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Abstract 

This study compares several analytical biophysical methods for investigating protein-protein interactions 

(PPIs) in solution, using the interaction between superfolder green fluorescent protein (sfGFP) and its 

anti-sfGFP nanobody enhancer as a model system. Techniques evaluated include microscale 

thermophoresis, fluorescence correlation spectroscopy, analytical ultracentrifugation with multi-

wavelength and fluorescence detection, isothermal titration calorimetry, and analytical size exclusion 

chromatography coupled to multi-angle static light scattering and dynamic light scattering. Each method 

was assessed for information content, dynamic range, precision, and complementarity. The results 

consistently indicate a single-digit nanomolar dissociation constant and 1:1 stoichiometry for the 

interaction. While each technique offers unique insights into binding affinity, thermodynamics, and 

stoichiometry of the interaction, the multi-method approach provides a more complete and reliable 

characterization of PPIs. The study demonstrates how combining multiple complementary techniques 

enhances the robustness of PPI analysis in solution-phase conditions.                                                    
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Introduction 

Macromolecular interactions between biomolecules (proteins, DNA, RNA, lipids, carbohydrates) are of 

central interest to studying processes inside of cells and the molecular basis for disease. Investigators are 

able to choose from a range of biophysical methods to elucidate the thermodynamic and hydrodynamic 

properties of reversible protein-protein interactions in order to analyze the structural and functional 

interactions involved. In this work, we compare and contrast commonly used methods that can be applied 

in a true solution environment where no binding partners have to be attached to a solid support. We 

evaluate the strengths and weaknesses of each method and identify the properties that can be measured 

by each method. For our comparison, we used the same protein-protein interaction model system. 

Methods include microscale thermophoresis (MST), isothermal titration calorimetry (ITC), analytical 

ultracentrifugation by multi-wavelength (MW-AUC) and fluorescence detection (F-AUC), size exclusion 

chromatography, coupled to multi-angle light scattering (SEC-MALS) or dynamic light scattering (DLS), 

and fluorescence correlation spectroscopy (FCS). 

Scientific questions often require the use of diverse techniques, as each method offers unique insights, 

sensitivities, and capabilities. To obtain a comprehensive understanding of the interaction between two 

interacting molecules, multiple biophysical methods should be utilized. By systematically applying 

complementary approaches, a global picture emerges and the precision and confidence in the results 

increases. This multi-method strategy not only enhances the robustness of the data but also allows cross-

validation of our findings, and addresses different aspects of the binding mechanism, from affinity to 

stoichiometry, oligomerization state, and structural stability. We illustrate the pros and cons of each 

technique, providing a critical assessment of how these methods complement each other and contribute 

to a deeper understanding of the interaction. Through this integrative approach, we aim to generate high-

confidence results while being mindful of the inherent constraints of each method. 

For our comparison, we characterize the interaction between anti-green fluorescent protein (GFP) 

enhancer nanobodies and superfolder GFP (sfGFP). GFP-enhancer nanobody (nanobody) was originally 

identified based on its ability to enhance the fluorescence of wild-type GFP [1]. This effect is likely due 

to stabilization of the anionic state of the chromophore, which was associated with significant modulation 

of GFP absorption spectrum between 350 and 500 nm, observed for both wild-type GFP and enhanced 

GFP upon nanobody binding [1]. 

The same system is employed in each method, so the results can be directly compared between all 

methods. Anti-GFP nanobodies have been engineered for high specificity and affinity towards GFP and 

its variants, making them an ideal candidate for microscopy and affinity protein purification. The use of 

GFP and its variants in molecular and cellular biology has become ubiquitous due to its fluorescence 

properties, which allows for real-time visualization of biological processes without the need for 

additional cofactors [2, 3, 4]. GFP is extensively used as a fluorescent tag fused to proteins to study 

localization and visualize dynamic cellular events in vitro and in vivo and can also be used for monitoring 

gene expression through GFP gene fusions [2, 4]. GFP can be fused to proteins without altering the fusion 

protein’s function, however, common issues such as GFP misfolding and aggregation during expression 

in E. coli, often exacerbated by the proteins to which GFP is fused, can arise [5]. To address these 

challenges, several variants and mutants of GFP have been engineered to enhance the characteristics of 

the wild-type protein, including improved folding efficiency, photostability, increased fluorescent yield, 

and a wide range of excitation and emission properties [6, 7]. These enhancements ensure better 

performance across a range of biological conditions. Proteins fused to superfolder GFP (sfGFP) exhibit 

superior folding properties and stability, maintaining high fluorescence yield making it particularly 

suitable for fusion protein applications [5]. In recent years, anti-GFP nanobodies, specifically the GFP-

enhancer nanobody, have been engineered as high-affinity binding partners to GFP and its variants for 

the purpose of purifying GFP-fused proteins of interest [2, 8, 9]. GFP is often fused to human proteins, 
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which are notoriously challenging to express and purify due to issues such as degradation and formation 

of insoluble aggregates [8]. By using anti-GFP-nanobodies for affinity purification, researchers can 

achieve a dual-benefit approach: enhancing the yield and purity of these proteins while preserving the 

fluorescent properties of GFP for subsequent visualization and analysis. In addition to comparing the 

utility of the included biophysical methods, we aim to further validate the stability and efficiency of this 

tool in biotechnology applications. By quantifying the binding affinity and other interaction parameters 

between sfGFP and the GFP-enhancer nanobody, we will enhance our understanding of their interaction 

and potential in protein research. 

The biophysical methods used to measure the interaction between the nanobody and sfGFP are 

appropriate for solution-phase conditions that mimic physiological environments. They avoid linking 

one of the binding partners to a solid support, as would be required, for example, when using surface 

plasmon resonance methods, which also investigate the thermodynamics of interactions. Environmental 

conditions can be readily adjusted to monitor the effect of ionic strength, pH, analyte concentration, and 

temperature, and additives like small molecules and reductants can be used to further modulate binding 

behavior. For fluorescence methods, it is necessary to have a fluorophore. If intrinsic fluorescence is not 

available as in the case of sfGFP, one of the molecules must be fluorescently labeled, which could change 

its behavior and influence its molecular parameters. In such a case it is advantageous to label the smaller 

molecule, because bigger hydrodynamic shifts are observed when the smaller molecule forms a complex 

with an invisible larger molecule. Combining the results from all techniques will provide a 

comprehensive profile of the composition, thermodynamic and hydrodynamic properties of the free and 

complexed molecules. 

 

General Considerations 

When studying molecular interactions, the affinity and stoichiometry of the interaction need to be 

determined. Additional questions may include the kinetics of the reaction, which is beyond the scope of 

this study. In order to provide accurate quantitative information about affinity and stoichiometry, it is 

essential to first characterize the molecules by themselves. Monomeric molar mass, the potential for self-

association and oligomerization, as well as aggregation propensity, need to be determined, and accurate 

molar concentrations must be measured. Furthermore, a buffer system that does not interfere with the 

detection in any of these methods and is conducive to the ideal behavior of all involved molecules must 

be chosen. In order to eliminate the potential for undesirable off-target reactions and interference from 

contaminants it is important to verify the purity of the reaction partners before attempting to interpret the 

biophysical measurements. Experimental designs must be developed that maximize the signal and 

observe the dynamic range of each instrument. As a consequence of this requirement selected methods 

may be inappropriate for a particular system. The investigator must be aware of the limitations and 

applicable operational ranges of each technique before attempting to interpret the resulting data. In our 

research we distinguish qualitative methods relying on standards or reference materials (e.g., gel 

electrophoresis, size-exclusion chromatography), and first-principles methods which rely on 

fundamental physical laws that can be mathematically modeled (typically by differential equations). 

First-principles methods do not require reference materials in order to permit interpretation of the 

experimental data, and allow derivation of molecular parameters from the fitted equations. 

