will be explained in detailed in the following chapters, a combined electrochemical and 

optical method was developed in this work, and found to be an effective way to trigger and 

monitor structural biophysics related to protonation level. Traditionally, these studies rely on 

pH titration to gradually tune protonation level, or careful genetic engineering to add or 

eliminate protonatable groups. Both of these approaches alter the micro- and/or macro-level 

chemical environment, and thus require careful control experiments that may add extra 

challenges. With electrochemistry, however, one can tune the protonation level of biomolecule 

without altering the chemical environment, which maintains the integrity of the primary 

structure of proteins and allows one to analyze proteins with low tolerance toward shifts in 

chemical environments. Moreover, the heterogeneous nature of electrochemistry provides 

temporal and spatial resolution, which allows real-time kinetic studies when combined with 

optical spectroscopies. 
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1.3 Thesis Overview 

The purpose of this thesis is to develop and use electrochemical methods to modify the 

charge state of amino acid residues in proteins, and demonstrates that protein conformational 

changes and assembly processes can be manipulated and controlled on-demand using 

electrochemistry. The first part (Chapters 2 and 3) of this work focuses on the fundamental 

methods and theory that enables the triggering and monitoring of structural transition in 

biomolecules. Chapter 2 aims to cover fundamental knowledge associated with and required 

for the research presented herein, which includes the introduction of protein structures, 

electrochemistry, optical spectroscopies, and pH titration. Chapter 3 introduces the novel site-

selective electrochemistry of freely diffusing charged amino acids or charged amino acid 

residues in peptides and proteins. Chapter 3 also covers the diagnostic function of site-selective 

electrochemical deprotonation, which is shown to be useful to probe and understand the 

thermodynamics of electrochemical reduction of dissociable protons in amino acids, as well as 

how the local chemical environments may affect the redox behavior of these residues. 

The second part of the thesis introduces the evidence and discoveries of electrochemically 

triggered structural transition in two biomolecular hierarchical systems that represents the 

intra- and intermolecular interactions governed by protonation. Chapter 4 details the 

electrochemical reduction of polylysines as a function of chain length (10-mer, 20-mer, and 

50-mer) with in situ circular dichroism to detect and understand their electrochemically 

triggered structural evolution. In Chapter 5, the amassed knowledge is then applied to 

demonstrate that direct electrochemical deprotonation of charged amino acid residues in the 

more complex protein reflectin is indeed possible, and results in triggered assembly of the 

respective monomers at specific electrochemical potentials. The importance of pH-controlled 
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(de)protonation vs. direct electroreduction, as it relates to AA thermodynamics and reflectin 

assembly, was carefully studied over a wide range of chemical (e.g., pH, salt conc.) and 

electrochemical potential conditions. The results in both Chapters 4 and 5 demonstrate how 

the methods presented herein apply not only to the proteins studied, but can be used more 

generally to probe protein thermodynamics as well as unravel and even control protein 

conformations and assembly. Chapter 6 summarizes and concludes the discovery in this thesis 

research and provides perspectives for future developments of the science and technology 

developed in this thesis. 
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Chapter 2 Methods and the Associated Theories 

 Structures of Proteins and Peptides 

Proteins and peptides are polymers of amino acids connected via peptide bonds (Figure 

2.1a), which manifest various functions via adopting various hierarchical structures. In 

principle, there are four hierarchies to the structure for a protein (see Figure 2.1a and b), i.e., 

from simple to complex, namely primary, secondary, tertiary, and quaternary structures. 

Primary structure refers to the collection and arrangement of amino acids that constitute the 

protein. Besides the primary structure, higher order hierarchical structures are formed via inter- 

and intramolecular interactions programmed by the primary structure and are thus dynamic, 

meaning that the structures are mostly flexible and can often only be determined when both 

the environment and the primary structures are taken into consideration. 

 

Figure 2.1. The illustrations of (a) part of the primary structure of and (b) higher order 

hierarchical structures of a protein  
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Higher order hierarchical structures are the foundation of the complexity and flexibility of 

proteins. Secondary structure refers to the local assembly that occurs nearby amino acid 

residues. Secondary structure is the fundamental building block that determines the local 

physical and chemical environments (such as flexibility or hydrophobicity). Tertiary structure 

is the result of intrachain folding via covalent or non-covalent interactions. These are formed 

via non-covalent interactions and are extremely dynamic; however, covalent interactions such 

as disulfide linkage, results in cross-linking, which yield rigid tertiary structures that can 

sustain wide range of chemical environments. Quaternary structure refers to the structure of a 

“protein” that is formed between “protein subunits”, which is among the most complex forms 

of a protein. Quaternary structure is highly dynamic and acts as machinery, in most cases where 

subunits perform synergistically to manifest dynamic functions. 
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 Electrochemistry 

2.2.1 Three electrode system for electrochemical analyses 

A three-electrode system is the mostly used configuration for electrochemical analyses due 

to its simplicity for interpreting redox behavior of a system. As the name suggests, there are 

three electrodes in this configuration, which are the working, counter, and reference electrodes. 

As illustrated in Figure 2.2, working electrode and counter electrode form the circuit where 

most redox electrochemistry happens. Working electrode is where the redox electrochemistry 

of interest happens, and the reference electrode sets a “reference potential” between the 

working and counter electrodes which in turn accounts for different potential drops at the 

surfaces near the working and counter electrodes. This configuration allows monitoring of the 

total amount of redox events happen at the working electrode by monitoring the current while 

at the same time resolving the potential drop near the working electrode as a proxy for the 

electrochemical energy required to drive the redox reaction of interest.  

 

Figure 2.2. Illustration of a three-electrode electrochemical setup and the electrical relation 

between each circuit component. 
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2.2.2 Voltammetry 

Voltammetry is a powerful technique for investigating the thermodynamics and kinetics of 

electrochemical systems. In a voltammetry experiment, electrochemical potentials are applied 

to the system of interest and the electrical current is monitored. Depending on the configuration 

and the material system, voltammetry can be used to investigate the redox behaviors of 

interfaces between two materials or dispersed molecules in solution. Depending on the 

questions of interest, different potential waveform profile can be used to provide resolution 

and information at various levels. In this work, cyclic voltammetry and differential pulse 

voltammetry were used to resolve the redox electrochemistry of dissociable protons in 

biomolecules. 

Cyclic voltammetry provides information about the kinetics and thermodynamics of charge 

transfer and mass transfer processes. As shown in the top panel of Figure 2.3a, a staircase 

potential profile is applied to the system, and electric current is recorded as a function of the 

input potential (top panel in Figure 2.3b). Cyclic voltammetry is an especially useful initial 

analysis technique to understand an electrochemical system. With proper choice of the 

analytical model, a lot of information can be extracted by varying experimental conditions, 

such as scan rate, concentration, or solution components[1]. However, measuring the overall 

current response also results in high background noise, which reduces sensitivity for specific 

redox reactions of interest, and depending on the reversibility of the process of interest, 

interpretation of the thermodynamics can sometimes be ambiguous. 
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Figure 2.3. (a) The potential waveform for the first 5 steps of cyclic voltammetry (top panel) 

and differential pulse voltammetry (bottom panel). (b) Illustration of cyclic and differential 

pulse voltammograms for the same sample. 

 

In contrast to cyclic voltammetry, differential pulse voltammetry probes differential 

current, where only charge transfer kinetics are monitored. As shown in the bottom panel of 

Figure 2.3a, the base potential would be held for a period of time, followed by a pulse, and the 

base current (ib) and pulse current (ip) are recorded. Then, the differential current (δi) would 

be calculated as: δi = ip - ib. Since ib is the sum of Faradaic and non-Faradaic currents, δi can 

be treated as the background-subtracted Faradaic current. Since differential current in DPV 

approximates Faradaic current, in theory, when the redox events between different redox active 

species are independent, it is possible to express the total differential current as: 

δitotal = δianalyte + δiothers  (2.1) 
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where δianalyte is the analyte differential current, and δiothers is the sum of differential currents 

from other redox processes that are not of the interest in the measurement. Based on Equation 

2.1, deconvolution can be done via subtracting the DPV of a blank solution from the analyte 

solution. As Figure 2.4 demonstrates, the subtraction of blank DPV (top panel) from analyte 

DPV (middle panel) results in a deconvolved DPV (bottom panel) that approximates the redox 

behaviors of the pure analyte. As will be demonstrated repeatedly, this method is extremely 

powerful in resolving the redox behavior of biomolecules in acidic aqueous environment at 

platinum electrode, where a non-trivial amount of background and side reactions can happen 

as a result of platinum catalyzed hydrogen evolution reactions. 

The two voltammetry methods introduced here are both powerful techniques for 

electrochemical analysis, and the choice should be based on the information required and the 

type of electrochemical system of interest. The focus in this work is mainly the redox potential 

of molecular moieties, so the more sensitive DPV was chosen for most of the following 

analyses. 
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Figure 2.4. A procedural illustration of the deconvolution of a differential pulse 

voltammogram.  
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 Optical spectroscopy 

Optical spectroscopies use wavelength dependent light-matter interactions to interrogate 

various physical properties of a molecule. Due to the potential non-invasive nature of these 

interactions, optical spectroscopies have been combined with various characterization 

techniques, and can be used for quantitative analysis. In this work, the electrochemically 

triggered structural transitions of biomolecules were probed via integrating an electrochemical 

cell with optical measurements to probe structural transitions in situ. For intramolecular 

interactions that induce electronic coupling of peptide bonds, far-UV spectroscopy 

(absorbance, circular dichroism (CD)) was also used to monitor the shift in structure; for 

intermolecular interactions that may effect molecular or assembly size, dynamic light 

scattering (DLS) was used. 

2.3.1 Absorbance spectroscopy 

Absorbance spectroscopy is based on Beer’s law, where the extinction of light scales via a 

logarithmic relation with transmittance, i.e., the fraction of the light passing through the optical 

cuvette, which is a function of concentration. Considering the chromophores or molecule of 

interest to be homogeneously dispersed in space, the intensity of light (I) is attenuated 

(absorbed) as a function of distance, and this behavior can be describe as: 

𝑑𝐼 ∝ −𝜀[𝐼(𝑥)𝑐]𝑑𝑥   (2.2) 

where ε is the molecule-dependent proportionality coefficient (also known as absorptivity or 

extinction coefficient), representing the probability of photon extinction, and c is the density 

of chromophores in space. Equation 2.2 can then be rearranged into: 

𝑑𝐼

𝐼(𝑥)
=  − 𝜀cdx   Equation 2-2 
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The integral of Equation 2.2 from x = 0 to x = L is then: 

− log(𝐼(𝑥)) |𝑥=0
𝑥=𝐿 = 𝜀c|𝑥=0

𝑥=𝐿     ⟹      − log(𝐼(𝑑)/𝐼(0)) = 𝜀cL  (2.3) 

where L is the distance that the probe beam travels within a media. Equation 2.3 is also known 

as Beer’s law, which is widely used in quantitative analysis or the determination of physical 

properties of a molecule. In common practice, I(d)/I(0) would normally be defined as 

“transmittance”, while – log (Transmittance) would then be defined as “absorbance”. 

Absorbance spectroscopy is useful for quantitative analysis because absorbance is additive. 

Assuming the chromophores in a space do not experience interactions that alter their spatial 

distribution or molecular photophysics, each kind chromophore would then manifest 

absorbance Ai, and the sum of the absorbances from n species of chromophores is then: 

∑ 𝐴𝑖𝑛 = ∑ 𝜀𝑖𝑐𝑖𝑑𝑛   (2.4) 

Equation 2.4 indicates that, with proper calibration, absorbance can be used to quantitatively 

estimate the evolution of a system over time with equilibrating components with different 

molar absorptivity values. Such phenomenon has been applied to measure the pH evolution in 

cellular environment [2], and will be used in the analysis of the structural transitions of 

biomolecule in later chapters. 
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2.3.2 Circular Dichroism 

Intrinsically chiral biomolecules absorb left- and right-handed, circularly polarized light 

differently, and this phenomenon is known as circular dichroism (CD, i.e., showing different 

color based on the circular polarization of the light). For historical reasons, CD is normally 

reported as ellipticity, which is proportional to the absorbance difference between left- and 

right-handed circularly polarized light (ΔA). Since CD originates from light absorption, the 

amount of light being detected significantly influences the signal quality of a CD measurement. 

For far-UV CD spectroscopy, the material and pathlength of the cuvette, and the solution 

composition, such as solvent and co-solute, must be taken into consideration. For specific 

application in this work where salt is required for electrochemistry, common cationic species 

such as Na+ and K+ were found to not affect the measurement of CD down to 190 nm. In 

contrast, the choice of anionic species greatly impacted the quality of the measurement due to 

strong absorbances at wavelengths < 200 nm. Perchlorate was found to be an excellent anion 

that showed no trivial absorbance at 190 nm with concentrations as high as 500 mM, while 

several milli-molar (mM) of common anions such as OH- or Cl-, showed significant absorbance 

at wavelengths < 200 nm. 

Depending on the wavelength, CD can provide information about different hierarchies of 

biomolecular structure. For biophysical characterization, near-UV (> 250 nm) and far-UV (< 

250 nm) are the most commonly monitored regions. Near-UV CD originates from the ΔA of 

sidechain groups such as tyrosine, phenylalanine, cysteine (also known as disulfide bond), or 

tryptophan. Since near-UV CD is normally specific to the primary structure of the biomolecule, 

a spectrum only provides a signature of the tertiary structure. On the other hand, far-UV CD 

originates from the ΔA of peptide bonds in biomolecules, so structural information is general 
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for all biomolecules, and it has been widely used to characterize the secondary structure. 

