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Abstract

Nuclear magnetic resonance (NMR) titration and isothermal titration calorimetry can be combined 

to provide an assessment of how multivalent intrinsically disordered protein (IDP) interactions 

can involve enthalpy–entropy balance. Here, we describe the underlying technical details and 

additional methods, such as dynamic light scattering analysis, needed to assess these reactions. 

We apply this to a central interaction involving the disordered regions of phe–gly nucleoporins 

(FG-Nups) that contain multiple phenylalanine–glycine repeats which are of particular interest, 

as their interactions with nuclear transport factors (NTRs) underlie the paradoxically rapid yet 

also highly selective transport of macromolecules mediated by the nuclear pore complex (NPC). 

These analyses revealed that a combination of low per-FG motif affinity and the enthalpy–entropy 

balance prevents high-avidity interaction between FG-Nups and NTRs while the large number of 

FG motifs promotes frequent FG–NTR contacts, resulting in enhanced selectivity.
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1 Introduction

Many cellular processes involve complex, multivalent interactions rather than apparently 

single “lock-and-key” recognition events [1-9]. It is widely recognized that multivalency 

(i.e., the presence of multiple interaction motifs on a ligand, possibly complemented by 

multiple interaction sites on a target) can lead to substantial increases in affinity via 

“avidity” in antibody recognition [10], signal transduction, and formation of biomolecular 

condensates [11-12]. Many such interactions form stable, long-lived complexes. In contrast, 

some intrinsically disordered systems possess multivalent interactions yet maintain rapid 

exchange [13]. At one extreme of the spectrum of fuzzy, dynamic interactions are those 

of the lining of the inner portion of the nuclear pore complex (NPC) where varieties of 

phenylalanine–glycine-rich nucleoporins (FG-Nups) are immobilized at one terminus to the 

NPC’s rigid structure [14] and provide a barrier to cytoplasmic/nucleoplasmic exchange of 

materials other than that facilitated by specific nuclear transport receptors (NTRs). The FG-

Nups have regular repeat sequence motifs [15] directly implying multivalent interactions, 

so an obvious question is how avidity is avoided in order to provide fast transit times in 
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the few milliseconds for large cargoes and their NTRs [16]. A general answer involving the 

modest affinity between FG-Nups and NTRs balanced by the entropic cost of restriction 

on the intrinsic disorder of the chains has been suggested [17]. This involves a modest 

affinity between FG-Nups and NTRs, which is offset by the entropic cost of restriction on 

the intrinsic disorder of the chains, such that optimally the energies of binding and barrier 

are balanced and a macromolecule neither accumulates at nor is excluded from the NPC 

but passes rapidly and specifically. Confirmation requires assessment of the thermodynamic 

properties of FG-Nup/NTR complexes. In this chapter, we describe the technical details 

of how the balance of multivalent affinities of interactions from a repeated motif and the 

entropic disorder of connecting linkers can be done, following a shorter description of 

results, previously published [18].

To address this, several complex issues needed to be resolved.

1. The most direct assessment of thermodynamic properties of an interaction is 

the measurement of reaction enthalpy by isothermal titration calorimetry (ITC). 

However, care needs to be taken as the relatively weak (~millimolar) affinities 

of individual sites are recognized as being at the limit of ITC sensitivity 

[19], compromising the precision of measurement. Thus, studying low-affinity 

interactions requires substantial amounts of material (see Note 1). Other, less 

direct, methods may be more precise but lack accuracy (see Note 2).

2. The stoichiometry of the reactions of intrinsically disordered proteins (IDPs) 

with targets is potentially complicated by the large number of microstates 

associated with the intrinsic disorder of the linkers between the motifs (FGs 

for FG nucleoporins), and the possible range of timescales associated with 

interconversions among states, interacting and noninteracting with the NTR. 

Can a simple association/dissociation be ascribed to the interaction? Some 

independent validation of molecular stoichiometry is of significant benefit (see 
Note 3).

3. The effect of multivalency needs to be probed by varying the number and 

position of the interaction motifs with comparable controls.

In the current protocol, we use FG-repeat proteins from yeast NSP1 based on similar 

sequence lengths and negative controls by substitution of the sequence “FSFG” with 

“SSSG” (Fig. 1). The direct effect of multiple motifs is then addressed by variation of 

the number of FSFG motifs with standard adjacent linker separations (upper left, Fig. 1). 