The primary object of investigation of an interaction is the dissociation equilibrium constant kD and the 

stoichiometry of an interaction between two molecules A and B. The equilibrium constant describes the 

affinity of the interaction, and m and n describe the molecule’s stoichiometries. The kD is expressed in 

molar concentration and is described by Eq. 1: 
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The measurement of the kD requires the determination of the concentrations [A], [B], and [AmBn]. The 

equilibrium described by Eq. 1 is subject to mass action. Because kD is a constant, any change in the 

concentration of A or B also induces a change in the concentration of AmBn. This means that multiple 

observations with different concentrations of A and B can be used to predict the same kD value. While a 

single ratio of [A] and [B] is sufficient for the determination of the kD, a titration of A and B is frequently 

employed to generate multiple distinct observations for the same property, enhancing the confidence in 

the result. This is especially important when the tested ratio is far from the kD concentration. The most 

reliable results are obtained when the measurements include multiple concentrations in the vicinity of 

the kD concentration and both below and above the kD concentration. It is worth noting that more complex, 

and often intractable, situations can be encountered when multiple competing reactions, or multiple 

reaction partners, or molecules with different oligomerization states and stoichiometries exist 

simultaneously. Then it is often difficult or impossible to separate the contribution of each component to 

the overall observed signal. Another consideration should be the dynamic range of the technique. For 

determination of thermodynamic constants a method with a large dynamic range is more likely able to 

cover the entire isotherm of the reaction. 

Concentration Determination: In order to determine kD concentrations, an accurate molar concentration 

must be available for each reactant. For protein or nucleic acid solutions, the concentration of each 

biopolymer is readily determined by ultraviolet-visible (UV-vis) spectroscopy. Non-absorbing molecules 

can often be quantified using refractive index methods. To obtain molar extinction coefficients for 

proteins, the absorbance at 280 nm can be measured and converted to molar concentration by the method 

of Gill and von Hippel [10], which estimates the molar extinction coefficient at 280 nm from the sequence 

of the protein and the number of tryptophan, tyrosine, phenylalanine, and disulfide bonds in cysteine 

residues contained in the sequence. These values can be predicted by programs like UltraScan [11] or 

Sednterp [12]. Additional information can be obtained by refractive index methods. A comprehensive 

review of methods to determine accurate molar extinction coefficients for proteins, including 

glycosylated proteins, can be found in [13]. Once a molar extinction coefficient is available, absorbance 

scans from a protein dilution series can be fitted globally to an intrinsic extinction curve with UltraScan. 

This curve is then normalized with the known molar extinction coefficient at 280 nm, providing a molar 

extinction coefficient profile for all wavelengths included in the absorbance scans. When measuring the 

absorbance of macromolecular solutions, it is imperative to only trust values that are in the linear range 

of the instrument. This range depends on the detector and light intensity at each wavelength. Typically, 

measurements between 0.1-1.0 OD can be trusted to be linear for most instruments with xenon light 

sources, and wavelengths between 210-650 nm. We also recommend using 10 mm pathlength quartz 

cuvettes. Another consideration is the absorbance contribution of the buffer components. Each buffer 

should be measured by itself in a spectrophotometer that has been blanked with ddH2O. The sample 

should be measured after blanking the instrument with the buffer. The combined OD from both the buffer 

and the sample should be within the dynamic range of the detector, and typically not exceed 1.0 OD at 

the selected wavelength. Buffer components such as nucleotides, reductants, EDTA, or HEPES can add 

considerable absorbance at some wavelengths, and should be avoided for most spectroscopic 

observations. One potential challenge is that carbohydrates and lipids typically do not absorb in the 

accessible wavelength range. If they are large enough, they will scatter light, producing a pseudo-

absorbance signal that does not scale with concentration, but with the 6th power of the particle radius. 

Here, refractive methods should be chosen instead for a more accurate concentration determination. 

Additional details can be found in [31, 14]. 

Temperature and Buffer: Equilibria of interactions are affected by temperature and buffer conditions. 

𝑘𝐷 =
[𝐴]𝑚[𝐵]𝑛

[𝐴𝑚𝐵𝑛]
Eq. 1 
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Therefore, the observed kD values may be different if multiple experiments are performed under non-

identical conditions. In this study all experiments were performed in the same buffer and near the same 

temperature (20 ºC) to avoid variations in the observed kD values. It is important to note that 

thermodynamic parameters as well as partial specific volume can be quite sensitive to ionic strength, pH, 

and the presence of reductants or detergents. Variation of these parameter can offer insights into the 

chemistry and types of forces involved in the interactions. 

 

Materials and Methods 

FCS measurements were performed at the Biospectroscopy Core Research Facility at the Center for 

Biomolecular Structure and Dynamics at the University of Montana. Proteins sfGFP and the nanobody 

were expressed and purified at the Integrated Structural Biology Core at the University of Montana 

(Missoula, Montana). All other biophysical characterization was performed at the Canadian Center for 

Hydrodynamics at the University of Lethbridge (Lethbridge, Alberta). 

Ultraviolet-Visible Spectroscopy (UV-vis): Prior to conducting MW-AUC experiments, a spectral 

analysis of each protein and the complex mixtures was performed to create an intrinsic extinction 

coefficient spectrum. These spectra were used to determine the optimal sample concentration required 

for the MW-AUC experiment, assuring that the absorbances of the mixed samples were within the 

dynamic range of the detector (0.1-1.0 OD). They were also used for the spectral deconvolution of the 

MW-AUC data. First, the UV-visible absorbance of each protein was measured across the range of 220-

550 nm at room temperature (22 °C) with a ThermoFisher Genesys 50S bench-top spectrophotometer in 

a 1 cm pathlength quartz cuvette. To obtain the intrinsic extinction coefficient spectrum, a serial dilution 

was scanned for each protein. Data points within the dynamic range of the spectrophotometer (0.1-1.0 

OD) were globally fitted with the “Spectrum Fitter” module in UltraScan and scaled to the extinction 

coefficients of the proteins (SI 1, SI 2) [15]. An extinction coefficient of 83,300 OD/mol was used for 

sfGFP at 488 nm which was experimentally determined by Pédelacq et al. [5], and 28,545 OD/mol was 

taken for the nanobody at 280 nm based on the method by Gill and von Hippel using the Expasy ProtPram 

tool [10, 16]. The intrinsic extinction coefficient spectrum of the proteins had random residuals (SI 1, SI 

2), ensuring that they can be used as basis spectra for the spectral decomposition of the complex. An 

overlay of the molar extinction coefficient profiles for all samples is shown in Figure 1. Prior to AUC 

analysis, UV-visible spectra of the mixtures were collected and fitted to a sum of Gaussians [15]. The fit 

of the mixtures also showed random residuals (SI 4, SI 3). Measurements of the mixtures were performed 

after approximately 30 minutes of incubation for the mixtures. To verify the composition of the mixtures, 

their fits were loaded into the “Spectrum Decomposition” module in UltraScan, and decomposed into 

the basis spectra for nanobody and sfGFP (see Figures 2 and 6). 

Microscale Thermophoresis (MST): Taking advantage of the intrinsic fluorescence of sfGFP, the 

molecular motion of both free and complexed sfGFP can be monitored to measure diffusion in a 

temperature gradient. An infrared (IR) laser is used to induce a precise spatial temperature distribution 

in the sample, which facilitates thermophoretic movement observed via fluorescence excitation and 

emission. The IR laser allows for high-precision heating of the solution in a capillary, which requires 

only 2 µL of sample for each titration point. The thermophoretic properties of the molecule changes in 

the temperature gradient, causing a concentration gradient of the molecule to be established. When the 

laser is turned off, the temperature rapidly equilibrates, and the molecules diffuse back to their 

equilibrium state. Because diffusion is inversely proportional to size, the speed of the back diffusion is a 

sensitive indicator of the weight average size of the complexed and free analytes. A titration series of the 

nanobody is performed, while maintaining a constant concentration of sfGFP, allowing MST to 

accurately determine binding affinities between sfGFP and nanobody in their unbound and bound states. 