Furthermore, since the absorbance of peptide bonds is additive, the deconvolution of far-UV 

CD may also provide quantitative analysis for the secondary structure composition of a 

biomolecule. 

2.3.3 Dynamic Light Scattering 

Dynamic light scattering (DLS) analyzes the time-dependent intensity of scattered light to 

estimate the size distribution of particles in a solution. When a beam of light encounters a 

particle dispersion, light scatters in all direction due to Rayleigh scattering by particles. The 

intensity of light scattering fluctuates overtime due to Brownian motion of the particles. By 

correlating the magnitude of fluctuations with time, the motion of particles can be monitored, 

and can further be used to infer the mass diffusivity of particles. 

For a monodisperse particle solution, a first-order autocorrelation function, g1, can be 

generated via surveying the decay rate of scattered light intensity, and can be modeled as[3]: 

𝑔1(𝑞, 𝜏) = exp[−Γ𝜏] ;  𝑞 ≡
4𝜋𝑛

𝜆
𝑠𝑖𝑛 (

𝜃

2
)  𝑎𝑛𝑑 Γ ≡ 𝑞2𝐷𝑡    (2.5) 

where λ is the wavelength of light, n is the refractive index of the particle, θ is the angle of 

light scattering, 𝜏  is the delay time of the fluctuation measurement, and 𝐷𝑡  is the mass 

diffusivity of the particles. Since q is a constant given a known set of λ, n, and θ, Dt can be 

obtained by fitting g1 with an exponential function of 𝜏. Finally, the size distribution of the 

particles can be estimated, with Dt given by the Stokes-Einstein relation: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
  (2.6) 

where kB is Boltzmann coefficient, T is absolute temperature, η is the viscosity, and Rh is the 

effective hydrodynamic radius of the particles. For a polydisperse particle solution, a more 
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sophisticated analytical model based on Equation 2.6 can be used to analyze the autocorrelation 

of the intensity of light scattering[3]. Based on the introduction thus far, one should be able to 

perceive that the size distribution obtained from DLS is the 2nd derivative of the result (the 

pristine result is the autocorrelation function, and the 1st derivative is the mass diffusivity), and 

careful examination of the assumed parameters (such as refractive index, viscosity, as well as 

the intrinsic geometry of the particle) is required in order to yield reasonable and physical 

estimation of size distribution. 

Besides size distribution, light scattering intensity in DLS could also a good measure to 

resolve the sample condition. A DLS measurement of size always includes the measured 

intensity of scattered light, which can be expressed with the Rayleigh scattering equation[4]: 

𝐼 =  𝐼0 (
1+𝑐𝑜𝑠2𝜃

𝑅2 ) (
𝑛2−1

𝑛2+2
) (

2𝜋

𝜆
)

4

(
𝑑

2
)

6

  (2.7) 

where I0 is the intensity of the incident beam, θ is the scattering angle, n is the refractive index, 

λ is the wavelength, and d is the diameter of the scatterer. Equation 2.7 shows that light 

scattering intensity is highly dependent on the sizes of the particle, which means small quantity 

of bigger particles could have greater influence for the light scattering behavior. For example, 

when 10 weight % of spherical particles form aggregates of twice the hydrodynamic radius, 

the signal could increase by a factor of two. Since a degraded or contaminated sample normally 

appear as polydisperse while a pristine sample normally appear as monodisperse, light 

scattering intensity can be an additional insurance for quality control of samples besides size 

distribution.  
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 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) utilizes the spatially resolved electron 

transmission to map the morphology of particles at high resolution (detection limit < 1 nm). 

As the name suggests, an “electrograph” is taken via transmitting an electron beam through 

the sample, and an image of intersection between the electron beam and the sample is recorded. 

For biological samples in this work, sample preparation involves the hydrophilization (via 

glow discharge surface treatment) of the carbon-coated copper grids that supports the sample, 

and negative staining to increase the image contrast for the sample. Biomolecules are often 

stored in solutions containing a significant amount of salt to buffer the pH or control the ionic 

strength. These salt components may crystalize on the sample and interfere with imaging, so 

DI water cleaning is often used to eliminate the salt. Due to the water solubility of the sample, 

glow discharge hydrophilization is often performed on the carbon-coated grids to enhance the 

adhesion between the grid and the biological samples, so more sample could be retained during 

rinsing. TEM contrast relies on the difference of electron density between the analyte particle 

and the carbon-coated grid. Negative staining fills the gaps between particles with a high 

electron density species such as uranyl acetate, which makes the actual sample area much more 

transmissive to the electron beam, and thus increases image contrast. 
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 pH titration 

pH titration is among the most commonly used methods in wet chemistry, where the 

macroscopic proton dissociation constants (pKa values) of a molecule can be conveniently 

determined, often providing information about the thermodynamics and reactivity of a 

molecule. In a pH titration experiment, the analyte solution is adjusted to a pH that is above or 

below the protonation states of interest, and the pH will be either increased via adding base or 

decreased via adding acid to scan through the protonation states. As can be seen in Figure 2.5, 

the pKa values of a molecule are determined by the locations of the “end points” that indicate 

the pH where the protonation or deprotonation of certain moiety is complete, so that the change 

in system pH is no longer buffered by the analyte. Although the measured result is the 

macroscopic proton dissociation behavior of the whole analyte solution, one can often infer 

microscopic contributors to proton dissociation behavior via careful control experiments with 

internal standards, or simply with common chemical sense as demonstrated in Figure 2.5 

(carboxyl groups always show lower pKa values than amino groups). 
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Figure 2.5. The titration curve of glycine. 

 

A main limitation of pH titration in biophysical studies is the requirement of scanning pH. 

For acid titration, to increase one unit of pH, an order of magnitude of acid would need to be 

added to the analyte solution, and a similar amount of analyte molecules, on the order of the 

added acid molecules are needed to provide enough buffering. This characteristic of pH 

titration limits its resolution near the bookends of the pH scale, where the amount of analyte 

required often exceeds their solubilities. Moreover, for scarce biomolecules, this method is 

often limited near neutral pH since probing too high or too low of pH range would require an 

unreasonable amount of analyte, and the added titrant may greatly alter the chemical 

environment, and hence the behavior of biomolecules. 
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Chapter 3 

Voltammetry of Freely Diffusing Charged Amino Acids 

and Charged Amino Acid Residues in Peptides 

3.1 Overview 

This chapter aims to demonstrate electrochemical deprotonation of charged amino acid 

residues in simple biological molecules as well as their impact for studying the 

thermodynamics of amino acid residues in more complex peptides. Cyclic voltammetry was 

first performed on histidine and glycine to demonstrate that dissociable protons in molecular 

moieties enables electrochemical reduction activities of amino acids, and that the 

electrochemical reduction of specific molecular moieties in amino acid can be resolved. More 

sensitive differential pulse voltammetry was performed on charged amino acids, molecular 

analogues of lysine, and peptides with charged amino acids residues to further resolve the 

relation between redox potentials and pKa values of molecular moieties in amino acid residues. 

The redox potentials of different protonatable groups in charged amino acids and peptide 

residues were found to correlate well with their respective pKa values, as predicted in theory 

and previous reports [ref]. Moreover, DPV proves to be highly sensitive to the chemical 

environment surrounding these protonatable molecular moieties and can be effectively used as 

a proxy for pKa value when pH titration is challenging. 
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3.2 Introduction and Background 

For peptides and proteins, the dynamics associated with function, conformation, and 

assembly is often controlled by their sequence and/or the charge state of their amino acid 

residues. The latter is critically influenced by system pH, and how it compares with the pKa 

values (i.e., proton dissociation equilibrium) of different chemical moieties in these amino 

acids 1 (e.g., plant aquaporin2, firefly luciferase3, viral hemagglutinin4, and reflectin5). Titration 

of a biomolecule usually requires (1) stability over a wide range of pH values, and (2) that the 

pKa value of the protonation site of interest be well separated from the isoelectric point (pI) or 

the pKa values of other protonation sites that can also affect its structure or functions. 

Alternative methods are therefore needed to study structural dynamics associated with proton 

dissociation equilibria in peptides and proteins. 

Previous work has shown that platinum can catalyze electrochemical reduction of 

dissociable protons in a variety of molecules6–8, where the redox potential is correlated to the 

pKa value of the proton-hosting chemical moiety via 1,8: 

𝑬𝟎 = 𝑬𝒑𝒓𝒐𝒕𝒐𝒏 𝒓𝒆𝒅𝒐𝒙 −
𝑹𝑻

𝟐.𝟑𝟎𝟑𝑭
∗ 𝒑𝑲𝒂 =  𝑬𝒑𝒓𝒐𝒕𝒐𝒏 𝒓𝒆𝒅𝒐𝒙 − (

𝟓𝟗 𝒎𝑽

𝒑𝑲𝒂
) ∗ 𝒑𝑲𝒂 @ 𝟐𝟗𝟖 𝑲   (3.1) 

Here, 𝐸0 represents the redox potential of the dissociable proton populates in the amino 

acid molecular moiety, Eproton redox represents the redox potential of a hydroium, R is the gas 

constant, T is the temperature, and F is the Faraday constant; a slope of -59 mV /pKa unit is 

expected at 298 K for a one electron process. This correlation should be applicable to 

dissociable protons in freely diffusing charged amino acids, and potentially extendable to 

charged amino acid residues in peptides and proteins. If indeed the latter is true, 

electrochemistry would allow one to probe local chemical environments in peptides or 
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proteins, as well as provide ways to actively trigger protonation-related, dynamic processes in 

biological molecules6. 

3.3 Methods 

3.3.1 Cyclic and Differential Voltammetry 

Electrochemical measurements were done in a three-electrode configuration (working 

electrode: Pt disk; counter electrode: Pt wire; reference electrode: fritted Ag/AgCl in 1M 

KCl(aq) or saturated calomel electrode (SCE); and an Autolab M204 electrochemical 

workstation. The Pt disk working electrode (RPt = 1.5 mm) was polished three times (2 min 

each) using 1 µm, 0.25 µm, and then 0.05 µm MetaDiTM polycrystalline diamond suspension 

(Buehler, Lake Bluff, IL, USA) on a microcloth polishing pad. The polished working electrode 

was then sonicated in water for 2 min. CV measurements were done at a scan rate of 100 mV/s. 

DPV measurements were done with a potential step size of 5 mV, pulse height of 10 mV, pulse 

duration of 50 ms, and interval time of 0.5 s. 
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3.4 Results and Discussion 

3.4.1 Protonation Dependent Redox Behavior of Histidine and Glycine 

Proton-coupled electron transfer (PCET) is a one proton, one electron process 9,10, hence 

electrochemical reduction driven by PCET depends on the protonation state of a molecule. The 

nature of electrochemical reduction of charged amino acids was first demonstrated via cyclic 

voltammetry (CV) with a Pt electrode performed on freely diffusing histidine (His) and glycine 

(Gly) in 100 mM KCl supporting electrolyte, in the presence and absence of 10 mM perchloric 

acid (Figure 3.1). The reason we chose platinum stems from the material’s “well-documented” 

electrocatalytic ability to reduce protons11. When no perchloric acid was added, one redox 

wave appeared between -300 to -900 mV vs. SCE (saturated calomel electrode) in the CVs of 

both Gly (black) and His (blue) in Figure 3.1a. Under such conditions, the terminal amine12 

(pKa ~ 9 – 10, also see appendix) is the only possible protonated chemical moiety in both His 

and Gly. Thus, the redox waves between -750 to -900 mV (designated in the light blue region) 

were assigned to the direct electrochemical deprotonation of the terminal primary amine 

(NH3
+). When perchloric acid was mixed with His at a 1:1 molar ratio, two redox waves 

appeared between -300 to -900 mV (Fig. 1a, red). The dissociated proton from perchloric acid 

populates the imidazole ring of the His side chain and forms imidazolium (NH+) due to the ~ 

6.5 pKa of His. As such, the redox waves between -500 to -750 mV (light red region) were 

assigned to direct electrochemical deprotonation of the imidazolium side chain of histidine. 

Further addition of perchloric acid (2:1 ratio of HClO4:His) produced three redox waves 

(Figure 3.1a, yellow). Under this condition, both weakly acidic molecular moieties - the 

terminal amines and the imidazolium of His - are fully protonated. Thus, the redox waves 

between -300 to -500 mV (yellow region) can be assigned to direct electrochemical reduction 
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of hydronium (H3O
+) on the Pt surface11. Overall, these voltammograms demonstrate the 

selective reduction of protons on different chemical moieties in amino acids via 

electrochemistry. Moreover, the voltammetric approach offers an analytic route to probe and 

distinguish chemical moieties both with and without titratable side chains. 