The role of linker length is probed by increased separation of the active FSFG motifs (upper 

right, Fig. 1). These variants are then titrated with an NTR, the protein NFT2, which is 

the principal carrier for Ran GDP required for NPC transport function. ITC provides a 

direct measure of enthalpy (nΔH) related directly to the equilibrium constant. Using nuclear 

magnetic resonance (NMR) spectroscopy, we obtain complementary information with 

greater precision related to the equilibrium constant. This is complemented by investigation 

of the stoichiometry of the complexes by dynamic light scattering (DLS).
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2 Materials

All solutions are prepared with deionized water using Millipore Milli-Q typically with >17 

MΩ.cm from the device. Reagents are stored at room temperature.

2.1 Buffers

1. Buffer A: 20 mM HEPES-KOH, pH 6.8, 150 mM KCl, 2 mM MgCl2.

2.2 Proteins

1. NMR samples: 7.5% D2O was added to NMR samples described in Methods in 

order to provide lock signal. There was no additional shift reference material 

needed because the co-dialysis of components prior to mixing provides a 

constant environment. As a check, in this system, a significant fraction of peaks 

is not perturbed in the titration.

2.3 Equipment

1. ITC: MicroCal Auto-iTC200.

2. NMR: All NMR experiments were conducted on Bruker spectrometers at 800 

MHz.

3. DLS: DynaPro with plate reader.

2.4 Software

1. NMRPipe, CCPNMR, GraphPad, Origin, DynaPro DYNAMICS.

3 Methods

All procedures are carried out at 25 °C when temperature is selectable, otherwise at ambient 

temperature.

3.1 Protein Production

1. The various sequences of Fig. 1 discussed in 1 were constructed as follows. 

FSFG6 (identified in Fig. 1) and SSSG6 [20] DNA constructs codon-optimized 

for bacterial expression were synthesized. Gene fragments from the synthesized 

plasmids were ligated into either pET21b or pET24a vectors. The FSFG12 

plasmid was constructed by inserting a restriction-digested FSFG6 plasmid 

fragment into a SpeI-digested FSFG6 plasmid. All the other FSFG variants were 

created by site-directed mutagenesis from those two parent constructs for FSFG6 

and SSSG6. For NTF2, the genomic sequence from S. cerevisiae was used. 

All the proteins in this study are tagged with hexa-histidine on the C-termini, 

and their primary sequences are listed in the supplemental material p.S-7 of 

[18]. Samples are prepared and purified by standard methods [21-22], including 

stable isotope labeling. For FG constructs, [U-15N] labeling was used. For NTF2, 

[U-2H,15N] was used in order to obtain sufficiently slow transverse relaxation 

for NMR studies. Proteins were dissolved, dialyzed, and concentrated in Buffer 
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A to typical stock concentration ranges of 0.2–2 mM (ligand FG constructs) 

and 6 mM for NTF2 for ITC NMR and DLS. Prior to use, diluted or undiluted 

solutions were centrifuged (~ 20,000 × g, 10 min) and ultra-filtered. The protein 

concentrations of the filtered samples are measured by bicinchoninic acid assay 

(BCA) [23] and diluted accordingly to the desired concentration with filtered and 

degassed dialysate.

3.2 NMR Titration for Affinity Measurement

1. NMR chemical shift data is analyzed using NMRPipe [24] and CCPNMR 

Analysis [25]. Titration experiments were performed in Buffer A using a fixed 

concentration of FG construct 15N-labeled (range 20–120 μM) sample and by 

preparation of separate samples for each titration point, typically ten in total 

(see Note 4). These conditions do not uniformly result in saturation but are 

appropriate for this system (see Note 3). An example of the spectrum is shown in 

Fig. 2.

2. Chemical shifts for both the FSFG residues and all the assigned NTF2 residues 

were extracted from each titration point, and the chemical shift perturbations 

(CSP) were calculated as CSP, Δδ = (δ15N × 0.11)2 + (δ1H)2, where Δδ15N and 

Δδ1H are 15N and 1H chemical shift changes with respect to the free state. The 

CSPs were treated as a function of titrant concentration and fit to a standard 

equation [26].

Δδ = Δδmax((P0 + X + KD) − (P0 + X + KD)2 − (4 × P0 × X)) ∕ (2P0)

where Δδmax is the change in chemical shift at saturation, P0 is the fixed protein 

concentration, and X is the titrant concentration. Global fitting was performed 

with the above equation to derive KDs. An example of the chemical shift changes 

of residues Fsfg, fSfg, fsFg, fsfG and their corresponding fits is shown in Fig. 

2b.

