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Abstract

Solution nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for characterizing protein—protein inter-
actions. NMR-monitored titration proves to be effective in determining dissociation constants, particularly for K4 values in the
micromolar to millimolar range. In conventional NMR titrations, planning for optimal titration conditions requires a prior
estimate of K4. In addition, a highly concentrated ligand stock solution is often required, posing challenges when the ligand
exhibits limited solubility and stability at elevated concentrations. To overcome these constraints, we propose a simulation-
guided “swapping” protocol for NMR titrations. Guided by simulations of the binding curves, two samples, one with zero and
the other with maximum ligand concentration, but both containing identical protein concentrations, initiate the titration.
Using a “swapping” strategy, intermediate ligand concentrations in between those of the two initial samples are generated
without the need of a concentrated ligand stock, while maintaining constant protein concentration. More importantly, this
protocol facilitates estimation of K4 by early titration points and allows on-the-fly optimization of the titration points. The pro-
posed approach enhances the efficiency of NMR titrations and provides a straightforward means to optimize the experimental

conditions for the titrations.
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1. Introduction

Protein-protein interactions play a fundamental role in di-
verse biological processes, ranging from enzymatic catalysis
and signal transduction to gene regulation and immune re-
sponses.!? Nuclear magnetic resonance (NMR) spectroscopy
is a unique and powerful technique that provides atomic-
level insights into the structure and dynamics of protein-
protein complexes.>"® For complexes with moderate-to-low
affinities (K4 in the uM to mM range), NMR is particularly in-
strumental in mapping binding interfaces and determining
dissociation constants (Kg).>*°~'> One commonly employed
NMR technique for studying protein—protein interactions is
an NMR-monitored titration. This method involves monitor-
ing changes of the NMR signals, such as chemical shift, in-
tensity, or linewidth, as the concentration of a binding part-
ner (ligand) increases. Site-specific changes of the NMR sig-
nals upon ligand binding are used to elucidate the binding
interface. In addition, NMR observables exhibit a direct cor-
relation with the concentrations of free and bound states of
the protein, which facilitates extraction of the dissociation
constant through nonlinear least squares fitting of the bind-
ing curves.

Conventional NMR titrations between two proteins are
carried out by sequential addition of an unlabeled protein
titrant (ligand) into an isotopically labeled protein titrate
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while recording NMR signals at each addition. Therefore, a
highly concentrated ligand stock (usually 5-20 times that of
the final ligand concentration'?) is needed to ensure that (i)
the final ligand concentration is sufficiently high to nearly
saturate all of the binding sites on the protein so that an ac-
curate Ky can be extracted,''% and (ii) dilution of the labeled
protein is minimized to prevent a significant reduction in
signal intensity throughout the progression of the titration,
which could lead to difficulties in measuring the endpoints.
However, in practice, the concentration of the ligand stock
could be constrained by the solubility and stability of the lig-
and at elevated concentrations, especially when dealing with
protein ligands and instances of relatively weak binding. Fur-
thermore, to strategically plan for the optimal ligand concen-
trations in the titration, prior knowledge of an estimated Ky
is often needed. Consequently, a “pre-titration” with fewer
data points has been suggested to obtain a Ky estimate,
followed by optimization of the titration conditions.!?-14
However, this process is time-consuming and cost ineffec-
tive. In a previous study, an alternative titration method in-
volving co-varying ligand and protein concentrations dur-
ing the titration was proposed and demonstrated higher
precision.'®> By either serial diluting a highly concentrated
complex sample or simultaneously decreasing the protein
concentration and increasing the ligand concentration dur-
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Fig. 1. Schematics of the workflow for a simulation-guided NMR titration using a “swapping” strategy.
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ing the titration, sufficient saturation levels were achieved
without a concentrated ligand stock.!® In this approach, the
titration data were presented in a three-dimensional space
with protein and ligand concentrations as independent vari-
ables, while Kq and chemical shift perturbation (CSP) be-
tween the free and bound state (Admax) were fitted to search
for the surface in the 3D space where the titration points
resided.!®