The methodology of MST is further discussed in [17]. Measurements of the titration points were 
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performed after approximately 15 minutes of incubation. MST measurements were conducted using a 

NanoTemper Monolith NT.115 instrument to track the binding of sfGFP to nanobody by measuring the 

molecular diffusion in a temperature gradient. Initially, the stock solution of sfGFP was diluted to a final 

concentration of 75 nM in phosphate-buffered saline and the nanobody was prepared at an initial 

concentration of 10 µM in phosphate-buffered saline. A two-fold serial dilution of the nanobody was 

performed across 16 samples, with the concentration of nanobody ranging from 10 µM to 152 pM. Each 

of these dilutions was then mixed in a 1:1 ratio with the 75 nM sfGFP solution, resulting in a final sfGFP 

concentration of 37.5 nM in each mixture and nanobody ranging from 5 µM to 76 pM. 2 µL of each 

titration point were loaded into separate NanoTemper Monolith NT.115 Series capillaries. The MST 

measurements were executed at a constant temperature of 22°C, with the MST power set to medium. The 

excitation power was adjusted to 5% using the Nano – BLUE setting. The experiments were performed 

in triplicate. Data analysis was conducted with the MO. Affinity Analysis software. 

Isothermal Titration Calorimetry (ITC): ITC is a label-free, first principal technique used to directly 

measure the heat absorbed or released when an interaction occurs. The heat is equal to the enthalpy (ΔH) 

of that reaction, which provides information about other thermodynamic parameters of biomolecular 

interactions, including the dissociation constant (kD), association constant (ka), entropy (ΔS), and 

stoichiometry (n). It is important to note that n can only be accurately determined when accurate sample 

concentrations are available, and all molecules are fully active. During the ITC experiment, a 

microcalorimeter detects heat changes associated with the binding events between macromolecules. This 

is achieved by titrating the nanobody from an injection syringe into a sample cell containing sfGFP, 

alongside a reference cell filled with water. The calorimeter monitors temperature differences between 

these cells upon binding and uses feedback-controlled heaters to maintain a constant temperature. ITC 

requires extensive preparation time, and sensitivity to buffer conditions and is not ideal for interactions 

with no or very low enthalpy changes because they cannot be effectivelymeasured using ITC. Another 

consideration that must be made when applying ITC is material consumption. A volume of up to 430 µL 

is required for the binding partner and 150 µL for the ligand, with concentrations as high as 500 µM are 

required, depending on the interaction. Further information can be found in [18]. ITC measurements were 

performed using an Affinity ITC instrument (TA Instruments). The nanobody was concentrated to 96 µM 

and sfGFP was diluted to 15 µM in phosphate-buffered saline. Both samples were degassed and 

equilibrated to a temperature of 25°C prior to loading. The ITC cell was filled with 300 µL of sfGFP, 

meeting the minimum volume requirement, and 80 µL of nanobody was loaded into the injection syringe. 

An initial injection of 0.4 µL of nanobody into the cell was used to stabilize the system. Subsequently, 

1.5 µL injections of nanobody were administered into the cell across 32 total injections, spaced by 120-

second intervals, with stirring maintained at 125 rpm. The resulting data were analyzed with the 

NanoAnalyze Software (TA Instruments). 

Multi-Wavelength Analytical Ultracentrifugation (MW-AUC): Multi-wavelength AUC adds a second 

dimension to standard single-wavelength detection, where any molecules with distinct absorbance 

spectra can be resolved by spectral separation in addition to the traditional hydrodynamic separation [14, 
19]. For the sfGFP-nanobody interaction, the unique spectral profile of sfGFP with a peak absorbance at 

488 nm clearly distinguishes it from the nanobody, which lacks the 488 nm excitation peak. The spectral 

properties of each molecule are first determined by using ultraviolet-visible spectroscopy (UV-Vis). 

When mixtures are measured in a MW-AUC experiment, a hydrodynamic characterization of all 

components by sedimentation velocity analysis is complemented by the spectral separation of the 

sedimentation signal, which produces separate molar concentration signals for each analyte in the 

mixture. Based on the molar composition of both sfGFP and nanobody, complexes and their molar ratios 

can be identified, and the molar masses of each species can be calculated based on hydrodynamic 

characterization, which measures the sedimentation (s) and diffusion (D) coefficients. Molar mass (M) 

conversion requires knowledge of the partial specific volume,�̅�(Eq. 2). 
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The partial specific volume was estimated by UltraScan based on the protein sequence for individual 

molecules, and weight-averaged values are used for complexes, consistent with their stoichiometry as 

described in [20, 21]. When the sfGFP and nanobody complex is formed, the resulting composite spectra 

reflect proportional contributions from each involved solute, providing direct access to stoichiometries 

of binding as long as molar extinction coefficients are known accurately. Additional information about 

MW-AUC can be found in [14, 22, 23]. Using the UV-vis spectral analysis as a guide, the proteins were 

diluted with phosphate-buffered saline to achieve an absorbance within the dynamic range of the detector 

at their maximum absorbance peaks (280 nm and 488 nm). Measurements of all samples were performed 

after one hour of rotor temperature equilibration. Each of the proteins was measured individually as a 

control along with two mixtures of sfGFP and nanobody, a 1:1 and 1:2 molar ratio of sfGFP:nanobody 

in a Beckman-Coulter Optima AUC at the Canadian Center for Hydrodynamics at the University of 

Lethbridge, which was calibrated for chromatic aberration [24]. The molar concentrations derived are 

based on the assumed extinction coefficients. Therefore, the accuracy of kD concentrations and 

stoichiometries is dependent on the accuracy of the molar extinction coefficients used. 460 µL of each 

sample were loaded into 2-channel epon centerpieces and fitted with quartz windows. Samples were 

measured in an An60Ti rotor at 47 krpm for 12.5 hours at 20 °C in intensity mode. The mixtures were 

measured in multi-wavelength mode, measuring between 260-290 nm and 475-499 nm at every second 

wavelength. According to UV spectroscopy, these wavelength ranges appeared to be minimally affected 

by hypo-/hyper-chromic shifts upon complexation. Nanobody and sfGFP controls were measured at 280 

nm and 488 nm, respectively. To optimize data collection, only a single cell was scanned when collecting 

data in multi-wavelength mode. Individual wavelength datasets were analyzed according to methods 

described earlier Nanobody and sfGFP mixtures were analyzed by the two-dimensional spectrum 

analysis (2DSA) [25] to the iterative step, followed by a Monte Carlo refinement [26]. 

Data acquisition and analysis were performed with Ultrascan-III v. 7285 according to methods described 

in [14, 15]. For MW-AUC data, only the 280 nm dataset was used to estimate the meniscus position; this 

position was then applied to the datasets from all other wavelengths belonging to the same channel. Due 

to the sequential acquisition of multi-wavelength scans obtained from Beckman optics, a time 

synchronization is required, and performed with the UltraScan “Optima MWL Fit Simulation” module, 

followed by the spectral decomposition with the UltraScan “MWL Species Fit” module as described in 

[14]. A van Holde-Weischet analysis was used to plot diffusion-corrected integral sedimentation 

coefficient distributions from the deconvoluted datasets [27]. 

Fluorescence AUC: Fluorescence detection in an AUC is made possible by the FDS detector from Aviv 

Biomedical, installed in a Beckman Proteomelab XLA at the University of Lethbridge. Excitation is 

achieved with a 488 nm laser and a confocal radially scanning microscope is used to observe the 

fluorescence signal as a function of radius [28]. Fluorophores that can be excited at 488 nm include 

the GFP variants, making this interaction study suitable for fluorescence AUC. Because the entire 

signal reflects only the fluorescent molecule, this technique offers exquisite selectivity, even in an 

impure solution where the presence of other protein molecules would obscure the signal of interest. 

To measure interactions with fluorescence AUC, a titration series with a constant amount of 

fluorophore is measured, and the amount of complex formed is measured as a function of 

concentration. Because complexed molecules are larger in molar mass, a positive shift in 

sedimentation coefficient is indicative of complex formation. Hydrodynamic analysis can be used to 

derive molar masses, further supporting the formation of a complex. Fluorescence data were analyzed 

with UltraScan according to methods described in [15], using the 2DSA [25], followed by Monte Carlo 

analysis [26]. A weight-average sedimentation coefficient from the Monte Carlo analysis was 

determined for each titration point from 100 Monte Carlo iterations. The weight-average 

𝑀 =
𝑠𝑅𝑇

𝐷(1−�̅�𝜌)
Eq. 2 
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sedimentation coefficients were subsequently globally fitted to a sigmoidal function. Using the MST 

and ITC results as a guide, mixtures of 100 nM sfGFP and nanobody concentrations of 0.25 nM, 0.43 

nM, 1 nM, 2.3 nM, 3 nM, 4 nM, 9 nM, 19 nM, 48 nM, 100 nM, 102 nM, 105 nM, 115 nM, 120 nM 

nM were prepared and measured at 50 krpm for 9 hours at 20 ºC. Measurements of all samples were 

performed after one hour of rotor temperature equilibration. The fluorescence detection gains were 

adjusted to produce a response below 4000 counts to stay within the dynamic range of the detector. 