3.3 ITC Titration for Affinity measument

1. For each ITC experiment, separate stock solutions of FSFGx (identified in Fig. 

1 upper) and NTF2 under go two rounds of dialysis together against the same 

Buffer A and are then concentrated by centrifugal concentrators. Samples were 

filtered and the final concnetrations for titration redetermined by BCA [23].

2. All the ITC experiments may be conducted on a MicroCal Auto-iTC200 (see 
Notes 1 and 5). FSFG constructs are placed in the cell, and NTF2 is titrated 

in from the syringe in all the experiments. Each experiment consists of three 

runs: FSFGx against NTF2, Buffer A against NTF2, and FSFGx against Buffer A 

(Fig. 3a). To obtain the normalized heat for FSFGx-NTF2 interaction, data from 

“Buffer against NTF2” and “FSFGx against Buffer” runs are subtracted from the 

“FSFGx against NTF2” run (Fig. 3b). The titration protocol involves either 19 

(19 × 2 μL), 16 (10 × 2 μL followed by 6 × 3 μL), or 15 (15 × 2.5 μL) titration 
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points following a 0.4 μL first injection, which is removed from the analysis. The 

choice of injection schemes does not affect the gross result, though injections 

with larger volumes generally improve signal-to-noise ratio toward the end of the 

titration [19]. Typical cell concentration of FSFGx are in the range 0.3–2.11 mM, 

while the syringe titrant NTF2 is 3.8–6.2 mM. These values are adjustable to 

obtain a favorable match of total heat released and of saturation.

3. The raw heat evolution data are integrated and analyzed by the ITC module 

within the Origin program, using the Wiseman isotherm, for the heat Q

per moles of ligand added per step (Xt) dQ
d[X]t

= nΔHoV 0
1
2 + 1 − Xr − r

2 (1 + Xr + r2) − 4Xr

where r = Kd ∕ [M]t for the step concentration of titrand [M]t.

4. The n value is rounded to integer one (FSFG1-FSFG6) or two for (FSGS12) 

(see Subheading 3.3). For the binding reactions with very low affinity and low 

enthalpy (i.e., FSFG1–FSFG3, ∣ nΔH ∣ < 5 kcal/M), n and ΔH could not be 

determined independently by ITC, though their product (n ∗ ΔH) was observable 

as previously reported for other low-affinity systems [19, 27]. KDs could be 

reliably extracted from those reactions as evidenced by their agreement with 

NMR measurements, confirming the accuracy of the ITC experiment and its 

fitting procedure. However, since we cannot reliably determine n and ΔH
independently for FSFG1-FSFG3, only KDs and n ∗ ΔHs (total enthalpy of the 

entire molecule) are reported for those constructs (Table S1 in ref. [18]), and 

n values are derived separately using DLS for others. Of course, in the case 

of more complex reactions than nL + R = (nLR), there will be complexity of 

interpretation common to such issues [28].

5. Enthalpy–entropy compensation curve are constructed by plotting TΔS against 

ΔH for constructs with increasing valency.

3.4 Determination of Stoichiometry

1. The formed complexes are characterized by dynamic light scattering (DLS). 

Experiments can ve run in a 384-well plate format with independent samples 

in triplicate. For each sample, ten acquisitions of 5 s are acquired on triplicate 

samples (see Note 6).

2. The protein complexes formed for ITC or NMR titrations are directly used.

3. The resulting intensity-weighted regularized autocorrelation data, a decay curve 

resulting from Brownian motion of the complexes, is averaged over the triplicate 

data set, and the average radius of hydration calculated (Fig. 4).

4. Apparent radii of hydration are interpreted as consistent with 1:1 complexes for 

all ~12 kDa FG mimics and 1:2 for FSFG12/NTF2; that is, two NTF2 dimers 

interact with one FSFG12.
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3.5 Estimation of Local Concentration Effect

1. The local concentration effect can be measured by observation of the change in 

Kd with variation of the linker length between motifs. In the FG-Nup application, 

this was done by changing the distance between two FSFG motifs in the natural 

sequence with SSSG substitutions (Fig. 1, upper right). This results in additional 

separation equivalent to the insertion of 1, 2, 3, and 4 linked segments separating 

FSFG motifs.

2. To estimate and to illustrate the change in local motif concentration as a function 

of FSFG motif–motif distance, we calculate [FSFG]local for our designed FSFG2 

constructs (Fig. 1, upper right) based on polymer theory. Here, we define the 

[FSFG]local as the concentration of FSFG motifs within a probing volume 

defined by the spacer length, L. We assumed that the spacer between the two 

FSFG motifs behaves as a random coil polymer consistent with experimental 

[21] and simulation [29] results. The calculated local concentration is based on 

a three-dimensional random flight model which is equivalent to an ideal chain 

undergoing random walks (rather than self-avoiding random walks) [30].