Here, we propose a simulation-guided “swapping” method
for NMR titrations to study protein-protein interactions. This
method overcomes the limitations of the conventional pro-
tocol while still facilitating straightforward data fitting and
representation (Fig. 1). The protocol starts with the simula-
tion of the potential binding curves, which aids in the ini-
tial planning of the titration points. Subsequently, two ini-
tial titration samples are prepared with identical concentra-
tions of the labeled protein; one contains no ligand, while
the other contains the maximum concentration of the lig-
and. Using a “swapping” strategy, titration points with ligand
concentrations in between the two initial samples are gener-
ated, eliminating the need for a highly concentrated ligand
stock and ensuring constant protein concentration through-
out the titration. More importantly, this approach allows fora
quick estimation of Ky using early titration points, enabling
the optimization of the distribution of the remaining titra-
tion points based on the estimated K, in real-time. To enhance
accessibility, we introduce a Jupyter Notebook in Google Co-
laboratory, providing a user-friendly interface for simulating
titration curves, designing the “swapping” strategy, and es-
timating K4 from early titration points. Finally, we present
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an NMR titration example between [U-1°N] labeled p47;-94
(residues 1-94) (10.6 kDa) and unlabeled human ubiquitin
(8.9 kDa) to demonstrate the efficacy of this new protocol.

2. Theory and methods

2.1. A simple 1:1 binding model and chemical

exchange
For a simple 1:1 binding model, described by P + L = PL,
the fractional population of the bound protein, py, is given
by the following equation:

CPL Prob L Ko — (P Lr o+ Ke)? — 4Rl
TP 2P

(1)

where [PL] is the concentration of the complex, Pt and Ly are
the total concentrations of the protein (e.g., [U-°N] labeled
titrate) and the ligand (e.g., unlabeled titrant), respectively,
and Ky is the dissociation constant.

In an NMR titration, assuming the concentration of the pro-
tein remains constant while the concentration of the ligand
increases, the apparent change of the NMR spectra during the
titration depends on the chemical shift difference between
free and bound states of the protein, Aw (in radian per sec-
ond), in comparison to the exchange rate, kex, given by

(2) kex = Kon [L] + kog
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where [L] is the concentration of free ligand, and k., and kog
are the rate constants of the forward and reverse reactions,
respectively. In the case of fast exchange (kex > Aw), a sin-
gle resonance will be observed throughout the titration with
progressive chemical shift changes. The observed chemical
shift of a resonance, §,ps, is the population-weighted average
between the free and bound state, given by

(3)  bobs =8¢ (1 — pv) + Sbpo

where §¢ and §;, are the chemical shifts of a resonance in the
free and ligand-bound states, respectively. From eq. 3, one
can easily deduce that the CSP, A$, relative to the free state,
is proportional to py,, as shown by

(4) A = dops — ¢ = (5], - (Sf) Pv = Aamapr

in which Ad.x is the CSP between the bound and free state.
Therefore, based on eqs. 1 and 4, CSP (A§) is a function of the
protein and ligand concentrations (Pr and Ly), the dissocia-
tion constant (Kg4), and the maximum CSP (Adyax). By fitting
AS$ with the known Py and Ly values, one can extract K; and
Admax as fitted parameters. In the slow exchange regime (kex
<« Aw), no CSPs will be observed during the titration. Instead,
two separate resonances corresponding to the free and bound
states will be present simultaneously with their intensities
proportional to the concentrations of the free and bound pro-
tein, respectively, as described by the following equations:

(5) I =Ioppo
6) Ir=Ipe(1— pp)

where Ir and I}, are the intensities of the free and bound peaks
for a given resonance, respectively, I ¢ is the intensity of the
free peak in the free state, Iy}, is the intensity of the bound
peak in the completely bound state, and py, is the fractional
bound population of the protein. Thus, combining eqs. 1 and
5 (and/or 6), one can extract the K, and Iy}, (and/or I ) by fit-
ting the intensities of the bound (and/or free) peaks as a func-
tion of the protein and ligand concentrations in the titration.
In the intermediate exchange regime (kex ~ Aw), linewidth in-
crease is usually observed during the titration. In some cases,
the line broadening can become so severe that the inten-
sity of the resonance decreases below the detection level. At
the same time, CSP, if observable, does not follow a simple
population-weighted average.'! In this study, we will focus
only on the fast and slow exchange regimes where K4 can be
readily derived from fitting chemical shift or resonance in-
tensity in a 1:1 binding model.