 

 

Figure 3.1. Site-specific electrochemical titration of amino acids histidine (His) and glycine 

(Gly). (a) Cyclic voltammograms of His and Gly in 100 mM KCl as a supporting electrolyte, 

with and without 10 mM perchloric acid (curves offset for clarity). Negative current peaks seen 

in the voltammograms between -300 to -900 mV vs. SCE correspond to reduction of 

hydronium (yellow), the ring imidazolium (NH+, red), and the terminal amine (NH3
+, blue), as 

shown in (b). (b) Molecular structures of His+ (protonated His under acidic conditions) and 

Gly, with imidazolium and terminal amine protonation sites colored in red and blue, 

respectively. 
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3.4.2 Redox activity of charged amino acids at a Pt Surface 

Investigation of direct electrochemical deprotonation on a platinum electrode surface was 

further extended to all the charged amino acids. Differential pulse voltammetry (DPV) was 

used as the main voltammetric method onward because it eliminates any irrelevant capacitive 

features, thus increasing the signal-to-noise ratio from Faradaic processes such as proton 

reduction. The successful electroreduction of 5 mM freely diffusing amino acids (Gly, Asp, 

Glu, His, and Lys) in acidic solution (pH 3) is shown in Figure 3.2. Two redox features appear 

for the blank solution (pH 3, 40 mM NaCl, dotted curves) that are associated with hydronium 

reduction (-0.42 V vs. Ag/AgCl 11) and water electrolysis (onset at -0.8 V 11). For all amino 

acids measured, the voltammograms reflected additional reduction waves (Figure 3.2, gold 

traces) that do not exist in the control experiments, indicating the ability to reduce them directly 

at the Pt electrode surface. The pure voltammetric signal was deconvoluted by subtracting the 

control experiment from each analyte voltammogram, resulting in baseline subtracted current-

voltage plots (blue traces). Without exception, all amine acids show a common redox peak 

near -0.8 V that is clearly distinguishable from the onset of water electrolysis; using the DPV 

of glycine as a reference that does not have a charged side chain, our interpretation is that this 

redox peak represents electro-reduction of the -amine proton (green arrow and green circles 

on chemical structures). Other redox features near -0.5 V are seen for Asp and Glu, 

corresponding to the carboxylic group, which are also distinguishable from hydronium 

reduction (red arrows and circles on chemical structures). We note here that the pKa values of 

the carboxylic groups are higher than the solution pH, and a clear trend between shifts in the 

formal reduction potential and pKa value of the carboxylic group is seen. In the case of His, 

an additional peak at ~-0.6 V is interpreted as direct reduction of the imidazolium carrying side 
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chain (purple arrows and circles on chemical structures). Indeed, reported values for the His 

pKa lie between those of the carboxylic acid and amine groups. Lastly, in the case of Lys, the 

reduction wave around -0.8 V is broadened and exhibits a negative-tailing peak near -0.85 V, 

which is further investigated in the next section (blue *). 

 

Figure 3.2. Direct, electrochemical reduction of charged amino acids on a platinum electrode 

demonstrated with distinct redox features of freely diffusing amino acids; differential pulse 

voltammograms and the corresponding molecular structures of amino acids glycine, aspartic 

acid, glutamic acid, histidine, and lysine. The blue curve for each amino acid is the 

deconvoluted voltammogram after subtracting the DPV without analyte (i.e., blank, dotted 

black) from the DPV with 5 mM of analyte (gold). All experiments were done in 40 mM NaCl 

aqueous solution at pH 3. Protonated molecular moieties alongside their pKa values are shaded 

in the same color as the arrows indicating the redox waves assigned to their respective 

electrochemical deprotonation.  
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Overall, Figure 3.2 clearly demonstrates that specific proton-containing chemical moieties 

within different charged amino acids can be reduced at distinct electrochemical potentials and 

that deconvolution of DPV scans allows one to identify and assign specific redox wave features 

to specific molecular moieties (e.g., α- and ε-amine, imidazolium, and COOH groups). The 

outstanding resolution and broad pKa range points to the generality of this method, with 

arginine being the only exception since the sidechain’s pKa of  ~ 12.5 causes the potential to 

shift to such negative values that is masked by the kinetically limited water electrolysis that 

becomes dominant near – 1 V (Figure 3.3). In addition, small differences in redox feature 

potential for the same molecular moiety can give insight into how the nearby chemical 

environment modifies the molecular moiety’s pKa value (cf. Figure 1 locations of the ε-amino 

proton). 

 

Figure 3.3. Voltammograms demonstrating different redox behaviors of amino acids with 

redox active sidechain moiety (Lysine) and without redox active (Glycine, Arginine) sidechain 

moieties. 



 

 33 

3.4.3 DPV Study of Lysine and Its Analogues 

To demonstrate the utility and generality of electrochemistry to probe proton dissociation 

equilibria of molecular moieties, DPV was performed on freely diffusing lysine analogs, 

namely hexylamine and 6-aminocaproic acid, as well as N-acetylated lysine derivatives that 

encompass the basic amine group (Figure 3.4). Comparing the DPVs of lysine, hexylamine 

and 6-aminocaproic acid reveals that the -0.85 V tailing feature of lysine (blue *) is due to 

direct deprotonation of the -amine group on all three molecules. This assignment (vs. the 

feature potentially being due to the a-amine proton) was verified via selective acetylation of 

lysine at the - or -amino groups. Acetylation will significantly lower the basicity of an amino 

group13, and thus should eliminate the redox wave from -NH3
+ deprotonation. Indeed, N--

acetyl-lysine showed similar redox behavior as 6-aminocaproic acid, which confirmed the 

validity of using 6-aminocaproic acid and hexylamine as analogs for lysine. In addition, 

carboxylic acid deprotonation showed the same trend observed before, namely that higher pKa 

results in more negative formal reduction potential. Comparing -acetylated lysine with lysine 

shows that the redox wave of N--acetyl-lysine near -0.8 V is more symmetric, while the redox 

wave of lysine near –0.8 V was “skewed” toward more negative voltages as a result of 

additional current from the presence of -NH3
+. These results indicate that the -amino group 

is redox-active, and the redox events of the two amino groups in lysine are electrochemically 

separable and can be resolved thermodynamically, even when the amino acids contain 

relatively high pKa values, as in the case of Lys. 
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Figure 3.4. Voltammograms and molecular structures of lysine analogs (hexylamine and 6-

aminocaproic acid), acetylated lysines, and lysine show that differential pulse electrochemistry 

can resolve reduction potentials of freely diffusing amino acid residues. The blue curve for 

each amino acid is the residual signal after subtracting the DPV without analyte (i.e., blank, 

dotted black) from the DPV with 5 mM of analyte (gold). All experiments were done in 40 

mM NaCl aqueous solution at pH 3. Protonated molecular moieties are shaded in the same 

color as the arrows indicating the redox waves assigned to their respective electrochemical 

deprotonation. 
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3.4.4 Correlation of E1/2 with pKa value 

The aforementioned studies suggest that a correlation between the redox potential for 

proton electro-reduction and pKa of different molecular groups may exist, and moreover, that 

the DPV redox potential might be used as a novel analytical predictor of pKa values of amino 

acids (cf. Eqn. 1). Figure 3.5 indeed shows that this is the case, where all the observed formal 

redox potentials of various groups (e.g., COOH, -NH3
+, -NH3

+, and imidazolium) in 

different analytes are plotted against their pKa values determined from pH titration (see 

Supplementary Information). The linear, negative correlation between pKa values and redox 

potentials in Figure 3.5 is consistent with the prediction of Eqn. 1. Moreover, the experimental 

slope of – 49.8 ± 0.12 mV / pKa unit is close to the theoretical 59 mV slope predicted from 

Eqn. 3.1. These values represent an equal amount of electrons and protons transferred to the 

electrode from the amino acid, and most likely reflect a single proton-single electron reduction 

in our case. Remarkably, amino acids residues all align on a single curve spanning pKa values 

of 3-11. Extrapolation of the fitted line to the y-axis produces yields of -310 mV vs Ag/AgCl, 

which is in line with the standard reduction potential of hydronium on Pt surface1.  
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Figure 3.5. Correlation between electrochemically measured E1/2 and pKa for a variety of 

deprotonable groups in different free amino acids. Each data point is labeled with the name of 

its parent molecule; different colors and shapes refer to their corresponding molecular moieties. 

Data points of molecular moieties in an amino acid sidechain are denoted with “(S)” in the 

label. The regression line is 𝐸1/2 = −306 𝑚𝑉 − 49.8 ± 0.12 (
𝑚𝑉

𝑝𝐾𝑎
)  𝑝𝐾𝑎 @ 298 𝐾. 

 

Next, the biochemical scope was extended to demonstrate that the electrochemical method 

provided here can be extended to study more complex biomolecules such as peptides.  H-

Glycine-Glycine-Glycine-OH (Gly-Gly-Gly), H-Glycine-Lysine-Glycine-OH (Gly-Lys-Gly), 

and H-Glycine-Histidine-Lysine-OH (Gly-His-Lys) tripeptides were measured with 

differential pulse voltammetry at pH 3, and the peak potentials of the redox waves were 

compared with the pKa values of their corresponding chemical moieties determined by titration 

(See appendix). We specifically chose peptides that deviate from one another by a single 

charged amino acid to examine the sensitivity of our method. The comparison among all 
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tripeptides is shown in Figure 3.6; colored upward arrows represent where the predicted DPV 

redox potentials of the different chemical moieties (shaded areas on chemical structures) in the 

tripeptides should occur using the correlation in Figure 3.5. At pH 3, the Henderson-

Hasselbach equation predicts that the amino, imidazolyl, and carboxyl groups can be 

protonated. For all three tripeptides, the blank subtracted DPV scans show clear redox features 

that align well with the predicted formal reduction potentials based on pKa values and Fig. 3. 

Although the redox wave of the amino group of lysine in Gly-Lys-Gly did not show a 

maximum, a higher potential “shoulder” can be seen, which is consistent with the results in 

Figure 3.2 and Figure 3.4. No clear redox feature of the ε-amino group in the lysine residue of 

Gly-His-Lys was observed at the predicted redox potential, which might be a result of the 

overlap between the redox waves of the ε-amino and N-term groups, as seen for free Lys (cf. 

Figure 3.4). The results demonstrate that electrochemistry can provide convenient estimations 

of pKa values for molecular moieties of charged amino acid residues in tripeptides, and could 

potentially be expanded to analyze more complex and larger peptides.  
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Figure 3.6. DPVs and molecular structures of Gly-Gly-Gly, Gly-Lys-Gly, and Gly-His-Lys 

tripeptides. Colored arrows in the DPV panel indicate the redox potentials predicted by 

inserting the pKa values of each molecular moiety (colored shading) into the correlation shown 

in Figure 3.5. 

 

3.4.5 Redox Reactivity of ε-amino Groups in Poly-lysine Decamer 

Differential pulse voltammetry was also performed on polylysine decamer (Lys10) to 

demonstrate the detection and site-selective electroreduction chemical moieties of residues in 

larger peptides. As shown in Figure 3.7, three redox waves appeared in the deconvolved DPV 

of Lys10. The redox wave near -0.45 V is thus assigned to hydronium reduction, and the redox 

features between -0.6 and -0.9 V are attibuted to direct electroreduction of molecular moieties 

in Lys10. The blank subtracted DPV of Lys10 shows two separate redox waves (i.e., -0.6 to -

0.75 V and -0.65 to -0.9 V) that, according to the correlation in Figure 3.5, lie in the potential 
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region of amino groups, and correspond to pKa values of 7.3 and 10.0, respectively. This 

clearly indicated that voltammetry could be used to resolve protonated molecular moieties of 

identical molecular structures in biological macromolecules just like the case in amino acids 

(Figure 3.2 and Figure 3.4). 

 

Figure 3.7. Deconvolved DPV of Lys10 demonstrating the electrochemical reduction of 

protons in molecular moieties of Lys10 at Pt surface.  

 

Since the electrochemical deprotonation of an amino group is a one electron process, the 

area ratio of the two redox waves can be used to estimate the average number of amino groups 

that can be electroreduced when Lys10 interacts with the electrode surface. Given this 

backdrop, the current contribution from individual type of molecular moieties was resolved via 

fitting the waves with gaussian function (Figure 3.8a). The smaller current, -0.6 to -0.75 V 

redox wave (green) can be associated with the reduction of the peptide N-terminus, while the 

larger current, -0.65 to -0.9 V wave is due to the reduction of the more prominent ε-amino 
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groups in the lysine residues. Although the lysine amino group to peptide N-terminus ratio is 

10 in Lys10, the observed current ratio of their electroreduction peaks is ~5. The latter likely 

indicates that there is a finite electrochemical cross-section between Lys10 and the electrode 

surface that allows only partial deprotonation, and moreover that the partially deprotonated 

peptide may undergo a structural change, e.g., random coil to -helix, preventing further 

electroreduction. The case of Lys10 supports our observation in Figure 3.6 that the correlation 

in Figure 3.5 can be used to quantify pKa values in a complex peptide, and demonstrates that 

DPV can be used as an alternative for standard chemical titration, where the latter can be 

problematic or inconclusive when multiple chemical moieties are present and at high pH (see 

Figure 3.8(b)). In addition, the ability to resolve the relative ratio of charges transferred from 

different electrochemically titratable groups may provide further insight into the 

thermodynamics and/or accessibility of charged groups in more complex proteins. 
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Figure 3.8. (a) DPV of polylysine decamer (Lys10) and the deconvolution of redox features 

corresponding to the peptide N-terminus or ε-NH3
+. (b) pH titration for Lys10. Due to the low 

curvature in the plateau region, the pKa was estimated as the pH value where local minimum 

of d(pH) / d([OH-]) appeared.  
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3.5 Summary 

Voltammetric methods clearly demonstrated the possibility of using electrochemistry to 

differentiate and selectively reduce specific dissociable protons in molecular moieties of 

simple biomolecules as well as more complex polypeptides such as polylysine. Deconvolution 

of differential pulse voltammetry was shown to be an effective strategy for isolating 

electrochemical signals of dissociable protons in molecular moieties of amino acids from the 

background contributed by platinum catalyzed hydrogen evolution. A linear correlation was 

found between pKa values and redox potentials of molecular moieties in amino acids as well 

as amino acid residues in peptides. In the case of polylysine, electrochemistry was able to 

resolve two types of amino groups: the N-terminus and sidechains bearing exactly the same 

molecular structure but experiencing different chemical environments. This discovery 

demonstrated the possibility of using electrochemically determined pKa values of dissociable 

protons as a proxy for evaluating local chemical environments in biomolecules. Moreover, 

site-selective, electrochemical reduction of dissociable protons in biomolecules enables the 

possibility of using electrochemistry to modify protonation level of biomolecules, which in 

turn could impact the conformation and/or assembly of biomolecules governed by coulombic 

interactions.  
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3.6 Supplementary Information: Titration of Amino Acids and Tripeptides 

Acid-base titration experiments were done by monitoring pH while gradually adding 2.5 

M KOH in 100 mM of pH 1.5 analyte solution. The pH of the analyte solution was adjusted 

with perchloric acid. pH was monitored with a pH meter (Fisher Scientific, Accumet Basic 

150). For consistency, pKa values were determined as the pH value where minimums of the 

first derivative of a titration curve were shown. The pKa values for some relatively acidic 

carboxyl groups of the C-terminus were assigned as the onset of the rises in their corresponding 

parts of titration curves. 