Fluorescence correlation spectroscopy (FCS): FCS complements MW-AUC by providing orthogonal 

measurements of the diffusion coefficients of free and complexed sfGFP by a first principle method. In 

FCS, fluorescent molecules are excited and observed in a tiny focal volume, where the dynamics and 

interactions of biomolecular processes can be observed at the single-molecule level. The fluctuations in 

fluorescence intensity are measured, providing information about the diffusion coefficient, 

hydrodynamic radius, and local concentration. By employing FCS, we can gain a deeper understanding 

of the dynamic properties of these protein interactions, further validating the data obtained from other 

biophysical techniques used in this research. For more information refer to [29]. Fluorescence correlation 

spectroscopy measurements were performed in a similar manner to Steele et al. [30]. After sample 

preparation, measurements of the mixture was performed after 30 minutes of incubation. Data were 

acquired over three or four replicates by time-correlated-single-photon counting (TCSPC) on a 

PicoQuant MicroTime 200 microscope with a 40X water immersion objective. All samples were excited 

with a vertically polarized 485nm pulsed diode (LDH-D-C-485) operating at a 40hz repetition rate and 

an optical power of 2 µW at the objective. The spectral width of this laser is between 2 and 8 nm. 

Emissions were filtered through a 30 µm pinhole and a 488nm long-pass filter (AHF/Semrock BLP488-

R) and collected by a PicoQuant Hybrid PMT. The confocal volume was calculated by measuring 

Alexa488 (XFD488 acid, AAT Bioquest), a sample with a known diffusion coefficient of 435 µm2/s [31]. 

All experiments were performed in triplicate. Eq. 3 details the model used to calculate the effective 

volume. In this equation κ represents the length-to-diameter ratio of the focal volume, D represents 

diffusion coefficient, and τDiff represents the diffusion time of the species. 

 

sfGFP was measured at a concentration of 10 nM in PBS for two minutes to minimize photobleaching. 

A count-rate of 5,000 cps was maintained for the duration of the acquisition. In the presence of nanobody, 

the molar ratio was 2:1 nanobody:sfGFP. FCS data were fitted with PicoQuant SymphoTime 64 version 

2.3. A one component pure diffusion model displayed in Eq. 4 was used to fit and calculate the 

translational diffusion coefficients. In Eq. 4 nDiff is the number of independently diffusing species, ρ is 

the contribution of the ith diffusing species, t represents time, τDiff represents the diffusion time of the ith 

species, and κ represents the length to diameter ratio of the focal volume. 

 

The translational diffusion coefficient, D, is then calculated from Eq. 5, where w0 is the effective lateral 

focal radius at (1/e)2 intensity and τDiff is the diffusion time of the ith species. 

 

Room temperatures during data collection varied between 20-23 ˚C. Therefore, all diffusion are 

coefficients corrected to a D20,W value by estimating the approximate viscosity of the solution at 20 ˚C. 

This is shown in Eq. 6. 

𝑉𝐸𝑓𝑓𝐷 = 𝜅[𝐷4𝜏𝐷𝑖𝑓𝑓𝜋]
3

2Eq. 3 

𝐺(𝑡) = ∑ (
𝜌[𝑖]

[1+
𝑡

𝜏𝐷𝑖𝑓𝑓[𝑖]
][1+

𝑡

𝜏𝐷𝑖𝑓𝑓[𝑖]𝜅
2]
0.5
)

𝑛𝐷𝑖𝑓𝑓−1

𝑖=0
Eq. 4 

𝐷 =
𝑤0
2

4𝜏𝐷𝑖𝑓𝑓
Eq. 5 
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Eq. 6 is used to correct any measured translational diffusion coefficient D determined at any temperature 

T and in buffer B to standard conditions at 20 ˚C and water. The diffusion coefficient at a given 

temperature is described by D and the viscosity of the solvent at a given temperature is described by η.. 

SEC-MALS: Size exclusion chromatography is a preparative separation technique, fractionating 

mixtures of molecules based on their size. In-line detectors for UV absorptivity, refractive index, multi-

angle static light scattering (MALS), and dynamic light scattering (DLS) together provide information 

on the concentration and molar mass, as well as the diffusion coefficients of the separated molecules. 

While chromatographic separation by itself requires a set of appropriate reference standards to aid in the 

interpretation of the results, the combination of the in-line detectors provide a first-principle 

characterization, largely eliminating the need for reference materials. For this study, an KW402.5-4F 

Shodex HPLC column was used. The MALS analysis was performed using a Dawn® (Wyatt Technology 

Corporation, Santa Barbara, CA, USA) equipped with 18 detector angles and a 658 nm laser. Refractive 

index was measured with an Optilab® refractometer (Wyatt Technology Corporation, Santa Barbara, 

CA, USA). Samples were prepared at concentrations of 72.5 µM (sfGFP), 149.2 µM (nanobody), and 

69.9 µM (complex) and centrifuged at 10 krpm for 3 minutes to remove any aggregates. 100 µL of each 

sample was injected into the column. The molecular weight was determined as described by the 

manufacturer using the Astra v8.0.0.25 software using Eq. 7. 

 

R0 is the Rayleigh ratio at angle θ=0, c is the concentration in mg/mL, n is the refractive index of the 

solvent, λ0 is the wavelength of the laser in vacuum, dn/dc is the differential refractive index of the 

solution in mL/g, and NA is Avogrado’s number. A dn/dc value of 0.16 mL/g was used for the molecular 

weight determination. The diffusion coefficient D is derived from the scattering autocorrelation function 

g of time increment τ (Eq. 8). 

 

where B is the baseline of the correlation function at infinite delay, β is the correlation function amplitude 

at τ=0, and Г is the decay time. Г is directly proportional to D (Eq. 9). 

 

The Stokes Einstein equation (Eq. 10) can be used to interpret the diffusion coefficient D as a diffusing 

sphere with the hydrodynamic radius rh. Where kB is the Boltzmann constant, T is temperature, and η is 

the solvent viscosity. 

 

Temperature and buffer correction of measured diffusion coefficients to standard conditions for water at 

20 ºC can be performed with Eq. 6. Additional information can be found in [32, 33]. 

Purification of the anti-GFP nanobody (GFP-enhancer): Anti-GFP nanobody was a gift from Martin 

Spiess (“pET24a-VHH-TEV-mCherry “Addgene plasmid #117752) and protein was purified following 

𝐷20˚𝐶 = 𝐷𝑇,𝐵(
𝜂𝑇,𝐵

𝜂20˚𝐶
)Eq. 6 

𝑀 =
𝑅0

𝐾*𝑐

𝑤ℎ𝑒𝑟𝑒: 𝐾* =
4𝜋2𝑛0

2(𝑑𝑛 𝑑𝑐⁄ )2

𝜆0
4𝑁𝐴

Eq. 7 

𝑔(𝜏) = 𝐵 + 𝛽𝑒(−2Γ𝜏)Eq. 8 

𝐷 =
Γ

(
4𝜋𝑛

𝜆0
sin(𝜃 2⁄ ))2

Eq. 9 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟ℎ
Eq. 10 
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a modified protocol published in [34] with an additional TEV cleavage step to remove the mCherry tag. 

AntiGFP nanobody-TEV-mCherry-6xHis nanobody was expressed in SHuffle T7 Express cells (NEB 

C3029) in Terrific Broth media supplemented with 0.4% w/v glucose and 50 ug/mL Kanamycin. After 

growing shaking 1L cultures to an OD600 = 0.8 at 37 degrees C, the temperature was dropped to 18 

degrees C and cultures were induced with 150 μM IPTG for 16 hours. 4 L of cultures were harvested by 

centrifugation at 4000xg and lysed in 300 mL lysis buffer (50mM Tris pH 7.5, 300mM NaCl, and 10mM 

imidazole) with 1mM PMSF, 10mg lysozyme, and 1mg DNase in an Avestin Emulsiflex c5 cell disruptor 

(Avestin, Quebec, Canada). Lysate was clarified at 19,000 x g for 1hr and flowed over two 5ml Histrap 

FF nickel columns (GE Cytiva 17-5255-01) and washed thoroughly with 300-800 mL of lysis buffer. 