2.2. Protein sample preparation

The expression plasmid of p47,-94 was generated from the
full-length Mus musculus p47 in a pET29 vector as previously
described.'® The expression gene of human ubiquitin was en-
coded in a pET29 vector, which contains an N-terminal Hise-
tag and a tobacco etch virus cleavage site between the Hisg-tag
and the protein. Both proteins were expressed in Escherichia
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coli BL21(DE3) cells (New England Biolabs) and purified fol-
lowing a protocol that was previously described in detail.'®
For [U-15N] labeled p47;_¢4, cells were grown in M9 minimal
media with ®NH4Cl as the sole nitrogen source, as previ-
ously described.!® Purified proteins were exchanged into a
buffer containing 25 mM Bis-Tris (pH 6.6), 25 mM NaCl, 1 mM
EDTA, and 10% D,0 using an Amicon centrifugal concentra-
tor (Millipore) with a molecular weight cutoff of 3 kDa be-
fore NMR measurement. The purities of both of the proteins
were assessed to be >95% based on analyses of the SDS-PAGE
results, and the molecular weight of the samples were con-
firmed using mass spectrometry (Fig. S1). The concentrations
of both of the proteins were determined by UV absorbance
at 280 nm with theoretical molar extinction coefficients pre-
dicted from the primary sequences of the proteins using Ex-
pasy ProtParam tool (https://web.expasy.org/protparam)).

2.3. Simulation of the binding curves

Simulation of the titration curves was performed using an
in-house Python script and made available on Google Colab-
oratory (link). The Colab interface takes inputs of the total
protein concentration (Pr), the maximum ligand concentra-
tion (Lpyax), and an array of dissociation constants (K4) to sim-
ulate the fractional bound population of the protein (p) as
a function of the total ligand concentration (Ly) (Fig. 2A). A
list of ligand concentrations (Lt) are also inputted to simu-
late the scattered titration points (Fig. 2A). The binding curves
can also be plotted with CSP (A$) and the intensities of the
bound or free peaks (I, or I) on the y-axis, in cases of fast
and slow exchange regimes, respectively. This is achieved by
adjusting the “Plot_type” in the Colab interface to “CSP”, “In-
tensity (free)” or “Intensity (bound”) and inputting the values
of Admax, Ios, or Iy, Tespectively (Fig. 2A).

To simulate the binding curve for the titration of [U-1°N]
labeled p47:-94 with ubiquitin, we input Pr of 50 uM, Lnax
of 900 uM, and a list of K4 values including 0.5, 5, 10, 30,
50, 100, and 200 uM (Fig. 2A). Figure 2B shows the simulated
binding curves in solid lines. Data points with a list of ligand
concentrations (Lt)—0, 30, 55, 90, 140, 210, 290, 420, 600, and
890 uM, were simulated as well (Figs. 2A and 2B, white circles)
and planned as experimental titration points. The choices of
the total protein and ligand concentrations are discussed in
the “Results and discussion” section.

2.4. Design of the “swapping” strategy

Figure 3A shows the schematics of the “swap” titration. The
titration starts with the preparation of two samples of iden-
tical volumes (e.g., 500 pL), Ag and By. Sample A, contains [U-
15N] labeled protein in its free form (¢, = 0 uM), while sam-
ple B, contains the same concentration of the labeled protein
and the maximum concentration of the ligand (c,). These two
samples are subjected to NMR data acquisition and are then
removed from the NMR tubes for the “swapping” process. A
certain volume, Vgy 1, of the Ay and By samples is exchanged
to generate the next pair of samples, A; and B;. One or both
of the next two samples are subsequently subjected to NMR
data collection. This process is repeated until all the ligand
concentrations are generated, and the corresponding NMR
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Fig. 2. Simulation of the titration curves. (A) Screenshot of
the Colab user interface (version 1) for generating the simu-
lated binding curves. (B) Simulated binding curves using the
Python script shared on Colab. The protein concentration (Pr)
is set to 50 uM and the ligand concentration (Lt) ranges from
0 to 890 uM. The dissociation constant (K4) ranges from 0.5 to
200 puM. The ligand concentrations for the planned titration
points are set at 0, 30, 55, 90, 140, 210, 290, 420, 600, and 890
puM (white circles).

(A)

> Simulate 1:1 binding curves (P + L « PL) with different Kd values and titration points

(-] Protein (titrate) concentration, Py, in M; Single value

P_T: 50

Maximum ligand (titrant) concentration, Lpygy, in 4M; Single value
L_max: 900

Dissociate constant, Ky, in uM; Single value or multiple values seperated by comma
K_d: '05,510,30,50,100, 200

Ligand (titrant) concentration, Ly, in 4M; Single value or multiple values seperated by comma
L_T: "0,30,55,90, 140,210, 290, 420, 600, 890
Plot_type: Fractional bound protein, p_b

Aﬁma, only used if Plot_type is set to ‘CSP".
CSP_max: 1.0

Iz only used if Plot_type is set to 'Intensity (free)".
I_of: 1e7

I, only used if Plot_type is set to 'Intensity (bound)".