 

Figure 3.9. Titration curve of glycine. 
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Figure 3.10. Titration curves of aspartic acid and glutamic acid. 

 

Figure 11. Titration curves of histidine and lysine 
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Figure 12. Titration curves of hexylamine and 6-aminocaproic acid. 

 

Figure 13. Titration curves of N-ε-acetyl-lysine and N-α-acetyl-lysine. 
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Figure 3.14. Titration curve of Gly-Gly-Gly 

 

Figure 3.15. pH titration curve of Gly-Lys-Gly 
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Figure 3.16. Titration curve of Gly-His-Lys 
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Chapter 4 

Electrochemically Driven Coil-to-Helix Transition of Polylysine 

 Overview 

In Chapter 3, various voltammetry results revealed the redox activity of dissociable protons 

in freely diffusing amino acid and amino acid residues in proteins or peptides, and the linear 

correlation between the redox potential of dissociable protons and pKa value of the proton-

hosting molecular moiety. This discovery shed light on the possibility of using 

electrochemistry as a universal switching mechanism for protonation of sensitive biomolecular 

structures, which could greatly expand the design space for biomaterials and allow 

investigation of intrinsically disordered biomolecular systems that do not possess steady states. 

In this Chapter, electrochemical investigations were expanded to perform site-selective 

deprotonation of polylysine sidechains to study the impact of electrochemical proton reduction 

on the conformation of peptides. In the three parts of the investigation, the redox 

electrochemistry of dissociable protons in polylysine was first investigated to resolve the 

correlation between structure and electrochemical reactivity of a biological macromolecule. 

Then, the conformation transition of electrochemically triggered polylysine was investigated 

via in situ circular dichroism and absorbance. Finally, to further resolve the mechanism of the 

electrochemically triggered transition of polylysine conformation, a novel, fully deuterated 

electrochemical system was devised to extend the parameter space beyond that conventionally 

accessible in aqueous systems. 
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 Coil-to-helix Transition of Polylysine 

Proteins or peptides derive amazing complexity and flexibility from a simple architecture 

constituted by only 21 amino acids. The collection and arrangement of the amino acids form 

the primary structure, which dictates the inter- or intramolecular interactions of proteins or 

peptides to manifest various dynamic structures and functions[1]. Though current technologies 

can readily synthesize peptides or proteins of specific primary structures, the lack of 

understanding towards the relation between their primary structure and hierarchical assembly 

prohibits the development of de novo proteins or peptides with designed functions[2]. The 

challenges in resolving the relation between a primary structure and the resulting hierarchical 

assembly stem from the coupled inter- and intramolecular interactions happening at various 

length scales, and the dynamic nature of these interactions usually prevent the isolation of 

structural intermediates[3–9]. 

Many efforts have focused on studying the relation between primary and secondary 

structures of simple peptides composed of single or a few distinct amino acids as simplified 

model systems for complex natural proteins[10–18]. Among the simple peptides, polylysine 

shows excellent chemical stability across a wide range of pH and salt concentration, which has 

allowed discovery of several distinct secondary structure states[10,12,15].  As illustrated in Figure 

4.1, when the sidechains of polylysine are charged via protonation, the Coulombic repulsion 

between positive charges in the sidechains promotes the extension of the protein backbone and 

results in a random coil conformation. When the sidechains of polylysine are neutral, the 

hydrophobic interaction between the aliphatic sidechains and polar aqueous environment 

induces the folding into the more compact α-helix conformation, which can further rearrange 

and assemble into β-sheets when heated to 52 oC[15]. The existence of states of various solution-
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dispersed secondary structures makes polylysine an ideal standard of spectroscopic features 

for secondary structures of peptides and proteins, which has gained successful quantitative 

resolution in spectroscopic studies [10,13,15,19–21]. 

 

Figure 4.1. Illustration of pH-dependent conformation transition of polylysine from random 

coil to α-helix. 

 

The work introduced in the following sections sought to resolve the impact of site-selective 

electrochemical proton reduction on a peptide adopting different protonation-dependent 

conformations. Polylysine was chosen as the model system in this study due to its unique 

protonation-sensitive conformation transition, and the high pKa value of the lysine sidechain. 

As shown in Chapter 3, the higher pKa value of a molecular moiety implies higher 

electrochemical potential to drive its deprotonation, and hence may be subject to more side 

reactions coming from the solution environment. If electrochemistry can drive deprotonation 

of the lysine residues and trigger structural transition in polylysine, other sidechain moieties of 
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the other charged amino acids or synthetic amino acids residues with lower pKa values may 

also be electrochemically deprotonated to manifest structural transitions. Novel approaches 

combining electrochemistry, far-UV spectroscopy, and the deuterium isotope effect were used 

to characterize the behavior of electrochemically triggered conformation transition of 

polylysine. This work, detailed in the following sections, demonstrates that unprecedented 

electrochemical control of biomolecular conformation is possible, which suggests that 

electrochemistry can be a way to interface electronics and biomolecular systems, as well as 

activate transitions of biomolecular structures or conformations that cannot be access 

otherwise. 

 Methods 

4.3.1 Materials and sample preparation 

Lysine hydrochloride was purchased from Sigma Aldrich and poly(L-lysine 

hydrochloride) of different molecular weights (Lys10, MW 3300; Lys20, MW 1600; Lys50, MW 

8200) were purchased from Alamanda Polymers. Aqueous solutions of 100 mM NaClO4 

(MERCK KGaA, sodium perchlorate anhydrous) were prepared with di-ionized water or 

deuterated water (D, 99.9% Cambridge Isotope Laboratories, Inc). Perchloric acid (70% 

Fischer chemicals) was added to adjust the pH/pD of the solutions to 3. KOH and NaOD 

(Sigma Aldrich, 40 wt%. in D2O, 99.5 atom % D) were used to adjust the pH/pD of the 

solutions to 10 and above. Polylysine was solubilized in aqueous solutions and sonicated for 

10 minutes before use.  
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4.3.2 Differential Pulse Voltammetry measurements  

Electrochemical measurements were conducted with a three-electrode configuration 

(working electrode: Pt disk; counter electrode: Pt mesh; reference electrode: fritted Ag/AgCl 

in 1M KCl(aq)) and an Autolab M204 electrochemical workstation. The Pt disk working 

electrode (RPt = 1.5 mm) was polished three times (2 minutes each) using 3 µm, 1 µm, 0.25 

µm, and 0.05 µm MetaDiTM polycrystalline diamond suspension (Buehler, Lake Bluff, IL, 

USA) on a microcloth polishing pad. Afterwards, the polished working electrode was sonicated 

in water for 2 min. The working electrode was polished between each experiment using 0.25 

µm, and 0.05 µm polishing pads, followed by 2 minutes of sonication. DPV measurements 

were performed with a potential step size of 5 mV, pulse height of 10 mV, pulse duration of 

200 ms, and interval time of 0.5 s. 

4.3.3 in-situ Circular Dichroism (CD) and absorbance measurements  

Circular dichroism (CD) spectra were measured using a Jasco J-1500 spectropolarimeter 

with constant N2 flushing (Jasco Inc., Easton, MD.) The spectra were measured by using a 

temperature-controlled (25oC) 0.2 cm path length. The ellipticity, high voltage and absorbance 

were monitored in parallel.  

To perform an in situ CD measurement, a Gamry electrochemical workstation was used 

for chronoamperometry experiments, with absorbance, high voltage, and ellipticity monitored 

simultaneously. The CD spectra were recorded between 195 nm and 225 nm with a spectral 

bandwidth of 1 nm. Throughout the whole experiment, the concentrations of the polylysine 

solutions were 24 μM, 60 μM and 120 μM for Lys50, Lys20 and Lys10, respectively.  
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 Result and Discussion 

4.4.1 Voltammetry of Lys10, Lys20, and Lys50 

Differential pulse voltammetry was first performed on polylysine having different chain 

lengths in 100 mM NaClO4 at pH 3 to resolve the redox features of dissociable protons in 

sidechain amino groups. This solution condition was chosen to ensure full protonation of all 

molecular moieties in polylysine, sufficient solution conductivity for electrochemistry, and low 

background absorbance for far-UV spectroscopies. As demonstrated in the previous chapter, 

differential pulse voltammograms (DPVs) can be further deconvolved via subtracting the blank 

scan from the analyte scan to eliminate the redox signals of irrelevant redox active species in 

the solution (Figure 4.2). In Figure 4.2, the blank DPV (black dotted curve) clearly shows the 

contribution of water electrolysis from – 0.8 V to more negative potentials, and the subtraction 

of the blank from the DPV of polylysine multimers (Lys10,20,50) results in two distinct redox 

waves. Since amino and carboxyl groups are the only protonatable molecular moieties in 

polylysine (see structure in Figure 4.2), both redox waves are assigned to NH3
+ according to 

the linear correlation found in Chapter 3. As the chain length increases, the relative redox 

current from dissociable protons in the sidechain amino groups also increases, which suggests 

that the smaller redox wave between – 0.6 V and – 0.75 V corresponds to NH3
+ of N-terminus, 

while the larger redox wave between – 0.7 V and – 0.9 V corresponds to the amino groups in 

the sidechain of lysine residues. 
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Figure 4.2. (a) Differential pulse voltammograms of 100 mM NaClO4 at pH 3 without (black 

dotted curve) and with (orange solid curve) 5 mM Lys10 (top panel), 2 mM Lys20 (middle panel) 

and 2 mM Lys50 (bottom panel). The blue curve was obtained via subtracting the black dotted 

curve from the orange solid curve. The colored arrows on the figures indicate the 

corresponding molecular moieties in (b) with the same color code. (b) Molecular structure of 

polylysine with n repeating units. 

 

Interestingly, unlike the relative differential current showing chain length-dependence, 

peak potentials and widths of the sidechain redox waves are similar. Since the redox potential 

of dissociable protons is a proxy of the pKa value of the proton hosting molecular moiety in a 

peptide (Chapter 3), similar redox potentials indicate comparable pKa values among sidechain 

moieties within polylysine, regardless of the chain length. Since electrochemical kinetics is a 

function of potential for a sufficiently fast charge transfer process, this observation suggests 
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that the dependence of differential current on chain length may likely originate from electrode 

processes, i.e., interactions between the redox active species and the electrode surface. 

Moreover, the similar widths show that the distributions of local chemical environments in 

polylysine are similar, which facilitates the comparison of electrochemically triggered 

structural transition in polylysine of different chain lengths. 

As mentioned in Chapter 3, deprotonation of sidechains in amino acid residues is a one 

proton, one electron process, so the number of charges transferred in polylysine deprotonation 

represents the efficiency of sidechain deprotonation per contact between the electrode and the 

molecule, which can allow further resolution of the electrode process. The deprotonation 

efficiency was assessed via comparing normalized differential currents of Lys10, Lys20, and 

Lys50. The peak differential current (δipeak) can be described as [22]: 

𝛿𝑖𝑝𝑒𝑎𝑘 =  
𝑛𝐹𝐴√𝐷𝐶∗

√𝜋√𝜏−𝜏′
(

1−𝜎

1+𝜎
) = [𝑛 (

1−𝜎

1+𝜎
)] [

𝐹𝐴√𝐷𝐶∗

√𝜋√𝜏−𝜏′
] = 𝑓(𝑛) [

𝐹𝐴√𝐷𝐶∗

√𝜋√𝜏−𝜏′
]                (4.1) 

where n is the number of charges transferred per unit time, F is the Faraday constant, A is the 

electrode area, D is the mass diffusivity of the redox active species, C* is the concentration of 

the redox active species in the bulk, τ – τ’ is the duration of the pulse of electrochemical 

potential, σ = 𝑒𝑥𝑝(
𝑛𝐹

𝑅𝑇

∆𝐸

2
) , where ΔE is the pulse height applied in differential pulse 

voltammetry, and f(n) is the deprotonation efficiency function that includes all the terms related 

to number of charges transferred. Among the three measurements shown in Figure 4.2a, mass 

diffusivity (D), and concentration (C*) of the polylysines varied. To facilitate comparison, only 

the ratio of differential current based on Lys10 was considered. According to equation 4.1, the 

ratios of differential currents can be expressed as: 

𝛿𝑖𝑝𝑒𝑎𝑘,𝐿𝑦𝑠𝑁

𝛿𝑖𝑝𝑒𝑎𝑘,𝐿𝑦𝑠10
=  [

𝑓(𝑛)𝐿𝑦𝑠𝑁

𝑓(𝑛)𝐿𝑦𝑠10

] [
𝐶∗

𝐿𝑦𝑠𝑁

𝐶∗
𝐿𝑦𝑠10

] [
𝐷𝐿𝑦𝑠𝑁

𝐷𝐿𝑦𝑠10

]

1

2
                (4.2) 
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Equation 4.2 is more convenient than Equation 4.1 because only the relative mass diffusivities 

of polylysines are required. The relative mass diffusivities of random coil polylysines at pH 3 

were estimated via considering the random walk distance of a coiled polymer[23]. The mass 

diffusivity of a particle relates to its hydrodynamic radius (Rh) via the Stokes-Einstein relation: 

  𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝑠𝐷
                (4.3) 

where k is Boltzmann constant, T is temperature, and 𝜂𝑠  is viscosity of the solution. 