Protein was eluted with a gradient up to 500mM imidazole in lysis buffer and eluted at 250mM imidazole. 

Eluted protein was buffer exchanged using a 10 kDa MWCO centrifugal filter into PBS buffer and treated 

with TEV protease at a ratio of 6 mg TEV to 90 mg of AntiGFP nanobody-TEV-mCherry-6xHis 

overnight at 4 degrees C. Proteolytically cleaved protein was passed over loose nickel-NTA beads 

equilibrated in PBS, and the antiGFP nanobody flow through was concentrated to 7mg/ml in a 10kDa 

MWCO centrifugal filter prior to size exclusion in PBS buffer. 

Purification of Super-Folder GFP: 6xHis-sfGFP was purified following a modified protocol published in 

[35] with an additional TEV cleavage step to remove the 6xHistidine tag. sfGFP was expressed in BL21 

DE3 E. coli (New England Biolabs) in LB media supplemented with 100 ug/mL Carbenicillin. After 

growing/shaking 1L cultures to an OD600 = 0.8 at 37 degrees C, the temperature was dropped to 18C and 

cultures were induced with 150 μM IPTG for 16 hours. 2 L of culture was harvested by centrifugation at 

4000xg and lysed in 300 mL lysis buffer (50mM Tris pH 7.5, 300mM NaCl, and 10mM imidazole) with 

1mM PMSF, 10mg lysozyme, and 1mg DNase in an Avestin Emulsiflex c5 cell disruptor (Avestin, 

Quebec, Canada). Lysate was clarified at 19,000 x g for 1hr and flowed over two 5ml Histrap FF nickel 

columns (GE Cytiva 17-5255-01) and washed thoroughly with 1L of lysis buffer. Protein was eluted with 

a gradient up to 500mM imidazole in lysis buffer and eluted at 250mM imidazole. Eluted protein was 

buffer exchanged using a 10 kDa MWCO centrifugal filter into PBS buffer and treated with TEV protease 

at a ratio of 6 mg TEV to 100 mg sfGFP at 4C. Proteolytically cleaved protein was passed over loose 

nickel-NTA beads equilibrated in PBS, and the sfGFP flow through was concentrated to 7mg/ml in a 

10kDa MWCO centrifugal filter prior to size exclusion in PBS buffer. 

 

Results 

UV-Vis: Decomposition of the 1:1 mixture shows a composition of 55.73% nanobody and 44.27% 

sfGFP (Figure 2A). The decomposition of the 2:1 mixture shows a composition of 67.52% nanobody and 

32.48% sfGFP (Figure 2B). Both mixtures were confirmed to be close to the intended ratios. Previously, 

the effect of the nanobody binding on the sfGFP UV-vis spectrum has not been studied in detail. We do 

see minor hyper- and hypochromic shifts in the UV-Vis absorption spectrum as a result of the association 

with the nanobody (see Figures 2A and B), suggesting that in our experimental conditions sfGFP 

chromophore is deprotonated without nanobody association. 

MST: The MST experiment resulted in a kD of 1.53 nM with a standard error of 3.98 nM. The signal-to-

noise ratio was 14.1 with no detected aggregates or ligand-induced photobleaching rate changes. The 

results are shown in Figure 3. 

ITC: The raw heat release data per injection and the integrated binding isotherm are shown in Figure 4. 

The integration points were fit using the NanoAnalyze independent model, which was combined with a 

blank constant model for baseline correction. The independent binding model assumes that each binding 

site on the macromolecule binds the ligand independently, without influencing the binding affinity of 

other sites. The enthalpy of the reaction was -46.48 kJ/mol. From the measured result of the enthalpy, the 

kD, n, and entropy were able to be calculated. A kD of 1.000 ± 0.633 nM, an n of 0.917, and an entropy 
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of 13.76 J/mol·K with a 95% confidence level was obtained. The signal-to-noise ratio for the fit of the 

resulting data was 117, with a standard deviation of 0.4. 

MW-AUC: The multi-wavelength AUC results are shown in Figure 5 (integral distributions) and Figure 

6 (differential distributions). Both controls of sfGFP and nanobody show vertical integral sedimentation 

profiles, indicating that the reactants are mostly homogeneous and of high purity. Fits of these data 

resulted in signal-to-noise ratios between 128 to 300, depending on wavelength. The analysis reveals 

three distinct species: free sfGFP, sedimenting at 2.84 s, free nanobody, sedimenting at 1.72 s, and their 

1:1 complex, sedimenting at 3.35 s. Molar masses measured by AUC for these species are in excellent 

agreement with the predicted molar masses from sequence, with 26.7 kDa for sfGFP (26.8 kDa from 

sequence), 15.1 kDa for the nanobody (15.2 kDa from sequence), and 41.6 kDa (42.1 kDa from sequence) 

for the complex (see Table 1). The decomposition achieves a precise determination of each species’ 

partial concentrations, which are highly consistent with the prediction obtained from the UV-vis analysis. 

The sedimentation profiles of deconvoluted sfGFP in the mixture exhibit a shift in the sedimentation 

coefficient distribution to 3.35 s, demonstrating that the total amount of sfGFP is bound to the nanobody 

in both 1:1 and 1:2 mixtures. In the 1:1 mixture, sfGFP has a concentration of 9.35 µM, constituting 

42.5% of the total mixture concentration while in the 1:2 mixture, the sfGFP concentration decreases to 

7.02 µM, representing 32.0% of the total concentration. Similarly, the nanobody in the 1:1 mixture shifts 

from free to bound sedimentation (1.72 s to 3.31 s), with a small portion of the boundary showing an 

excess of free nanobody in the sedimentation profile, as expected. The nanobody concentration in the 1:1 

mixture is 12.66 µM, accounting for 57.5% of the total concentration and explaining the observed slight 

excess of free nanobody. In the 1:2 mixture, the nanobody remains in excess with a concentration of 

14.93 µM corresponding to 68.0% of the total concentration. This shift between free and complexed 

nanobody is distinctly observed in Figure 5. The frictional ratios derived from the analysis provide 

additional insights into the shape of sfGFP and its interactions with the nanobody, with sfGFP showing 

the most globular species with f/f0 1.28, and nanobdy and complex both slightly more extended with an 

f/f0 of 1.31. Free sfGFP and nanobody exhibit larger diffusion coefficients than the 1:1 complex, with the 

nanobody recording the largest diffusion coefficient, consistent with their molar masses (Table 1). All 

fits produced random residuals. 

Fluorescence AUC: The weight averaged sedimentation coefficients from the 2DSA-Monte Carlo 

analysis for each sfGFP-nanobody mixture were determined with UltraScan and plotted against the 

predictions of molar fractions of nanobody mixed with sfGFP (Figure 7A). The kD was measured using 

a sigmoidal function fit of the plot and reported a value of 1.72 nM, in good agreement with the other 

reported Kd values (Figure 7B, Table 1). At 100 nM sfGFP concentration, the instrument recorded signal-

to-noise ratios ranging between 70-100, with ratios generally increasing when the sfGFP was fully 

complexed with nanobody enhancer, consistent with the higher fluorescent yield expected for a fully 

formed complex. All fits produced rand om residuals. 

FCS: For the purpose of measuring the translational diffusion coefficients of sfGFP with and without 

nanobody bound, we performed fluorescence correlation spectroscopy. The diffusion coefficients 

measured by FCS change with particle size, so it was expected that complexed sfGFP would have a larger 

hydrodynamic radius with a lower diffusion coefficient. In these experiments the nanobody was in excess 

of sfGFP at a 1:2 ratio of sfGFP to nanobody. Because of the nanomolar Kd it is assumed that 

approximately all sfGFP is complexed in the presence of nanobody. These data are shown in Figure 8. 