I_ob: 1e7

T T T T
0 200 400 600 800
L. (UM)

spectra are collected. The concentration of the ligand after
each “swapping” is determined by the following equations:

VT — VSWi VSWi
7 C = Ci_ - Chn_i "
(7) i = Ci1 Ve + Cn—it1 Ve
Vsw i Vr — Vsw.i
IR T .

in which ¢;_4, ¢;, ¢4—it1, and c,_; represent the ligand concen-
trations in samples A;_1, A;, Bi_1, and B;, respectively, Vy,, ; de-
notes the “swap” volume used to generate samples A; and B;,
and Vy is the total sample volume (Fig. 3A). The ligand con-
centration progressively increases from Ag to A; and decreases
from By to B;. With a pre-determined list of ligand concentra-
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tions, for each step in the titration, the “swap” volume (V)
is calculated using an in-house Python script shared on Colab
(link). The Colab interface takes the list of the planned ligand
concentrations (Lt) and the total sample volume (V7) as inputs
(Fig. 3B, top), and outputs a list of “swapping” volumes (Vy. ;)
and the ligand concentrations in samples A; and B; after each
“swap” (Fig. 3B, dashed-lined box).

To carry out the “swapping” procedure, two 5 mm NMR
tubes, two 1.5 mL microcentrifuge tubes, two 12 inch glass
pipettes, each labeled “A” or “B”, will be used for the series
of A; and B; samples, respectively, throughout the titration
(Fig. S2). The initial samples Ap and B, are prepared in 1.5
mL microcentrifuge tubes (labeled “A” and “B”) and trans-
ferred to the respective 5 mm NMR tubes using 12 inch glass
pipettes for NMR data acquisition. Afterwards, samples are
transferred back to the respective microcentrifuge tubes us-
ing the same glass pipettes. “Swapping” is carried out in the
microcentrifuge tubes (“A” and “B”) with the aid of a third
“middle” tube: a certain volume of sample (V,,;) is trans-
ferred from “A” to the “middle” tube, followed by transfer-
ring the same volume of sample from “B” to “A” and then
from the “middle” tube to “B”, which generates the next pair
of samples. The samples are then gently mixed by tipping
the microcentrifuge tubes and spun down at 18510 x g for
1 min before transferring them back to the same NMR tubes
using the same glass pipettes for the next data acquisition.
Note that to minimize the volume loss during transfer, and
due to evaporation, the glass pipettes are placed in a vertical
direction when not used with their tips pointing down (Fig.
S2).

In the titration of [U-1°N] labeled p47,_¢4 with ubiquitin, we
designed a set of ligand concentrations—0, 30, 55, 90, 140,
290, 420, 600, and 890 uM, with a total sample volume of
500 uL (Fig. 3B). Using the Python script, we determined the
“swap” volumes to generate samples with the intended lig-
and concentrations (Fig. 3B, dashed-lined box). It is impor-
tant to note that more samples are often generated from
“swapping” than are needed due to the asymmetric distribu-
tion of ligand concentrations throughout the titration. Con-
sequently, the script also outputs the list of samples intended
for NMR data acquisition (Fig. 3B, bottom).

2.5. NMR experiments

All NMR experiments were performed on a 600 MHz Bruker
Avance III NMR spectrometer equipped with a 5 mm TCI cry-
oprobe. All the '>N-'H HSQC spectra with sensitivity enhance-
ment!” were acquired at 25 °C with an interscan delay of
1.5 s, acquisition times of 39 and 64 ms, and 70 and 640 com-
plex points, in the t; and t, dimensions, respectively. Car-
riers were positioned in the center of the water resonance
(~4.673 ppm) for 'H and at 119 ppm for >N. All NMR spec-
tra were processed using NMRPipe'® and visualized using
NMRFAM-SPARKY.! A combined CSP, A$, is calculated from
I5N-H HSQC spectra according to

(9) As= \/ ASu? + (0.14 x Asy)?