Meanwhile, Rh of a coiled polymer such as polylysine at pH 3 is proportional to the random 

walk distance of the polymer chain, <R2>1/2  [24]: 

<R2>1/2 = N1/2l = Rh * constant               (4.4) 

where N is the number of monomers in a polymer and l is the length of a monomer. By 

combining Equations 4.3 and 4.4, one can derive a relation between mass diffusivity and chain 

length of polylysine at constant temperature as: 

D = constant * 
1

√𝑁
                (4.5) 

Since δi is proportional to √𝐷 , the effect of D can be scaled via multiplying the molar 

differential current (Figure 4.3 blue) by √𝑁
4

, which is shown in Figure 4.3 (yellow). The trend 

indicates that as chain length increases, the deprotonation efficiency also goes up, which 

ultimately allowed similar levels of deprotonation in Lys10, Lys20, Lys50, regardless of their 

chain lengths. 
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Figure 4.3. The impact of chain length on charge transfer behavior of polylysine. The peak 

differential current values (v) of ε-NH3
+ (blue curve) are scaled by molarity and the δi value of 

ε-NH3
+ of Lys10. The contribution from the number of charges transferred to δi was further 

deconvolved via scaling the contribution of mass diffusivity to the data in blue curve (yellow 

curve) with Equation 4.5. 
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4.4.2 Conformational Transition of Electrochemically Deprotonated Polylysine 

To resolve the conformational transition of electrochemically deprotonated polylysine, in 

situ via circular dichroism (CD) and absorbance spectroscopies of polylysine were carried out 

under electrochemical biases. As shown in Figure 4.4a and b, a three-electrode system was 

integrated to an optical cuvette to allow the observation of biomolecular conformation during 

electrochemical deprotonation of polylysine. As shown in Figure 4.2, the redox wave 

representing electrochemical deprotonation of polylysine sidechains peaks at around – 850 

mV, so – 900 mV was chosen to test the structural conversion of polylysine. A – 900 mV bias 

successfully triggered structural transitions of Lys10, Lys20, and Lys50 (Figure 4.4c), where 

evolution of both ellipticity and absorbance spectra was observed. The initial CD spectra of 

the three polylysine molecules at t = 0 min (red traces in Figure 4.4c, top panels) are similar, 

indicating that all polylysine molecules started in a random coil conformation. As soon as – 

900 mV was applied,  polylysine reacted to electrochemical deprotonation, and significant 

shifts in ellipticity could be readily observed after 5 min of bias (green traces in Figure 4.4c, 

top panels). Comparing the three sizes of polylysines, the CD spectral features of Lys50 have 

clearly evolved from a single band near 200 nm, representing the extended-random coil 

conformation, to a doublet band between 205 nm an 225 nm, which is characteristic of the α-

helix conformation [13]. 
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Figure 4.4. (a) Illustration of the electrochemical cuvette and (b) photograph of the in situ 

circular dichroism (CD) and absorbance spectroscopy setup. (c) in situ CD spectra of Lys10 

μM, Lys20 μM, and 24 μM Lys50 in 100 mM NaClO4 at pH 3. The bias was removed after the 

34.4 min in the experiments, i.e., the system was put into an open circuit condition (OCP). 
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Comparison of CD spectra between electrochemically triggered and pH titrated polylysine 

revealed that α-helix formation occurs during electrochemical deprotonation. As shown in 

Figure 4.5, the pH titration indicated that the level conformational transition of Lys10 is 

different from Lys20 and Lys50, where only one dip was observed in the CD of Lys10 versus 

two dips for Lys20 and Lys50. The CD of helical polylysine between 200-225 nm originates 

from the coupling between peptide bonds due to the formation of the rigid helical structure, 

and the deviation between the dip at 190 nm versus 205 nm and 210 nm dictates the strength 

of coupling between peptide bonds, which can act as a proxy of the rigidity of a helical 

structure. The less rigid helical conformation of Lys10 is expected due to its short chain length. 

A helix turn requires 3.6 amino acid residues[14], which means there could only be 2 full helix 

turns in Lys10. Also, secondary structure conformers in a peptide have been known to 

dynamically equilibrate with each other, where the equilibrium favors random coil at the ends 

and helix in the middle[7]. The short chain length of Lys10 results in a higher volume ratio of 

terminals and lower volume ratio of helical turns with respect to the volume of a polylysine 

chain, which in turn yields a less rigid helical conformation for Lys10. 
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Figure 4.5. Comparison of CD spectra between electrically triggered (solid) and pH triggered 

(dashed) structural transition of polylysine. The non-triggered polylysine spectra (black) were 

measured in 100 mM NaClO4 at pH 3. For pH titration, pH was raised to 11.6 to deprotonate 

the sidechains[15]. For electrochemical deprotonation, the spectrum was measured from 

polylysine solution after – 0.9 V was applied for more than 35 min. Open circuit potential 

(OCP) means no bias was applied. 

 

Besides the non-ideal conformational transition of Lys10, differences still exist between 

electrochemically triggered Lys20 and Lys50. For both Lys20 and Lys50, pH titration showed 

sufficient conversion from random coil to α-helix, indicated by the two dips between 200 and 

225 nm. However, when – 0.9 V was applied, only Lys50 showed enough shift where the 

wavelength of dips in the electrochemically triggered CD spectrum overlapped the dips in the 

pH titration case. The different levels of electrochemical conversion between Lys20 and Lys50 

may come from the accessibility of solvent molecules to the helical structure in polylysine. As 

shown in Figure 4.4c, the initial (red) and post-electrochemical triggered (lavender) CD spectra 

of polylysine overlap, which indicates that the electrochemical transition of polylysine is fully 

reversible. The reverse process should involve a protonation step where solvent exposure of 
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the sidechains is pivotal. As has been discussed in Section 4.4.1, a polymer chain can be 

described as a random walk of a polymer with many rigid domains. Since these rigid domains 

can be an amino acid or a helical segment in a peptide[25], the observation in Figure 4.5 suggests 

that Lys50 may be long enough that the interchain interaction between helical domains creates 

a kinetic barrier for backward helix-to-coil transition, which has been reported in a theoretical 

study[26]. 
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4.4.3 Time-resolved Multivariate Analysis for Dynamic Structural Evolution of Polylysine 

The in situ CD in Figure 4.4c clearly demonstrated that electrochemistry can trigger the 

structural transition of polylysine and provide a way to probe intermediate conformations of a 

peptide. To better resolve the time dependence of polylysine ellipticity, the ellipticity of Lys50 

at 220 nm under three biases, i.e. – 0.9 V, – 0.85 V, and – 0.8 V, were measured as functions 

of time (Figure 4.6). Ellipticity was monitored at 220 nm to maximize the sensitivity of 

detection. Also, the shift in ellipticity (Δ|Ellipticity|) was used in the following analyses to 

facilitate comparison between results at different electrochemical potentials. 

 

Figure 4.6. Dynamic evolution of ellipticity (220 nm) of 24 μM Lys50 in 100 mM NaClO4 at 

pH 3, triggered by – 0.9 V (red), - 0.85 V (blue), and – 0.8 V (yellow). 
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As shown in Figure 4.6, electrochemically triggered Lys50 shows different CD trends with 

bias. DPV of Lys50 (Figure 4.2) showed that the differential current of dissociable proton 

reduction in polylysine sidechains increases as the applied electrochemical potential increases, 

which implies that applying higher potential increases the formation of α-helical structures in 

polylysine. When the bias was increased from – 0.8 V to – 0.9 V, the increasing rate and level 

of conversion conforms with the observation in DPV. Notably, polylysine triggered by - 0.85 

V and – 0.9 V showed similar kinetic behaviors where Δ|Ellipticity| increased drastically and 

was followed by a slow decay; whereas, polylysine triggered by – 0.8 V showed a slow rise 

before reaching a plateau at 45 min. The cut-off bias for electrochemically triggering 

polylysine was further investigated via comparing Δ|Ellipticity| of Lys50 triggered by – 0.8 V 

and – 0.75 V at 200 nm, where shifts in Δ|Ellipticity| are more sensitive (than 220 nm) in the 

beginning of the conformational transition and allows better resolution of subtle 

conformational shifts. As shown in Figure 4.7, - 0.75 V did not trigger a distinguishable 

conformational transition of Lys50, which indicates that the conformational transition in Figure 

4.6 may be driven by the pH gradient generated from water electrolysis, since the onset of 

water electrolysis is around – 0.8 V for the solution condition used in this series of experiments 

(black dotted curves in Figure 4.2a). 
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Figure 4.7. Dynamic evolution of ellipticity (220 nm) of 24 μM Lys50 in 100 mM NaClO4 at 

pH 3, triggered by – 0.8 V (yellow) and – 0.75 V (black). 
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4.4.4 Isotope Effect in Electrochemical Triggering of Deuterated Polylysine 

In the previous section, the electrochemical onset potential to trigger the Lys50 

conformational transition was shown to overlap with the onset potential for water electrolysis, 

indicating that the sidechain deprotonation of Lys50 may originate from OH- produced in water 

electrolysis. To unequivocally resolve the contribution of direct electrochemical deprotonation 

of Lys50 causing conformational transition, in situ CD was performed with Lys50 in a fully 

deuterated environment to expand the solvent window. Deuterium oxide (D2O) has been 

reported to have a wider solvent window than water (H2O) due to higher activation energy for 

breaking the O-D bond, larger solvation barrier in D2O, and lower ion product[27]. As shown 

in Figure 4.8, the onset of electrolysis for D2O is 40 mV more negative than H2O, which 

indicates that a deuterated system may help isolate the electrochemically triggered coil-to-helix 

transition of Lys50 from electrolysis of solvent. 
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Figure 4.8. Tafel plot for electrochemical splitting of water at pH 3 and deuterium oxide (D2O) 

at pD 3. Both solutions were supported by 100 mM NaClO4, and measured by the three 

electrode system specified in the Methods section. 

 

Figure 4.9 shows the deconvoluted DPVs of Lys50 in 100 mM NaClO4, H2O solution at pH 

3 or D2O solution at pD 3. The D3O
+ redox wave (Figure 4.9, bottom panel) appeared at the 

same potentials as H3O
+ in H2O (Figure 4.9, top panel), and the peak differential current of 

D3O
+ is lower than that of H3O

+ by a factor of 1.6, which indicates that the choice of solvent 

may impact the kinetics of H+ or D+ reduction, without impacting the charge transfer 

thermodynamics. Similar explanation may be applied to the similar onset potentials of the 

redox waves of deuterated and protonated Lys50 sidechain moieties, where the shifts were less 

than the expected 40 mV for the different solvent environment, as shown in Figure 4.8. 

However, the redox wave corresponding to deuterated Lys50 sidechains became wider and 

shifted to higher peak potential. Since D+ and H+ shares similar electrochemical 
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thermodynamics, the different redox potential of deuterated Lys50 sidechains may originate 

from the larger solvation barrier of D2O [27,28], which may further influence the electrochemical 

transition of Lys50 conformation. Most importantly, the more negative onset redox potential of 

D2O electrolysis in Figure 4.9 clearly showed that it is possible to isolate the redox events of 

Lys50 sidechain and trigger Lys50 conversion, while keeping D2O electrolysis at a minimum 

level. 
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Figure 4.9. DPV of 100 mM NaClO4, H2O solution at pH 3 (top panel) or D2O solution at pD 

3 (bottom panel) without (black dotted) and with (yellow solid) 2 mM Lys50. The blue solid 

curve was obtained via subtracting the black dotted curve from the yellow curve. 
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in situ CD was performed on Lys50 in D2O at – 0.9 V, - 0.85 V, and – 0.8 V, and 

Δ|Ellipticity| at 220 nm was monitored (Figure 4.10) to investigate the role of direct 

electroreduction in the conformation transition of polylysine. In contrast to Lys50 in H2O, 

where – 0.8 V barely triggered any conversion over 1 hour, deuterated Lys50 showed a 

distinctive rise of Δ|Ellipticity| at – 0.8 V within minutes, and the rise of Δ|Ellipticity| is 

comparable to the one of Lys50 in water at – 0.85 V. Since solvent electrolysis is less 

pronounced at – 0.8 V in D2O (Figure 4.9), the ability to trigger greater conformation transition 

of Lys50 at – 0.8 V in D2O clearly shows that a direct electrode process may be the main 

contributor to the conformation transition of Lys50. 