Graph A depicts the autocorrelation curve of sfGFP in the absence of nanobody, which when fit to a 

single diffusion coefficient model produced a diffusion coefficient of 105.9 +/- 2.96 µm2/s. With sfGFP 

saturated by nanobody, graph B shows a similar autocorrelation curve that produces a diffusion 

coefficient of 89.6 +/- 3.91 µm2/s due to the change in MW upon nanobody binding. Both autocorrelation 

curves, with and without nanobody, were normalized with the highest data point in each set represented 

as unity. This is displayed in graph C with the red curve (nanobody bound) being slightly right-shifted 
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due to slower diffusion. 

SEC-MALS and DLS: Analytical SEC-MALS was employed as a complementary biophysical technique 

to measure molecular weight and diffusion coefficients of the samples. The refractive index of the 

phosphate-buffered saline was measured to be 1.331 mL/g and was used to determine the absolute solute 

concentrations for the molecular weight calculations. The molecular weights determined by SEC-MALS 

were 16.90 ± 1.04 kDa for the nanobody, 27.90 ± 0.71 kDa for sfGFP, and 34.26 ± 1.67 kDa for the 

complex in a 1:1 molar ratio mixture. Diffusion coefficients were measured as 103.1 ± 4.4 µm2/s for the 

nanobody, 84.1 ± 2.3 µm2/s for sfGFP, and 78.6 ± 2.5 µm2/s for the complex. The results are summarized 

in Figure 9. 

               

Discussion 

UV-Vis: When bound to sfGFP, the nanobody enhances the fluorescence of sfGFP and contributes to 

hyper- and hypochromic shifts of the absorbance spectrum of sfGFP when in complex (see Figures 1 

and 2). This effect must be considered when calculating molar ratios. As a consequence, minor 

deviations in the molar extinction coefficient in the complexed state should be expected. Accordingly, 

our results show a small excess of nanobody in both mixtures, which could be both explained through 

pipetting errors and by minor deviations in the actual extinction coefficients for the complexed state 

(Figures 2A and B). 

MST: The reported kD of 1.53 nM lies in a low nanomolar range, showing that the binding between sfGFP 

and GFP-enhancer is very strong and specific to a stable complex. This is corroborated by Figure 3, 

which exhibits a steep increasing sigmoidal jump followed by a sharp plateau, typical of strong binding 

events, with few data points in between the bound and unbound species. Because we approach the range 

of sensitivity limits of the Monolith NT.115 (1 nM-500 mM), the potential for increased measurement 

error increases, supported by the relatively large error margin of 3.98 nM. This could indicate the 

possibility of a picomolar kD. For future MST studies, a Monolith NT.115 Pico would be more 

appropriate. Despite the large error, we can confirm that the kD would not exceed a low nanomolar range 

as the results are corroborated with ITC. MST excels by requiring minimal sample amounts, and a short 

time for the experiment and analysis, but users need to be aware of capillary fouling and sample 

aggregation, which may demand additional optimization. 

ITC: Similarly to the MST data, the sigmoidal fit in the ITC results exhibits a steep transition, suggesting 

a very strong and specific interaction between sfGFP and nanobody. The ITC data, as shown in Figure 4, 

presents a kD of 1.000 ± 0.633 nM, which aligns closely with the MST results. This consistency between 

two different techniques supports the reliability of the low nanomolar kD. However, it is important to 

consider the inherent limitations of ITC when measuring extremely tight binding interactions. The 

sensitivity of the instrument typically prevents accurate determination of kD values below 1 nM. 

Therefore, the actual kD for this interaction might be in the picomolar range, which the ITC could not 

resolve due to its detection limits. While ITC could theoretically measure picomolar kD values using 

specialized methods, doing so would require extremely low concentrations that could exceed the dynamic 

range of the instrument, making it a challenging to recover the exact kD of the interaction. While the kD 

of the sfGFP and nanobody cannot be accurately reported by ITC due to its tight (<1nM) affinity, the 

enthalpy of complex formation is in good agreement with that reported for eGFP and GFP-enhancer 

binding also determined by ITC. These values differ only by 3% at -44.98 kJ/mol (-10.75 kcal/mol) at 

25C with eGFP [36] and -46.48kJ/mol (-11.11 kcal/mol) at 25 degrees C with sfGFP. This small 

difference may be due to the several folding-enhancing mutations in sfGFP [5] that are close to the 

interface with GFP-enhancer nanobody, including A206V affecting a direct side-chain contact of the 

nanobody [36, 37]. Since A206 is part of the hydrophobic patch involved in the interaction, and valine 

substitution does not alter its hydrophobic nature, the minimal effect on the association enthalpy is not 
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surprising. Limiting factors of ITC include the high sample requirements, and the challenge of keeping 

molecules soluble in high concentration measurements, while maintaining the exact same buffer for both 

components. 

MW-AUC: By combining a traditional hydrodynamic AUC characterization with a multi-

wavelength analysis, it is possible to determine the molar stoichiometry of any complex formed. 

Using the basis spectra obtained from the UV-Vis analysis, the AUC signal belonging to each 

hydrodynamic species was deconvoluted, providing precise molar concentrations for each 

component in the mixture. Hydrodynamic separation additionally aids in the identification and 

quantification of each species, whether contributing to a complex, or left unbound in solution. 

Furthermore, an orthogonal validation of any free or complexed species is possible from the 

calculation of the molar mass derived from the sedimentation and diffusion coefficients, combined 

with the sequence-derived partial specific volume (weight averaged for complex species). It needs 

to be stressed that any molar concentration is only as accurate as the available molar extinction 

coefficient, and accuracy of the molar mass is dependent on the accuracy of the partial specific 

volume of each species, which is typically only estimated from sequence, but subject to variations 

caused by the buffer. For the case of nanobody and sfGFP we were able to conclusively verify a 1:1 

stoichiometry of the complex, supportive of the ITC results (Figures 5 and 6, and Table 1). Because 

of dynamic range limitations in the detector, sample concentrations were too high to accurately 

measure the kD concentrations. Nevertheless, the high signal-to-noise level obtained at these higher 

concentrations afforded very high precision for hydrodynamic parameters and partial 

concentrations. Diffusion coefficients available from MW-AUC methods are complementary to 

FCS and DLS measurements, but some values differed. When the identity of the hydrodynamic 

species can be assigned, for example from the molar mass or the spectral profile, Eq. 2 (the 

Svedberg relationship) is an excellent validation tool for the reliability of the measurement. Using 

the sedimentation coefficients, which can be assigned with very high confidence, the diffusion 

coefficients measured with a different technique also must reproduce the expected molar mass. 

This is discussed further in the FCS and SEC-MALS/DLS sections. The relatively low dynamic 

range of the UV/visible absorbance detector constrains the accessible concentration range, and 

limits the kD range that can be observed. Furthermore, complex forming molecules will need to 

contribute to the overall absorbance within the dynamic range, and provide approximately equal 

signal in order to be accurately measured. Unlike any other method, sedimentation velocity 

experiments excel in distinguising the presence of contaminants and additional oligomerization 

reactions, while other techniques may only detect weight-averages of all species present. 

Fluorescence AUC: Under favorable conditions and with sufficiently high fluorescence yield, 

fluorescence technology can extend the dynamic concentration range of AUC to at least 1 order of 

magnitude lower concentrations than can be achieved with UV-visible detection, facilitating 

measurements of tight binding interactions. While the concentration of 100 nM sfGFP 

concentration in our instrument was barely low enough to estimate a kD in the low nanomolar 

range, these concentrations provide sufficient data quality and the results are still in good 

agreement with both ITC and MST, which both also were at the limit of their dynamic range 

(Figure 7). Because non-fluorescent nanobodies are not visible in the fluorescence AUC 

measurement, it is not possible to report on the hydrodynamic parameters of unlabeled nanobody 

with this technique. As in MST and ITC, a steep jump in the signal is observed in the vicinity of 

the kD, but this measurement still relies on knowing the concentration of nanobody accurately from 

the titration. Clearly, because the nanobody is invisible in the fluorescence experiment, it cannot 

be measured in this experiment, and the results are only as reliable as the concentration 

measurements of the unlabeled molecule in the titration. The same consideration applies to the 

MST and ITC experiments. Compared to MW-AUC, F-AUC suffers from lower signal-to-noise 
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ratios, although the dynamic range for concentration for F-AUC is significantly larger, and the 

exquisite selectivity of fluorescence detection provides clear advantages when working with 

complex or impure solutions. 