FSFGlocal = 1
NA( < r2 > 3 ∕ 2)

(3 ∕ 2π)3 ∕ 2

where NA is Avogadro’s number and < r2 > the square distance (dm2) 

between the ends of the spacer given by a2n where a is the intersegment 

distance in Å and n the number of segments. Using the distance distribution 

between adjacent FSFG motifs obtained from our previous simulation [29] 

as L = < r2 > 1 ∕ 2 ≈ < r > = 33.0 Å for adjacent FSFG repeats (n = 15), we 

calculate a to be 8.5 Å (see Note 7). For each construct in the bivalent, 

differentially spaced, FSFG2 series, we calculate < r2 > 1 ∕ 2 by multiplying a
as above and calculating the range of [FSFG]local concentrations as above.

3. The [FSFG]local calculated above is simply the concentration of FSFG motifs 

that are within the explorable space of the target protein. The local concentration 

effect influences the overall binding reaction by either promoting formation of 

divalently interacting species (two interaction patches on NTF2 bound by two 

FSFG motifs on a molecule of dual-site NTR) or inducing a rebinding effect 

[31]. Simulation of this process [29] suggests the latter option.

4. Based on the calculations for the variant with dual motifs above, we can 

calculate [FSFG]local for the FSFG3–FSFG12 variants following the model 

proposed by Gargano et al. [32]. For the case here, we are dealing with a 

linear polymer and increased local concentration predominantly from vicinal 

motifs. As intuitively expected, the local concentration effect then increases 

modestly as the number of motifs increases. Other cases may differ with 

changes in interaction energy, n and a. However, the plateauing observed as a 

function of motif number (Fig. 5) is contrary to a simple local concentration 
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prediction suggesting that a more detailed theory including at least the additions 

of chain self-avoidance and of excluded volume effect [30] is needed to account 

quantitatively for experiment.

3.6 Combining Results from the Different Analyses

As shown in Fig. 5a, there is excellent agreement between dissociation constants measured 

by the two different methods, strongly supporting the hypothesis that the time-averaged 

microstates for this interaction, central to the nuclear pore complex’s function, are 

represented by simple chemical equilibria. The combination of methods has two significant 

features: (1) the agreement provides a clear underpinning for thermodynamic analysis from 

ITC to the NMR data that are generally more precise and (2) the ITC provides a direct 

analysis of enthalpy and entropy as in Fig. 5b not readily available by other methods.

4 Notes

1. ITC instruments may have cells of different sizes. Larger cells will provide 

larger heat changes for more precise measurements, but at the cost of significant 

amounts of material required. In any broad survey study, the number of 

constructs to test may be large: For example, ref. 18 involved 14 different 

FG constructs, with each titration requiring two controls as well as repetitions 

(n = 3). Thus, the balance between production scale of materials and precision 

of measurement will require careful examination. The system used a MicroCal 

Auto-iTC200 with 200 μL of titrand in the cell. Note also that automated systems 

operating with sample trays will use significantly more material (~400 μL in our 

case) because of plumbing dead volumes.

2. When using ITC, the resulting heat is directly measuring the heat of reaction 

so that the thermodynamic quantity associated with the equilibrium is obtained 

without any other consideration. For other methods, there is typically an 

assumption that the measurable (e.g., chemical shift perturbation, or relaxation 

property for NMR, intensities of absorption or fluorescence for optical methods) 

is a direct measure of concentrations of reagents and products. This may be 

a limited approximation for several reasons. (1) The theoretical underpinning 

of the measurable/concentration dependence may be incorrect, for example, 

misanalysis of relaxation properties by NMR [33]. (2) The equilibrium may 

contain microstates, and the measurable detects a subset, not reflective of the 

overall reaction. (3) The use of derivative tags (e.g., for fluorescence) may 

directly affect the equilibrium by providing additional interactions not present in 

the native case (e.g. [34]).

3. The conventional analysis of equilibria would rely on observation of saturation 

at the stoichiometric equivalence point. However, millimolar range affinities 

frequently preclude direct observation of saturation because of limitations of 

solubility. Contemporary statistical fitting methods [35] will provide reasonable 

estimates of stoichiometry (and its significance level) from curvature of titrations 

without observation of saturation. In the case of FG-Nup/NTRs interaction and 
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similarly non-standard cases, the possibility of separate microstates [36] leads to 

the need for an independent estimate of stoichiometry from DLS (Subheading 

3.3).