in which Aéy and Ady are chemical shift differences (ppm)
in the 'H and °N dimensions, respectively.?°
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Fig. 3. “Swap” titration. (A) Schematics of the “swap” titration. Two samples, A, and By, are initially generated such that both
samples contain the same protein concentration (Pr) while sample A, contains no ligand (¢, = 0 utM) and sample B, contains
the maximum concentration of ligand (c,). After NMR data acquisition, a total volume of Vj,,; is exchanged between the two
samples to generate the next set of samples, A; and By, and so on. The ligand concentration increases from Ay to A; and decreases

from By to B;, while the protein concentration remains constant. The “swapping” volumes (Vsw,1,Vsw2, ---

, Vsw, i) are calculated

based on the list of ligand concentrations designed for the titration using the Python script shared on Colab. (B) Screenshot
of the Colab user interface (version 1) to generate the “swapping” strategy. The input includes a list of ligand concentrations
(Lt) and the total sample volume (V). The output includes a table that displays the “swapping” volumes (V_sw) and the ligand
concentrations for the A- and B-series of samples after each “swap.” A list of “Titration points” that indicates the samples with
the intended ligand concentrations for NMR data acquisition is also given.

(A) (B)
\_/5."&1 g : : ; 2
SRR > Determine the 'swapping' strategy based on designed ligand concentrations
Ao | Bo
P, P, © Ligand (titrant) concentration, Ly, in (M; multiple values seperated by comma
L=c,uM v _Vewi - L =c uM
1T G MM R LT BTG L_T: "0,30,55,90, 140, 210, 290, 420, 600, 890
‘ SW,2 ‘ Total sample volume, V7, in 1L
a’—-—‘x‘
A, B, V: 500
PT J PT Show code
Li=ciuM W W22 L =c  uM
* * Swapping strategy
' V_sw [uL] A [uM] B [uM] [
sz,i :
TN 0  0.000000 00 80
Ai.1 Bi.1 1 16853933 300 8600
P; P; 2 15060241 550  835.0
L.=c,uM w swi 2 L.=c .. uM
TS G R 3 22435897 900  800.0
‘ v ‘ 4 35211268 1400 7500
SW,i+1
LT 5 57377049 2100  680.0
A. | Bi 6 85106383 2900  600.0
P Vv : P 7 200677419 4200 4700
L.=¢uM Yoo SWitl® L,=c, UM
‘ ‘ Titration points
\ y [‘*Ae', 'Be', 'A1', 'A2', 'A3', 'A4', 'A5', 'A6', 'B6', 'A7']

2.6. Estimation of K4 with early titration points

Utilizing the “swapping” strategy, two NMR samples were
initially recorded, corresponding to titration points Ay and
Bo. Sample A, contained 50 uM [U-1°N] labeled p47i o4,
while sample By consisted of 50 uM [U-'°N] labeled p47;_o4
and 890 pM unlabeled wild-type ubiquitin. After NMR
data acquisition, 16.9 ulL of sample were “swapped” be-
tween the samples Ay and By, generating samples A; and
B; with ligand concentrations of 30 and 860 uM, respec-
tively. Sample A; subsequently underwent NMR data ac-
quisition, and the NMR spectra for the three titration
points — Ag, Bg, and A; — were processed and visualized
(Fig. 4A).

In the fast exchange regime, the ratio between the CSPs of
any titration point (4;) and By is given by

i PrbLitKe— (P L+ Ka - 4R
A% PoB By Ly, 4 Ky — /(B + L, + Ka)? — 4BiLy,

Given the concentration of the protein (Py) and the max-

imum concentration of the ligand (Lg,), the CSP ratio, AA(;:: ,
0

can be simulated across the entire range of the ligand con-

centration (L;) with various dissociation constants (Kg). Using

(10)
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an in-house Python available on Colab (link), we simulated
the CSP ratio with Py set at 50 uM, Lg, at 890 uM, L; ranging
from 0 to 890 uM, and a list of Ky values (0.5, 5, 10, 30, 50,
100, and 200 uM) (Fig. 4B, solid lines). The user interface on
Colab is shown in Fig. 4C. CSP ratios between A; and B, were
calculated for a group of resonances (Fig. 4A), averaged, and
then plotted alongside the simulations (Fig. 4B, white sphere).
Colored triangles mark anticipated CSP ratios at the same lig-
and concentration with different K4 values for comparison,
enabling the estimation of K4, As shown in Fig. 4B, K4 was es-
timated to be ~30 1M based on the Ay, By, and A; points. The
distribution of titration points was then re-evaluated on the
simulated binding curve with a K4 of 30 uM (Fig. 2B, red line).
The originally planned titration points were deemed suitable
to represent the binding curve, and the titration proceeded
with the “swapping” strategy outlined in Fig. 3B.