FCS: We used FCS to measure the translational diffusion for orthogonal verification of the diffusion 

coefficient obtained from AUC and DLS. Our diffusion coefficients for free sfGFP were 10% higher for 

sfGFP and 25% for the complex compared to AUC, and 26% higher for sfGFP and about 14% higher for 

the complex when compared to DLS (Table 1). Notably, the values produced by FCS were from a 

different preparation of enhancer nanobody than was used in AUC and DLS (Table 1). However, previous 

comparisons between our FCS and AUC instruments produced agreement within 2% when the same 

protein preparation was used (data not shown). Although our FCS values were corrected for the average 

temperature and buffer conditions during measurement, small fluctuations in stage temperature could 

have increased this error. Because the diffusion measurements for FCS are consistently higher than for 

both AUC and DLS, a systematic error in the experimental setup is possible. Moreover, unlike SEC-

MALS or AUC, individual molecules are not separated in FCS, and weight-average diffusion coefficients 

are observed when multiple components are present in a mixture. If there is any unbound sfGFP in the 

complexed sample, the observed diffusion coefficient would be elevated, which could partially explain 

the discrepancy for the complex. A good sanity check of the observed values is the calculation of molar 

mass and frictional ratios, f/f0, by combining the FCS-measured diffusion coefficients using Eq. 2 with 

the sedimentation coefficient from the AUC experiments, which are measured with high confidence, and 

the partial specific volume derived from sequence. The values we recorded systematically produce lower 

molar masses and f/f0 values than both DLS and AUC, also suggesting a systematic error in the FCS 

measurements. 

Other fluorescent proteins and eGFP have been used as viscometers for various cellular compartments, 

and values for D of eGFP in water are reported in [38, 39]. These values range from 87-130 µm2/s and 

were measured at different temperatures with various methods [31, 38, 40, 41, 42]. Typically these data are 

not reported as D20,W values. Thus, these values are hard to compare with the present work unless 

corrected. The approach taken within the current work provides a standardization of diffusion values 

produced by multiple techniques. It is also important to consider that these literature values were obtained 

with different implementations of FCS (scanning vs fixed point) along with adjacent measures of 

diffusion such as fluorescence recovery after photobleaching. Subtle differences in experimental setup 

as well as data acquisition, sample purity, and analysis could account for the range of reported diffusion 

coefficients. For example, Petrasek and Schwille utilized two-photon excitation along with scanning FCS 

to minimize photobleaching of the GFP [31]. While care was taken to minimize photobleaching of sfGFP 

in the current work, we did not use scanning FCS or have a two-photon excitation source available to us. 

Additionally, the small alterations to the sequence and structure of sfGFP as compared to eGFP could 

explain some of the differences in diffusion between sfGFP and eGFP. 

Additional considerations can be made about the induction of the triplet state during FCS measurements. 

As stated, care was taken to keep the laser power relatively low and minimize photobleaching. In doing 

this, we do not perceive there to be significant triplet state within the autocorrelation functions for sfGFP. 

When fitting our data to a triplet state model, fits are not adequate, and some parameters are 

undeterminable (data not shown). Based on this we determined the pure diffusion model to be most 

representative of the sfGFP hydrodynamics. There has been a report that GFP mutants can enter a dark 

state similar to the triplet state, which coul Monolith NT.115 Pico d account for diffusion numbers that 

skew higher [43]. 

SEC-MALS/DLS: The data obtained from SEC-MALS provides valuable information on the molecular 

weight and diffusion properties of biomolecules, but accuracy is limited by the resolution of size-based 

separation. Unlike MW-AUC, where superb 3-dimensional separation can be achieved (sedimentation, 
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diffusion, and spectral properties), resolution in SEC-MALS is challenging when mixtures of molecules 

of similar size need to be measured. High purity is essential to ensure molecular weight determinations 

are not influenced by oligomers, aggregates or contaminants. As can be seen in Figure 9D, separation 

between sfGFP and the complex in SEC-MALS is very minor, despite a 56% difference in molar mass. 

In this study, the molecular weights determined from MALS for pure nanobody and pure sfGFP were in 

excellent agreement with the mass determined from their sequences (sfGFP: 4%, nanobody: 11%, 

complex: 18%) and by AUC (sfGFP: 4%, nanobody: 12%, complex: 17%). The MALS-determined 

molecular weight of the complex was underestimated by approximately 7 kDa, closely matching the error 

trends seen in the FCS results for the elevated diffusion coefficients. While the solutions with a 1:1 molar 

ratio of sfGFP and nanobody were prepared using the same methods as in the UV-Vis and MW-AUC 

experiments, the superior separability by MW-AUC provides the most reliable result when characterizing 

composition. Both analyses indicated an excess of a smaller molecule in the mixture, suggesting that the 

SEC-MALS measurement may have included free nanobody or sfGFP in addition to the complex, 

lowering the apparent mass. Similarly, the DLS measurement produced a diffusion coefficient slightly 

larger than the one observed by AUC. It is expected that poor resolution in the SEC column could provide 

a weighted average D value for a mixture of free nanobody or free sfGFP and the 1:1 complex. Despite 

this limitation, SEC-MALS can effectively distinguish the nanobody, sfGFP, and the complex, as 

demonstrated in Figure 9. However, because this technique alone cannot fully separate complex mixtures, 

additional size exclusion chromatography over a larger column volume prior to analyses could yield 

more accurate results by ensuring complete separation of free nanobody from the complex. For sfGFP 

alone, DLS reported a lower D value than AUC, while FCS reported a larger D value than AUC. 

 

Summary 

Protein-protein interactions are best studied using solution-based biophysical methods, where molecules 

can interact dynamically, and without physical constraint. The performance of multiple methods was 

examined for a tight binding interaction (kD ~ 1 nM). As we have demonstrated, a high degree of 

confidence can be obtained about the stoichiometry, molar mass, kD, and composition of an interacting 

system. We found that MST, fluorescence AUC and ITC agreed very well on the kD of the interaction, 

although this kD concentration is close to the limit of their dynamic range. In those cases, instrumentation 

that would extend the dynamic range to lower concentrations (Monolith NT.115 Pico for MST 

experiments), or surface plasmon resonance, as was applied in a related study [44], would be 

recommended. Unfortunately, this equipment was not available to us. While all of our methods are 

measuring interactions free in solution, techniques such as surface plasmon resonance rely on fixing the 

substrate to a solid support, which could impact the measurements when compared to free solution 

methods. All other methods could not be used for measuring the kD, however, ITC and MW-AUC both 

agreed on a 1:1 stoichiometry. MALS detection of molar mass was in excellent agreement with molar 

masses derived from sequence, but only if the sample was already highly purified. For the complex, the 

presence of additional unbound molecules could only be resolved by MW-AUC, which also provided the 

most reliable composition analysis. AUC and column chromatography approaches utilize UV/visible 

and/or interference optics for detection, which provide a direct metric for the concentration of the sample, 

either by optical density or refractive index. This is a strong advantage for measuring composition or kD, 

compared to methods that rely on the user to provide the concentration. MW-AUC was also the most 

consistent when providing diffusion coefficients and molar masses. In this instance, FCS produced larger 

diffusion coefficients when compared with DLS and MW-AUC. However, the FCS data was not from 

the same preparation of protein that was used in DLS and MW-AUC making it difficult to tease out if 

the error was systematic with regard to the instrumental setup for FCS, or could be attributed to 

differences in heterogeneity of the proteins. UV-visible spectroscopy provided very accurate composition 

information for mixtures when spectral decomposition was employed, and clearly indicated chromatic 
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shifts in the spectrum when complexes were examined. Standard deviations for MW-AUC and 

fluorescence AUC were overall the smallest, due to the large number of data points collected. While 

some methods provide information for more than one parameter, the confidence limits for such 

parameters vary greatly based on experimental conditions and sample properties, which is true for all 

techniques. Table 2 provides an overview of the molecular parameters available from the techniques 

applied here. 
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Table 1: Summary of experimental results for all techniques, values in parentheses indicate the standard 

error. 