4. In general, a significant quantity of surveying conditions may be needed to 

establish a range of conditions for observing NMR spectral changes during 

titration (see Note 2). Considerations will include sufficiently acidic pH such that 

solvent water exchange with amide 1H’s is minimal (typically, pH ≤ 6.8), and 

selection of a temperature to permit readily interpretable changes in chemical 

shifts, or relaxation properties [33], typically R2.

5. It is good practice to use the manufacturer’s calibration procedure before 

extensive work to ensure that the operator can obtain reproducible results. Of 

many issues, variations of room temperature, dust contamination of solutions, 

and gas bubbles in the titrant syringe are common. The titration protocol for 

these low c value systems is not as critical as those for high-affinity systems. 

In brief, the c value is the ratio of the titrand (receptor) concentration to the 

dissociation constant. Turnbull et al. [19] set out the conditions for using low 

values of c as “(1) a sufficient portion of the binding isotherm is used for 

analysis, (2) the binding stoichiometry is known, (3) the concentrations of both 

ligand and receptor” conditions met in the study here.

6. To minimize contaminants, samples for DLS should be centrifuged immediately 

before pipetting into the sample tray. It is recommended that the sample tray be 

centrifuged briefly prior to the run to remove interference from air bubbles.

7. We chose to use a constant value of a for simplicity, although the value for 

FSFG-(linker)-FSFG is obviously slightly shorter than the equivalent one-half of 

FSFG-(linker)-SSSG-(linker)-FSFG.
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Fig. 1. 
Design of FSFG constructs with varying degrees of valency (left, upper) and with varying 

distance between two FSFG motifs (right, upper). Full sequence of FSFG6 construct 

(bottom)
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Fig. 2. 
NMR titrations. (a) HSQC spectrum of FSFG6 titrated with NTF2. (b) CSPs for residues 

with overlapping shifts associated with the six occurrences of FSFG are fitted to determine 

a global Kd and fitted curves corresponding to the derived value normalized by the expected 

maximum CSP for each position. In this case, Kd was determined to be 560 ± 10 μM
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Fig. 3. 
(a) NDH (normalized heat per injection) curves for each of the heat evolutions required 

for correct ITC measurement (black, lowest, FSFG6-NTF2; green, upper, buffer–NTF2; 

blue, center, FSFG6-buffer). Note (i) the discrepant first points at left out, arising from 

the initial step variation of the motor-driven syringe of the titrant which is left out during 

fitting, and (ii) the significant heat of dilution associated with the NTF2 dilution (green). 

(b) Reference-adjusted NDH curve for FSFG6 titrated with NTF2 (the green and blue NDH 

curves, left, were subtracted from the black resulting in the points and the fitted curve (red))
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Fig. 4. 
Determination of molecular stoichiometry by dynamic light scattering (DLS). (a) Intensity-

weighted DLS of the free forms of FSFG6, FSFG12, and NTF2. (b) Intensity-weighted 

DLS comparing the free FSFG6 sample to those in the presence of increasing NTF2 

concentrations. For the sample at 1:1 molar ratio, the intensity plot is derived from a mixture 

of free and 1:1 FSFG6:NTF2 molecular stoichiometry. No further increase in the peak 

position is observed at higher NTF2 concentrations. (c) Intensity-weighted DLS comparing 

the free FSFG12 sample to those in the presence of increasing NTF2 concentrations. The 

positions of the peaks in the presence of NTF2 are consistent with a shift from ~1:1 to ~ 2:1 

NTF2:FSFG12 molecular stoichiometry at higher NTF2 concentrations. (d) Table reporting 

the radius of hydration, Rh, and the percentage by mass of the peak. In the case of FSFG12, 

two separate peaks could be resolved at 1:5 molar ratio with NTF2, where the smaller of 

the two likely represents the free protein component. Each measurement represents data 

averaged from independent samples in triplicate
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Fig. 5. 
(a) KD values for each of the FSFG1-FSFG12 constructs (Fig. 1, left) by NMR and ITC. 

Standard errors of the curve fitting and standard errors of the mean are plotted for NMR 

and ITC, respectively. (b) Changes in Gibbs free energy (ΔG), enthalpy (ΔH), and entropy 

(−TΔS) for the interactions between FSFG4-FSFG12 constructs and NTF2 measured by 

ITC
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