 

Figure 4.10. Dynamic evolution of ellipticity (220 nm) of 24 μM Lys50 in 100 mM NaClO4 in 

D2O at pD 3 triggered by – 0.9 V (red), - 0.85 V (blue), and – 0.8 V (yellow). 
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The more pronounced conformational transition of deuterated Lys50 was attributed to the 

slower reaction that back converts α-helix to random coil. Due to the lower differential current 

observed of deuterated Lys50 sidechains in DPV, the rate of electrochemical deprotonation of 

Lys50 sidechains is expected to be slower. Thus, the observed higher level of α-helix transition 

likely originates from a slower reverse reaction, which could be confirmed by the post-bias 

recovery rate being slower than the rate observed in H2O (see Figure 4.6). In addition, the 

absorbance of Lys50 at 200 nm shows a greater decrease in D2O than in H2O (Figure 4.11). The 

absorbance of proteins and peptides near 200 nm corresponds to the π-π* electronic transition 

of peptide bonds, and hypochromicity (i.e., a decrease in molar absorptivity of a molecule) 

could be observed when the formation of rigid conformation (such as α-helix) promotes the 

dipole-dipole interactions between peptide bonds[14,17,29]. Using hypochromicity as a proxy of 

the rigidity of an α-helical structure, Figure 4.11 suggests that D2O stabilizes the formation of 

α-helices in Lys50 more than H2O. As has been reported in previous research [30,31], deuterium 

allows stronger “heavy” hydrogen bonds with greater bonding enthalpy, which induces the 

formation of more rigid α-helices via fortifying the intramolecular hydrogen bonding between 

the amide nitrogen and amide carbonyl. Since the exposure time of polylysine to D2O before 

voltammetry and spectroscopy experiments is considered long enough for hydrogen-deuterium 

exchange in polylysine to be complete at pD 3[1], these observations are coherent with the 

reported isotope effect on proteins, namely, enhanced stability due to stronger deuterated bonds 

formed in the helical structure, coupled with an increase in solvation enthalpy. 
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Figure 4.11. Dynamic evolution of ellipticity (220 nm) of 24 μM Lys50 in 100 mM NaClO4 in 

D2O at pD 3 (solid) or H2O at pH 3 (dashed) triggered by – 0.9 V. 
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 Summary 

In this chapter, protonated polylysine was demonstrated to undergo structural transition 

when site-selective electrochemical deprotonation depletes positive charges in amino acid 

sidechain moieties. Differential pulse voltammetry was successfully extended to investigate 

the redox electrochemistry of dissociable protons in polylysine, and hinted that the mechanism 

is a complex electrode process. With the resolved voltammetry of molecular moieties in 

polylysine, in situ optical spectroscopy of electrochemically triggered polylysine in both water 

and D2O demonstrated the successful triggering of conformation transition. The dynamic 

transition triggered by electrochemical deprotonation of polylysine sidechains serves as a 

valuable case for conformation transition of peptides triggered by electrochemistry. Polylysine 

sidechain NH3
+ has the highest pKa value among all sidechain moieties in charged amino acids, 

and hence the most energetically unfavorable redox electrochemistry. Being able to trigger 

conformation conversion associated with polylysine implies the possibility of generalized site-

selective electrochemistry to other protonation-sensitive biomolecular systems where the 

active protonated moiety has a pKa value lower than lysine amino groups. 

Moreover, in situ optical spectroscopy was shown to be useful to resolve the dynamic 

structural conversion of peptides or even proteins. Given that site-selective deprotonation 

electrochemistry may be used to trigger structural transitions governed by the protonation of 

charged amino acid residues, the combination of electrochemistry and in situ optical 

spectroscopies may allow the investigation of dynamic intermediates of macromolecular 

systems, where the lack of distinct steady states limits the investigation of these systems via 

traditional approaches. 
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Chapter 5 

Dynamics of Electrochemically Triggered Reflectin Assembly 

Adapter from: S.-P. Liang, R. Levenson, B. Malady, M. J. Gordon, D. E. Morse, L. Sepunaru, 

J. R. Soc. Interface 2020, 17, 20200774.[1] 

 Overview 

In this chapter, site-selective electrochemical deprotonation was applied to reflectin protein 

to explore the possibility of using electrochemistry to trigger protein assembly. As will be 

detailed in the following section, reflectin can dynamically assemble into various sizes in 

response to the protonation state of its histidine residues. This characteristic was exploited to 

demonstrate how electrochemistry can resolve the redox potential of dissociable protons in a 

natural protein, and further trigger protein assembly. The work here follows the protocol 

developed in Chapter 4 where voltammetry was first used to resolve the redox behavior of 

reflectin, and in situ spectroscopies were then used to determine the outcome of site-selective 

electrochemical deprotonation. A novel approach, namely, droplet electrochemistry, was 

specifically developed to utilize less material without immobilizing them on an electrode 

surface, which may influence their behavior. In addition to in situ circular dichroism introduced 

in the last chapter, in situ dynamic light scattering was also developed to analyze reflectin 

assembly, since light scattering is extremely sensitive to particle size, and thus an excellent 

matric to observe reflectin assembly during site-selective electrochemical deprotonation. 
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 Tuning Coulombic Interactions in Reflectin in vitro via Charge-neutralization 

Enzymatically catalyzed phosphorylation is one of the most ancient and universally 

distributed mechanisms of biological signal transduction, regulating the structure, hierarchical 

assembly and function of proteins in response to a wide range of neuronal, hormonal and 

environmental triggers [2,3]. While several molecular mechanisms may govern this regulation, 

the phosphorylation of cationic protein domains most commonly acts via charge neutralization. 

This effect can be mimicked by pH-titration or genetic engineering, as seen in the case of the 

complex protein reflectin A1[4,5]. This cationic, intrinsically disordered block-copolymer-like 

protein mediates the neuronally controlled fine-tuning of color reflected from the intracellular 

Bragg lamellae in squid skin for camouflage and communication[5–7]. In vivo, progressive 

charge-neutralization by neuronally activated phosphorylation overcomes Coulombic 

repulsion of reflectin’s cationic domains, driving condensation, folding, and hierarchical 

assembly, resulting in osmotic dehydration of the reflectin-containing Bragg lamellae. This 

reversible dehydration, in turn, modifies the lamellar spacing and effective refractive indices, 

leading to a change in reflected color[8,9]. In vitro, neutralization of charges in the protein’s 

histidine residues by pH titration or salt titration act as a surrogates for the charge-

neutralization by phosphorylation in vivo, driving reflectin assembly [4,5]. As can be seen in  
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Figure 5.1. pH titration curve of hydrodynamic radius of reflectin measured by dynamic light 

scattering showing the pH dependent, size-tunable reflectin assembly (reproduced from 

Levenson et al., 2019 [5]). The colors represent different mutants of reflectin. All the curves are 

normalized to the estimated number of positive charges on reflectin to facilitate comparison.  

 

Unique among the cationic amino acids in proteins, the pKa of histidine’s imidazolium 

sidechain lies in the physiological range of pH, enabling its tunable ionization to control the 

structures, interactions and activities of many proteins.[10] Examples include the catalytic triads 

of hydrolases[11], other enzymatic proton shuttles,[12] and conformational changes and/or 

assembly (e.g., in firefly luciferase[13], viral hemagglutinin[14] and reflectin[5]). In Chapter 3, 

the imidazolium of histidine in the monomeric state, and in oligopeptides in solution were 

shown to be directly deprotonated under acidic conditions on a platinum electrode at a formal 

reduction potential that was clearly distinguishable from those of hydronium and the terminal 

primary amine. In the following sections, voltammetry was used to further demonstrate that, 

in the case of the histidine-rich reflectin protein, transitory contact of freely diffusing reflectin 
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with an appropriately biased platinum electrode is shown to reduce the protonated imidazolium 

sidechains of histidine residues in the protein, driving its assembly as an in vitro surrogate for 

the protein’s charge-neutralization by phosphorylation in vivo. 

 Methods 

5.3.1 Reflectin A1 expression and purification 

Recombinant Doryteuthis opalescens reflectin A1 was synthesized from a recombinant 

DNA construct and purified by methods described previously [4,5]. Briefly, Rosetta 2 (DE3) 

E.coli cells were grown in liquid cultures from freshly plated transformants in the presence of 

50 mg ml−1 kanamycin to maintain selection of the recombinant DNA plasmid. Expression 

was induced in the logarithmic growth phase by addition of 1 mM isopropylthioglactoside. 

Expression proceeded for approximately 6 h, after which cells were centrifuged and frozen at 

− 80 °C. Reflectin A1 inclusion bodies then were purified from thawed cell pellets with 

BugBuster medium (Novagen, Inc., Madison, WI, USA), as directed by the manufacturer. 

Inclusion bodies were solubilized in 5% acetic acid/8 M urea. Reflectin was purified initially 

by ion exchange over a HiTrap XL (GE Healthcare) cation exchange column eluted with a 

gradient of 5% acetic acid/6 M guanidinium chloride. Fractions containing reflectin were 

collected and diluted in 5% acetic acid/8 M urea, concentrated by centrifugal filtration and 

loaded onto a HPLC reverse-phase C10 column equilibrated with 0.1% aqueous trifluoracetic 

acid and eluted with a gradient of 95% acetonitrile/0.1% TFA. The resulting purified protein 

was lyophilized and stored at −80 °C until solubilization for use. Purity was confirmed by 

SDS-PAGE on 10% tris-acetate SDS-PAGE gels (Life Sciences, Carlsbad, CA, USA). 
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 5.3.2 Protein solubilization and sample preparation 

Lyophilized reflectin A1 was solubilized by the addition of 0.22 μm-filtered 25 mM sodium 

acetate, pH 4.5 buffer. Concentration was determined by measuring absorbance (A280) using 

a calculated extinction coefficient of 120,685 l mol−1 cm−1 [15]. For electrochemical 

measurements in buffered solution, the protein was dialysed 1000-fold three times against 

buffer solution (with pH and chemical composition as described) to remove unwanted counter 

ions from protein purification. For measurements in unbuffered solutions, samples were 

initially dialysed into 25 mM sodium acetate, pH 4.5 as above, and then further dialysed 1000-

fold three times into an unbuffered solution, with final pH adjusted with perchloric acid. Final 

pH after dialysis was confirmed in all cases with a pH meter. Protein was stored at 4°C and 

filtered through a 0.1 μm syringe filter shortly before use. DLS and TEM were used to confirm 

the monomeric state of the protein at the start of all experiments[4,5]. 

5.3.3 Cyclic voltammetry measurements 

Electrochemical measurements using Autolab M204 electrochemical workstation were 

done in a three-electrode configuration (working electrode: Pt disk; counter electrode: Pt wire; 

reference electrode: fritted Ag/AgCl in 1 M KCl(aq) or SCE. The potential difference between 

SCE and AgCl (in 1 M KCl(aq)) was experimentally determined to be +7.0 mV. The Pt disc 

working electrode (RPt = 1.5 mm) was polished three times (2 min each) using 1 μm, 0.25 μm 

and then 0.05 μm MetaDiTM polycrystalline diamond suspension (Buehler, Lake Bluff, IL, 

USA) on a microcloth polishing pad. The polished working electrode was then sonicated in 

water for 2 min. CV measurements were done at a scan rate of 100 mV s−1. 
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5.3.4 Differential pulse voltammetry measurements 

All DPV measurements were done in a miniaturized three-electrode configuration with the Pt 

electrode prepared via an identical polishing protocol as described above. In this series of 

experiments, the electrochemical ‘cell’ was a 10 μl droplet of analyte solution on the Pt disc 

electrode pointed upward. A Pt wire counter electrode was inserted between the working and 

reference electrode. DPV measurements were done with a potential step size of 5 mV, pulse 

height of 10 mV, pulse duration of 50 ms and interval time of 0.5 s. 

5.3.5 Constant potential electrochemistry with in situ dynamic light scattering 

Constant potential electrochemical measurements were carried out in a three-electrode 

configuration (working electrode: Pt coil; counter electrode: Pt wire; reference electrode: 

Ag/AgCl) with an Autolab M204 electrochemical workstation (Metrohm). The three 

electrodes were assembled in a DLS compatible optical cuvette and sealed with parafilm to 

prevent dust from the surroundings. DLS was performed with a Malvern Zetasizer Nano ZS 

(Worcestershire). The samples were probed with a 632.8 nm HeNe gas laser with a beam 

diameter of 0.63 mm (1/e²) and detected by an Avalanche photodiode (Q.E. greater than 50% 

at 633 nm) in a back-scattering configuration at 7° from normal. The measurements were done 

with 2 ml sample volumes at 25°C (see main text for the applied potentials). All samples were 

measured at OCP for at least 30 min to ensure signal stability over time. 
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5.3.6 Transmission electron microscopy 

Electrochemically driven reflectin A1 assemblies and their parallel controls were collected 

straight from the DLS cuvette (before and after applying −750 mV for 30 min) in the vicinity 

of the working electrode with micropipette and directly applied to 400-mesh carbon-coated 

grids (Electron Microscopy Services, Hatfield PA). Prior to sample application, grids were 

treated by glow discharge for 20 s. Five microlitres of freshly prepared sample was applied for 

2 min before wicking away excess solution with filter paper. Samples were then negatively 

stained by application of 20 μl freshly filtered 1.5% uranyl acetate three times, with wicking 

in between each application. Samples were examined in a 200 kV ThermoFisher Talos G2 

TEM in bright field mode. 

5.3.7 Titrations 

Titration experiments were done by monitoring pH while gradually adding 2.5 M NaOH 

in 100 mM of pH 2 analyte solution. The pH of the analyte solution was adjusted with 

perchloric acid. pH was monitored with a pH meter (Fisher Scientific, Accumet Basic 150). 