Technique sfGFP Nanobody 1:1 Complex 

Partial Specific Volume 

Sequence (ml/g) 0.7311 0.7108 0.7238 

Molecular Weight 

Sequence (kDa) 26.9  15.2 42.1 

MW-AUC (kDa) 26.7 (± 1.75) 15.1 (± 0.74) 41.6 (± 1.1) 

SEC-MALS (kDa) 27.9 (± 0.71) 16.9 (± 1.0) 34.3 (± 1.7) 

Diffusion Coefficient 

MW-AUC (µm2/s) 96.2 (± 4.2)  104 (± 3.6) 71.8 (± 1.9) 

SEC-DLS (µm2/s) 84.1 (± 2.3) 103.1 (± 4.4) 78.5 (± 2.5) 

FCS (µm2/s) 105.9 (± 3.0) - 89.6 (± 3.9) 

Sedimentation Coefficient 

MW-AUC (x 1013 s) 2.84 (0.044) 1.72 (± 0.042) 3.35 (± 0.026) 

Frictional Ratio, f/f0 

MW-AUC (x 1013 s) 1.28 1.31 1.31 

kD 

MST (nM) 1.52 (± 3.98) 

ITC (nM) 1.00 (± 0.633) 

F-AUC (nM) 1.72 (± 0.028) 

 

 

Table 2: Overview of molecular parameters available from techniques discussed in this manuscript: 

 kD Concentration Molar Mass Stoichiometry Diffusion Composition 

UV/Visible  X     

MST X      

ITC X   X   

MW-AUC X X X X X X 

F-AUC X  X X X X 

FCS  X   X  

MALS  X X X   

DLS  X   X  
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Figures 

                                                                                                                           

Figure 1: Molar extinction coefficient spectral profiles for sfGFP (green), nanobody (orange), combined 1:1 molar ratio 

mixture (blue), and 1:2 molar ratio mixture (sfGFP:nanobody, purple). 
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Figure 2: Spectral decomposition of sfGFP:nanobody mixtures. A: 1:1 M (sfGFP:nanobody) mixture where the target 

spectrum (blue) is the intrinsic extinction coefficient spectrum of the mixture, the basis spectra are the intrinsic extinction 

coefficient spectra of sfGFP (green) and nanobody (orange) and the fit of the target spectrum (magenta) provides the solution 

of the decomposition (top). The decomposition indicates a composition of 44.27 ± 0.99% of sfGFP and 55.73 ± 1.26% of 

nanobody. The residuals are shown in yellow (bottom). The relatively large deviations are an indication of hyper- and hypo-

chromic shifts in the absorbance spectrum upon complex formation. B: 1:2 M (sfGFP:nanobody) mixture where the target 

spectrum (blue) is the intrinsic extinction coefficient spectrum of the mixture, the basis spectra are the intrinsic extinction 

coefficient spectra of sfGFP (green) and nanobody (orange) and the fit of the target spectrum (magenta) provides the solution 

of the decomposition (top). The decomposition indicates a composition of 32.48 ± 0.99% of sfGFP and 67.52 ± 2.06% of 

nanobody. The residuals are shown in yellow (bottom). The relatively large deviations are an indication of hyper- and hypo-

chromic shifts in the absorbance spectrum upon complex formation, which show a nearly identical pattern as the 1:1 molar 

ratio fit shown in A. 
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Figure 3: Microscale thermophoresis measurement for the interaction between sfGFP and nanobody. The nanobody was 

titrated up to a maximum concentration of 10 µM into a constant amount of sfGFP at a concentration of 37.7 nM and was 

measured after a minimum of a 20 minute incubation time at room temperature (22 °C). The dissociation constant was 

determined to be 1.53 ± 3.98 nM (reduced X2 = 1.548, Std. error of regression = 0.459). The error bars are based on triplicate 

measurements. Jo
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Figure 4: Isothermal titration calorimetry measurement for the interaction between sfGFP and nanobody. Exothermic 

enthalpy plots showing (top) the raw data of 32 titrations with a 120 second interval of 96 µM nanobody to 15 µM sfGFP and 

(bottom) the integrated enthalpy using an independent model as a function of the molar ratio of the nanobody with the derived 

thermodynamic parameters including dissociation constant (kD), stoichiometry (n), enthalpy (ΔH), and entropy (ΔS). 
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Figure 5: Multi-wavelength AUC results, integral representation: Van Holde Weischet distributions of sedimentation velocity 

2DSA-IT of the nanobody control in red (RMSD = 2.11e-3), and sfGFP in green (RMSD = 2.53e-3), and the multi-wavelength 

deconvolution signals of sfGFP in the 1:1 M mixture (purple), sfGFP in the 1:2 mixture (cyan), nanobody in the 1:1 M mixture 

(orange), and nanobody in the 1:2 M mixture (pink). The lines in this figure are for visualization purposes while the dots are 

representative of the measured sedimentation coefficients for each part of the boundary fraction. 
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Figure 6: Multi-wavelength AUC results, differential representation: A: Sedimentation velocity 2DSA-Monte Carlo controls 

of nanobody in red and sfGFP in green with RMSDs of 2.03e-3 and 2.47e-3 respectively. B: Deconvolution of the 1:1 M 

mixture of nanobody (orange) and sfGFP (purple). C: Deconvolution of the 1:2 M mixture of nanobody (pink) and sfGFP 

(cyan). 
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Figure 7: Fluorescence AUC analysis: A: Sigmoidal fit to weight-averaged sedimentation coefficients from 100 iterations of 

the 2DSA-Monte Carlo analysis for individual titration points plotted against the molar fraction of nanobody to sfGFP.  B: 

Sigmoidal fit of fraction bound nanobody to sfGFP plotted against the concentration of titrated nanobody in nM. 
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Figure 8: Autocorrelation Curves Acquired by Fluorescence Correlation Spectroscopy. A: sfGFP without enhancer nanobody. 

B: sfGFP with enhancer nanobody. C: sfGFP with and without nanobody, normalized and plotted on the same graph. All 

curves and fits are from one representative measurement. The black lines are a one-component pure diffusion model. 
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Figure 9: SEC-MALS data showing UV in green, refractive index (RI) in blue, and light scattering (LS) in red, with the 

calculated molecular weight in black for A nanobody, B sfGFP, and C 1:1 molar ratio for the complex. D shows the refractive 

index traces for the complex (purple), sfGFP (pink), and nanobody (orange), depicting the shifts in elution volume for each 

species. 
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Supplemental Figures 

 

 

 

    

S

I 1: Dilution spectra (yellow) and the intrinsic extinction coefficient spectrum (red) of sfGFP (left). Residuals of the global 

nonlinear least squares extinction profile fitting with a variance of 1.40e-6 and a standard deviation of 1.18e-3 (right). 

SI 2: Dilution spectra (yellow) and the intrinsic extinction coefficient spectrum (red) of nanobody (left). Residuals of the 

global nonlinear least squares extinction profile fitting with a standard deviation of 6.30e-4 (right). 
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SI 4: Absorbance spectra (yellow) and the intrinsic extinction coefficient spectrum (red) of the 1:2 M (sfGFP:nanobody) (left). 

Residuals of the global nonlinear least squares extinction profile fitting with a variance of 3.58e-6 and a standard deviation 

of 1.89e-3 (right). 

SI 3: Absorbance spectra (yellow) and the intrinsic extinction coefficient spectrum (red) of the 1:1 M (sfGFP:nanobody) (left). 

Residuals of the global nonlinear least squares extinction profile fitting with a variance of 1.18e-6 and a standard deviation 

of 1.09e-3 (right). 
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• Dynamic interactions between biopolymers can be effectively studied in the solution phase 

• Results available from MW-AUC, SEC-MALS, SEC-DLS are in very good agreement 

• Dynamic range, signal-to-noise ratio, sensitivity are complemented by multiple techniques 

• ITC, MST, and fluorescence AUC perform best in measuring thermodynamics in the 

nanomolar range. 

• MW-AUC excels at defining stoichiometry and composition 

• MW-AUC, SEC-DLS, and FCS provide similar diffusion coefficients 
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