  



 

 85 

 Results and Discussion 

5.4.1 Electrochemistry in a Droplet 

Sensing electrochemical signal of aqueous biomolecules at catalytic platinum surface can 

be challenging due to the intrinsic high background noise from electrochemical characteristics, 

and the low signal from material characteristics and availability. Platinum (Pt) is catalytic for 

hydrogen evolution reactions, which involve the electrochemical reduction of hydronium 

(H3O
+) and water (H2O). As showed in Figure 5.2, differential pulse voltammetry at a Pt 

surface in an acidic aqueous environment has high background noise on the order of 100 pA, 

which sets the qualitative detection limit of this system to be 300 pA when a signal-to-noise-

ratio of 3 is considered. On the other hand, the electrochemical redox current (i) often follows 

the relation: 

i ∝ 𝒏√𝑫𝒄  (5.1) 

where “n” is the number of charges transferred, “D” is the mass diffusivity of the redox 

active species, and “c” is the concentration of analytes. Reflectin has mass diffusivity of  

~ 3 x 10-12 m2/sec (measured by dynamic light scattering) and 30 protonated histidine residues. 

Using histidine amino acid as a reference[16], one can estimate the redox current from reflectin 

to be around 50 nA/mM of reflectin per proton transferred. In an ideal case where all the 30 

protons participate in the electrochemical reaction, the minimum amount of reflectin required 

for a single electrochemical analysis would equal to at least all the reflectin available for one 

week of synthesis (5-10 mg). Considering the minimum amount of reflectin required for an 

analysis, only low signal could be obtained in a conventional small electrochemical cell that 

requires more than 2.5 mL of solution. 
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Figure 5.2. A demonstration of the magnitude of background current via (a) differential pulse 

voltammograms of pH 3, 40 mM NaCl with and without 5 mM of Histidine, and (b) a zoom-

in view of the non-faradaic region.  

 

A droplet electrochemistry configuration was developed to realize economical and reliable 

electrochemical analysis of biomolecules. As has been stated in the previous paragraph, 

concentration is the only variable to tune the redox signal in voltammetry of reflectin and is 

limited by the yield of reflectin synthesis. Reducing the volume of electrochemical analysis 

with a limited amount of available reflectin became necessary to enrich reflectin concentration. 

As showed in Figure 5.3, a Pt disk electrode is reversed to serve as both the sample substrate 

and the working electrode, and the reference electrode and platinum wire counter electrode are 

arranged around the droplet to complete the circuit. To retain the integrity of a voltammetry 

experiment, diffusion layers at the cathode and the anode need to be separated to prevent 

shorting of the circuit, which sets the minimum size of a voltammetry experiment to be the 

sum of cathodic and anodic diffusion layer thickness. The upper limit diffusion layer thickness 

can be estimated with the following equation [17]:  
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δ < 𝟔√𝑫𝒕  (5.2) 

where D is the mass diffusivity of the redox active species and t is the total amount time the 

redox overpotential is applied. Since a proton has the highest mass diffusivity (9 x 10-8 m2/s 

[18]) among all species in an aqueous environment, by considering the voltammetry time scale 

of around 100 sec, the diffusion layer thickness of all species should be contained within 500 

μm from the electrode surface, which indicates that in theory a voltammetry can be performed 

as long as the counter and working electrodes are 1 mm apart. The droplet electrochemistry 

reduces the experiment size by more than 100 folds, which enables enriching the concentration 

of biological sample by more than 100 times. 

 

Figure 5.3. Illustration and photograph of electrode configuration for droplet electrochemistry. 
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5.4.2 Direct Electrochemical Deprotonation of Reflectin 

Direct electrochemical deprotonation of reflectin was verified via performing the approach 

introduced in Chapter 3 to analyze amino acids in the microdroplet. All the samples were 

adjusted to pH 3 in 40 mM NaCl to ensure a dominant population of imidazolium, while 

maintaining electrolyte support. The resulting DPV of His shows three clear reduction waves 

(Figure 5.4a). As have been shown in Chapter 3, the reduction wave peaking at -450 mV 

corresponds to the aqueous solvent’s hydronium proton reduction. Because we confirmed that 

the reduction potentials of the protonated amino acid moieties are correlated with their pKa 

values (Chapter 3), we can assign the reduction wave peaking at -600 mV to the deprotonation 

of imidazolium, and the shoulder near -770 mV to deprotonation of the terminal amine. In Gly-

Gly-Gly, investigated as a control tripeptide with non-titratable side chains (cf. Figure 5.4b), 

the reduction wave peaking at -450 mV reflects hydronium reduction, while the reduction wave 

peaking at -720 mV corresponds to deprotonation of the terminal amine, as illustrated in 

Chapter 3 (Figure 3.1). Similar to Gly-Gly-Gly, Gly-Gly-His also shows two waves: the 

hydronium reduction wave peak at -450 mV and a broad wave between -600 and -800 mV. 

Comparison of the molecular structures of the tripeptides (Figure 5.4b) indicates that Gly-Gly-

His at pH 3 will have an extra protonated imidazolium moiety in addition to the protonated 

terminal amine. We thus attribute the broad peak of Gly-Gly-His to the overlap of two redox 

waves, namely the terminal amine and the imidazolium. Shifts in the reduction potentials of 

protons on the Gly and His residues in the two tripeptides are associated with shifts in local 

pKa values due to the chemical environment in the tripeptide, an effect that has been 

documented[19–23] and seen in other pH titration experiments (See Appendix in Section 3.6). 
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Figure 5.4. (a) Differential pulse voltammograms (DPVs in 40 mM NaCl at pH 3, measured 

vs. Ag/AgCl) for 1 mM histidine, 2 mM tripeptide H-glycine-glycine-glycine-OH (Gly-Gly-

Gly), 2 mM tripeptide H-glycine-glycine-histidine-OH (Gly-Gly-His), and 25μM reflectin 

protein. The reflectin DPV was baseline subtracted for peak deconvolution (red = imidazolium; 

grey = hydronium). Arrows show the evolution of DPV peak potential for the designated 

electrochemically active imidazolium NH+ (red) and terminal amine (NH3
+, blue), as 

represented in (b). (b) Molecular structures of Gly-Gly-His and Gly-Gly-Gly tripeptides, with 

imidazolium and terminal amine protonation sites colored in red and blue, respectively. 

 

The aforementioned experiments demonstrate that the imidazolium of histidine, in freely 

diffusing form or in a peptide, can be electrochemically deprotonated; as such, we next sought 

to see if this phenomenon could be extended to histidines contained within a macromolecular 

protein. We successfully demonstrated this effect with reflectin, the histidine-rich (31 His / 

350 AAs) protein that functions as a sensitive transducer of neuronal signals governing the 

dynamic changes in skin color for camouflage and communication in squids[7].  Reflectin was 
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chosen for this test because recently it was shown that its biological activity is mediated by 

charge neutralization-driven assembly to form large multimers, and that pH-titration of its 

histidine residues can be used as an in vitro surrogate for the neurotransmitter-mediated 

phosphorylation that triggers this assembly in vivo [4,5]. This assembly effect thus provides a 

sensitive measure of histidine deprotonation within the protein. Additionally, reflectin 

monomers at low pH are known to be intrinsically disordered[5], indicating that many of its 

amino acids are likely exposed to the solvent, and therefore accessible for direct 

electrochemical reduction with a Pt electrode.   

The DPV of reflectin (Figure 5.4) exhibits a large reduction wave at ca. -450 mV (vs. 

Ag/AgCl) corresponding to hydronium reduction (for the solvent at pH 3), with a pronounced 

shoulder at -550 to -650 mV that becomes more apparent upon deconvolution (red curve). This 

shoulder and its resolved peak clearly occur in the range of imidazolium reduction (-500 to -

700 mV) as seen in the previous data in Figure 5.1 and 5.Figure 5.2, with the observed variation 

in reduction wave width for reflectin being attributable to differences in pKa for multiple 

histidine residues in the protein that depend on the local sequence environment. The presence 

of this reduction wave for reflectin, and its corresponding thermodynamic equivalency with 

the freely diffusing histidine, indicates that direct charge exchange occurs between the 

imidazolium sidechains in reflectin and the Pt electrode. This observation of selective 

electrochemical reduction of cationic histidine residues in the protein is mechanistically 

distinct from earlier reflectin thin film work demonstrating that anionic amino acids in the 

native sequence of wild-type reflectin in the solid state can act as a conducting proton ‘shuttle’ 

under high humidity (> 70% relative humidity) conditions[24].  
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5.3.3 in situ Dynamic Light Scattering for Electrochemistry-driven Reflectin Assembly 

The hypothesis of direct charge exchange mechanism involving imidazolium sidechains 

was further confirmed via monitoring reflectin sizes in situ with dynamic light scattering (DLS, 

Figure 5.5) and ex situ with transmission electron microscope (TEM) (Figure 5.6). By 

combining electrochemistry with DLS to measure the apparent size-distributions of reflectins 

within the domain of a Pt coil electrode (Figure 5.5b), we observed no change in the size of 

reflectin monomers under open circuit potential (OCP), as well as after 20 min application of 

-475 mV (vs. Ag/AgCl), a potential sufficient to reduce only the hydronium ion (Figure 5.5c, 

d). At this low potential, only free hydronium would be reduced, gradually changing the 

solution pH near the electrode surface; apparently, the limitation of this effect by diffusion 

makes it ineffective in driving assembly. In marked contrast, dramatic, time-dependent 

assembly of reflectin is triggered by application of -700 mV, which was shown above (cf. 

Figure 5.4) to be sufficient to reduce the imidazolium of histidine in various states.  

Since the intensity of Rayleigh scattering scales with particle radius[25], the back-scattered 

photon count rate from the DLS photodetector was used to directly measure reflectin assembly 

(particle formation) as time progressed (Figure 5.5c). Decay of the autocorrelation function of 

the scattering allows determination of particle diffusivity [26], and from this, via the Stokes-

Einstein relation, the size-distribution of the particles’ effective hydrodynamic diameters 

(Figure 5.5d). To gain deeper insight into the electro-assembly process, the reflectin particle 

size distributions were analyzed at six time points (Figure 5.5c, d). At time (i), analyses at all 

potentials show similar count rates, with size distributions of particles in all samples showing 

the approximate diameter of the reflectin monomer (ca. 10 nm). At time (ii), the -700 mV 

(green curve) sample exhibited a bimodal size distribution, while all other samples remained 
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as monomers. With progressively longer times, the size distributions of particles in the - 700 

mV sample increased steadily until reaching a plateau (~ 70 nm) after ca. 10-15 min.  

The results shown in Figures 3c and d are especially interesting because they appear to 

differ from those obtained when reflectin assembly is driven by a pH jump, change in ionic 

strength or genetic engineering[4,5,27]. All methods trigger assembly by charge-neutralization 

or screening, but unlike the bulk process seen conventionally, electrochemical reduction 

inherently requires mass transport of reflectin to and from the electrode, as well as multiple 

His+ → His turnovers, resulting in more gradual and controllable change in assembly size. The 

latter may therefore offer a unique possibility using electrochemistry to isolate early and 

potentially never-before-analyzed intermediates in the assembly of proteins. 
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Figure 5.5. Electrochemical assembly of reflectin protein. (a) In the squid, a neurotransmitter 

triggers enzymatic phosphorylation, neutralizing reflectin and driving its condensation, folding 

and assembly[6]. In vitro, electrochemical reduction of histidine imidazolium postulated to act 

analogously to pH-titration, neutralizing the protein and driving assembly. (b) Experimental 

setup to electrochemically trigger reflectin assembly with in situ DLS. (c) Reflectin DLS 

intensity (count rate) for open circuit potential (OCP, red), -475 mV (blue), and -700 mV 

(green) conditions with respect to Ag/AgCl. (d) Reflectin particle size distributions (volume 

%) measured by DLS at times (i-vi) indicated in (c). Reflectin monomer DH = 8-12 nm. 
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Results of the DPV and DLS analyses of reflectin were further confirmed by TEM (Figure 

5.6). In the sample analyzed under OCP conditions, only reflectin monomers (D < 15 nm) were 

seen, whereas the sample exposed to -700 mV for 30 min contained significantly larger 

particles (D = 40-70 nm), further supporting our electrochemical spectroscopy results.  

 

Figure 5.6. Transmission electron microscopy (TEM) images of aliquots of reflectin (pH 3, 40 

mM NaCl): (a) before any bias was applied (OCP, open circuit potential); (b) after -700 mV 

vs. Ag/AgCl had been applied for 30 min. Samples were collected from the center of the 

DLS/Pt coil as shown in Figure 5.3b. 

5.3.5 in situ Circular Dichroism for Electrochemically triggered Pre-assembly Reflectin 

One main question associated with the mechanism of reflectin assembly is the existence of 

intermediate, pre-assembly states where reflectin monomers were oriented into a specific 

conformation prior assembly. The investigation of this question is especially challenging due 

to the dynamic nature of reflectin assembly, making isolation of pre-assembly reflectin 

impossible with traditional approaches such as pH titration. The combination of site-selective 

electrochemistry and chemical environment provides a plausible approach to investigate pre-

assembly intermediates. As shown in Figure 5.7, although the redox potential of imidazolium 
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in histidine in reflectin in 10 mM NaCl at pH 3 stays the same as reflectin in 40 mM NaCl at 

pH 3 (Figure 5.7a), reflectin assembly did not occur when site-selective electrochemical 

deprotonation happened. From the work done by Levenson et al., reflectin assembly is known 

to be sensitive to both acidity and salinity of the environment, which was then found in the in 

situ DLS experiments to suppress (Figure 5.7) or promote (Figure 5.5) electrochemically 

triggered reflectin assembly. While the environment suppresses the assembly formation due to 

either low pH or low salt, electrochemically deprotonated reflectin is hypothesized to be 

kinetically “trapped” in the pre-assembly state, where the reflectin bears enough chemical 

pressure to assemble, but fast re-protonation prohibits reflectin from assemble. Leveraging this 

phenomenon with in situ CD, the otherwise challenging secondary structure transition of 

reflectin from monomeric to pre-assembly state could be probed. 
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Figure 5.7. (a) DPV of 10 mM NaCl at pH 3 without (top panel) and with (bottom panel) 

reflectin. (b) in situ DLS experiments on reflectin 2 μM in 10 mM NaCl at pH 3 at OCP (top 

panel) and – 700 mV (bottom panel) demonstrating suppression of electrochemically  tirggered 

reflectin assembly under salt concentration lower than threshold 40 mM NaCl. The dashed 

lines on the bottom of (a) highlights – 475 mV and – 700 mV.  
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To probe the pre-assembly, secondary structure transition of reflectin, reflectin in 10 mM 

NaCl at pH 3 was monitored via in situ CD at similar biases applied in in situ DLS experiments. 

10 mM NaCl was chosen to stay away from the threshold 40 mM NaCl that promotes 

electrochemically triggered reflectin assembly, and maintain solution conductivity. As shown 

in Figure 5.8b, DPV was performed on reflectin in 10 mM NaCl at pH 3, and the 

voltammogram was similar to the one shown in Figure 5.4, indicating sufficient ionic strength 

with 10 mM NaCl. in situ CD performed at open circuit potential and – 475 mV shown similar 

spectra over the course of 20 mins (Figure 5.8c), indicating no secondary structure transition 

of reflectin. However, when – 700 mV was applied, a clear shift in the spectrum between 200 

and 210 nm was observed over 20 mins, indicating the development of secondary structure 

without assembly. Also, when compared the CD spectrum of pH titrated refelctin (Figure 5.8b, 

re-produced from Levenson et al., 2019 [5]) electrochemically triggered reflectin clearly shows 

different ellipticity trends between random coil-like monomer and helix-like multimer, 

indicating that the observed optical behavior may be from an electrochemically trapped 

intermediate, namely, some form of pre-assembled reflectin.  
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Figure 5.8. Electrochemically triggered reflectin in 10 mM NaCl at pH 3 shows evidence of 

pre-assembly secondary structure. (a) in situ CD of reflectin at open circuit potential, - 475 

mV, and – 700 mV over 20 mins (times noted). (b) CD spectra of reflectin at various pH 

titration (reproduced with permission[5]). 

 

The simultaneously collected in situ absorbance confirmed hypochromicity of pre-

assembly reflectin (Figure 5.9), which further indicates the structure of pre-assembly reflectin. 

When – 700 mV was applied to the blank solution, no significant absorbance change was 

observed, indicating the amount of hydrogen evolution reaction would not generate light 

scattering H2 bubbles over a span of 20 mins. No absorbance change occurred when – 475 mV 

was applied to the reflectin sample in 10 mM NaCl at pH 3 (Figure 5.9b, left panel), indicating 

no change in reflectin optical behavior at a bias lower than deprotonation potentials. However, 

when – 700 mV was applied, absorbance decreased by 0.25 unit (Figure 5.9b, right panel). The 

decreasing absorbance indicated increasingly stronger coupling between amide bonds [28–30], 

which further implies the formation of a rigid, helix-like structure when site-selective 

electrochemical deprotonation occurs. Furthermore, decreasing absorbance supports the 

hypothesis that the observed optical behavior is from trapped pre-assembly reflectin 
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monomers, because reflectin assemblies would lead to more scattering, which should increase 

absorbance. 

 

Figure 5.9. in situ absorbance of 10 mM NaCl at pH 3 (a) without reflectin at – 700 mV as well 

as (b) with reflectin at – 475 mV (b, left panel) and at – 700 mV (b, right panel).  

 

The dynamic changes in ellipticity and absorbance at 202 nm of electrochemically 

triggered reflectin were also studied as shown in Figure 5.10. Absorbance at 202 nm versus 

the more common 195 nm was chosen due to lower fluctuations in ellipticity. Again, when – 

475 mV was applied, no significant shift in ellipticity nor absorbance were observed. However, 

when – 700 mV was applied, continuous shifts in both ellipticity and absorbance indicated that 

the dynamic structural transition of pre-assembly reflectin occurs in roughly three stages. In 

stage 1 (0-5 min), no transition was observed. However, in stage 2 (5-10 min), the ellipticity 

and absorbance both change dramatically, followed by saturation (or slow change) in stage 3 

(10-20 min), but only when the bias was – 700 mV (above the deprotonation threshold). 

Though further investigation is needed, the surprisingly consistent time horizons between in 
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situ DLS (Figure 5.5c), in situ CD, and in situ absorbance (Figure 5.10) have suggested the 

possibility of progressive structural transitions of reflectin at different hierarchical structures. 

 

Figure 5.10. Time dependence of ellipticity (top panels) and absorbance (bottom panels) of 

reflectin in 10 mM NaCl, pH 3 monitored at 202 nm under – 475 mV (left panels) and -700 
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mV (right panels). At – 700 mV (right panels), the black dashed line highlights the boundary 

between the three stages. The red dashed lines on the plots for both biases indicates the end of 

bias (t = 20 min). 
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 Summary 

Bentley et al.[31]  reported that the protons of acidic amines can be directly reduced at 

platinum electrodes with reduction potentials correlated with their pKa values. This 

observation suggests that electrochemistry can be used to selectively target the deprotonation 

of specific amino acid residues within proteins. Histidine residues are ideal targets for this 

because their sidechain has the lowest pKa of all positively charged AAs.  Accordingly, we 

have shown that the imidazolium of histidine in the monomeric state, in oligopeptides and in 

proteins in solution can be directly deprotonated under acidic conditions on a platinum 

electrode, at a formal reduction potential that is clearly distinguishable from those of the 

hydronium cation and terminal primary amine. Cyclic and differential pulse voltammetry 

clearly showed that the formal reduction potentials of these protonated moieties correlated well 

with their respective pKa values. The relatively low electrochemical reduction potentials 

observed make this method especially useful for the biophysical analysis of proteins. Specific 

electroreduction of imidazolium moieties in the His-rich protein, reflectin, revealed variations 

in pKa sensitive to local environments in the protein, and led to the unprecedented discovery 

that assembly could be manipulated electrochemically by charge neutralization of amino acid 

side chains.  

These findings demonstrate that electrochemistry can be used to probe protein 

thermodynamics and manipulate protein net charge, opening a new approach to unravel the 

mechanisms governing protein assembly as well as control the assembly processes that are of 

fundamental importance in normal physiology and degenerative diseases. For example, the 

direct, site specific electroreduction of reflectin presented herein acts as a surrogate for its 

physiological phosphorylation. Moreover,  the possibility to isolate early intermediates in 
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protein assembly using electrochemistry suggests that it may be useful in analyzing never-

before-seen early intermediates in charge-mediated regulation of protein structure and 

function, including, for example, the phosphorylation-driven assembly of amyloid proteins 

associated with Alzheimer’s and Parkinson’s diseases[2,32]).  
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Chapter 6 

Summary and Outlook 

6.1 Recapitulation 

In this thesis, the site-selective reduction electrochemistry of dissociable protons in charged 

amino acids in biomolecules was successfully resolved, and applied to polylysine and reflectin 

to trigger their structural transition. In Chapter 3, a deconvolution method was developed to 

resolve the redox electrochemistry of dissociable protons in molecular moieties while 

hydrogen evolution occurs at the electrochemical potential of interest. The combination of the 

deconvolution method for voltammetry and pH titration enabled the discovery of the linear 

relation between redox potentials of dissociable protons and pKa values of proton-hosting 

molecular moieties in amino acids and amino acid residues in peptides. These discoveries 

suggest that electrochemistry can be used to analyze the proton dissociation thermodynamics 

of biomolecules, and deprotonate sidechain moieties, which may activate structural transitions 

or functions associated with protein structure. Furthermore, the protocol, i.e., the conditions, 

methods, and procedure developed for analysis in this work can be generalized to analyze 

biomolecules beyond the scope of this work. 

Two model systems, namely, polylysine and reflectin, were triggered with deprotonation 

electrochemistry and clearly showed structural transitions. In Chapter 4, electrochemically 

triggered coil-to-helix transition of polylysine was successfully demonstrated via combining 

voltammetry, in situ circular dichroism (CD) and absorbance, as well as pH titration. 

Deconvoluted differential pulse voltammograms (DPV) showed that the site-selective 

electrochemical deprotonation of lysine sidechains is effective, even for polylysine with 50 

residues. Additionally in situ CD and absorbance showed that the level of polylysine 
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conversion depends on chain length and electrochemical potential applied.  This 

electrochemically triggered conformation transition was further investigated in a deuterated 

system to leverage the deuterium isotope effect, such as higher solvent electrolysis potential 

and higher hydration enthalpy. The result indicated that the site-selective electrochemical 

deprotonation alone is sufficient to trigger the high pKa lysine sidechain moiety and trigger 

structural conversion, which implies the potential applicability of site-selective 

electrochemical deprotonation in other protein or peptide systems with different protonation-

sensitive amino acid residues. 

In Chapter 5, electrochemical deprotonation was demonstrated to trigger reflectin assembly 

via in situ dynamic light scattering (DLS). To analyze scarce biomolecular samples, a droplet 

electrochemistry method was developed and shown to reduce the sample size by 100 fold. The 

deprotonation electrochemistry of reflectin was successfully resolved. A salt concentration 

threshold for electrochemical triggering of reflectin was found, and was leveraged to create a 

state to test if reflectin structural transition could happen when assembly does not. in situ CD 

of reflectin in 10 mM NaCl (< threshold ~ 40 mM NaCl) was tested and indicated a shift in 

secondary structure. Though further investigation is needed, the evidence found in 

electrochemistry-coupled in situ spectroscopies has shown potentials to resolve the dynamic 

hierarchical structure of proteins and other biomolecules. 
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6.2 Implications 

The investigations of polylysine and reflectin in this thesis suggest that the resolved site-

selective deprotonation electrochemistry method may be used to studying more biomolecular 

systems. In the case of polylysine, the lysine residues were the redox active species, and, in the 

case of reflectin, the histidine residues were the redox active species. The successful 

electrochemical triggering of structural conversion with these two amino acid residues clearly 

shows that these positively charged amino acid moieties can act as effective targets to trigger 

structural transition. Meanwhile, in the case of reflectin, structural transitions were found at 

multiple levels via both in situ CD, absorbance, and DLS spectroscopies. All the evidence 

demonstrated here suggests that site-selective electrochemistry is an effective method for 

switching the structures of a biomolecule on demand, which can be especially helpful for 

biomolecules that do only adopt transient structures under specific chemical environments or 

subject to aggregation. 

Meanwhile, optical spectroscopies were shown to be highly compatible with site-selective 

electrochemical deprotonation in determining the level of structural transition of biomolecules. 

Even though there were only two spectroscopy techniques used in this thesis, more optical 

spectroscopies could be included to further expand the utility of electrochemistry-coupled in 

situ spectroscopies for investigating biomolecular systems. The work in this thesis only 

focused on the far-UV absorbance-type spectroscopies. However, far-UV is not the only 

spectral window that can provide structural information for biomolecules. For example, via 

chemical modifications with fluorescence labels or charge transferring chromophores, 

biomolecules could show structure-dependent optical behaviors in the visible region, which, 
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with sophisticated design of experiments, may even be more informative than far-UV 

measurements. 

Lastly, there are still many electrochemical techniques remaining to be explored to further 

expand the utility of site-selective electrochemical deprotonation of biomolecules. All 

electrochemical analyses performed in this work are DC techniques. DC electrochemistry is 

easier to interpret, so is suitable for the pioneering investigation done in this work. However, 

as has been shown in the in situ spectroscopies, interesting time dependences of biomolecular 

structural evolution have been observed. To resolve time dependent electrode processes, AC 

techniques such as electrochemical impedance spectroscopy can be useful. Furthermore, 

adding AC perturbations to the DC bias applied to trigger site-selective electrochemical 

deprotonation may allow the resolution and deconvolution of dynamics or kinetics occurring 

at different time scales. 
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6.3 Outlook 

The core innovation of this work is the resolution of the platinum-catalyzed proton-coupled 

electron transfer in biomolecules, and the discovery of its utility in manipulating biomolecular 

structures at different length scales (i.e., secondary structure or assembly). Although the 

characterizations in this work were all optical, site-selective electrochemical deprotonation 

does not need to be limited by optical methods. For example, electron or atomic force 

microscopies have been used in characterizing the morphologies of protein or peptide 

assemblies. The integration of site-selective deprotonation electrochemistry may allow the 

observation of early onsets of protein assemblies that normally cannot be observed or isolated, 

such as the intrinsically disorder proteins (IDPs) that are commonly seen in neurodegenerative 

diseases such as Tau in Alzheimers disease. Also, electrochemical manipulation of 

biomolecular structure may be leveraged to enable new material design or inspire novel 

biomaterial applications. With the knowledge of lysine and histidine being switchable with 

site-selective electrochemical deprotonation, de novo peptide-based materials with bio-

inspired dynamic function may be designed and synthesize to create novel applications. 