2.7. Mapping of the binding interface

CSPs between the first and last titration point (i.e., Ag and
By) were used to identify the binding interface on p47;-94
upon interacting with ubiquitin. In addition, the complex
structure between p47 and ubiquitin was predicted by Al-
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Fig. 4. Estimation of K4 from the first three titration points. (A) Selected region of N-'H HSQC spectra recorded on titration
points Ay (red), A; (pink) and By (cyan), that contain 50 uM [U-1°N] labeled p47;-o4 at each point and 0, 30, and 890 uM unlabeled
ubiquitin, respectively. The solid- and dashed-lined arrows indicate chemical shift perturbations (CSPs) for By and A; (CSPg, and
CSP,,), respectively, which are used for K, estimation. (B) Simulation of CSP ratios between any titration point (CSP;) and the
By point (CSPg,) as a function of the ligand concentration, given a K4 value of 0.5, 5, 10, 30, 50, 100, and 200 pM. Anticipated
positions of the titration points Ay, A1, and B, for each K4 value are marked by coloured triangles while the experimental data
are presented in white circles. The position of the A; data point in comparison to the theoretical values (triangles) allows for
the estimation of Kj. (C) Screenshot of the Colab user interface (version 1) to simulate the CSP ratios with different K4 values

and to position the experimental data points on the graph.
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phaFold Multimer,?!:?? based on the primary sequences of
ubiquitin and residues 1-94 or 1-46 of p47 (Fig. S3; Fig. 5C).
The interacting interface on p47 from CSP mapping was
compared with that on the predicted complex structure.
The structures were visualized and presented using UCSF
ChimeraX.?3

2.8. Fitting K4 using a 1:1 binding model
K4 was extracted by fitting each individual titration curve
using a nonlinear least squares fit to the following equation:

Pr+ Lt +Kg — \/(Pr + Lt + Ka)’ — 4Ly
2Py

(11) AS = A(Smapr = Asmax

The fitting was performed using an in-house Python script
(supplemental material). The uncertainty of the individual K4
value was obtained from the covariance matrix. For residues
that exhibit combined CSPs higher than the average, the dis-
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tribution of their K4 values was then fitted to a normal distri-
bution to extract the average Ky and the standard deviation.

3. Results and discussion

3.1. Characterization of the interaction
between p47,_44 and ubiquitin using NMR

titration

Previous studies have revealed that the N-terminal re-
gion of p47 contains a ubiquitin-associated (UBA) domain
that is responsible for interacting and recruiting mono-
ubiquitinated syntaxin 5 to the p47-p97 complex, ulti-
mately mediating Golgi membrane fusion.?*~2® The UBA do-
main is a structurally—conserved ubiquitin-binding motif
found in many proteins participating in diverse ubiquitin-
dependent functions and pathways.?”-?®¢ While the majority
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Fig. 5. NMR titration between p47,_¢4 and ubiquitin using the simulation-guided “swapping” protocol. (A) Superposition of °N-
TH HSQC spectra of 50 uM [U-1°N] labeled p47,-¢4 in the presence of 0, 30, 55, 90, 140, 210, 290, 420, 600, and 890 M unlabeled
ubiquitin. Arrows indicate progressive chemical shift changes with increasing concentrations of ubiquitin. (B) Chemical shift
perturbations (CSPs) of the residues in [U-'°N] labeled p47;_o4 between the first (A¢) and the last (Bo) titration point. The average
of the combined CSP values and 1 S.D. above the average are indicated with solid and dashed lines, respectively. (C) Left:
surface representation of p47;_o4, predicted by AlphaFold*’, with residues that show significant CSPs (1 S.D. above the average)
coloured in red. The ubiquitin associated (UBA) domain (residue 1-46) is enlarged and shown in a cartoon presentation below,
where residues with significant CSPs are shown as red sticks and annotated. Right: Predicted complex structure between
P47uBa (residue 1-46) and ubiquitin by AlphaFold-Multimer?!:?2, The five best models are aligned by ubiquitin and shown
in different colours for p47yga. Residues on the binding interface of p47yps are shown as blue sticks and annotated in the
enlarged cartoon representation below. (D) Titration curves of selected residues showing the combined CSP as a function of
the ubiquitin concentration. Each curve was individually fitted to a simple 1:1 binding model to derive Ky. (E) Histogram of the
Ky values from fitting individual titration curves of the residues with above-average CSPs (green bars). The histogram was then
fitted to a normal distribution (orange dashed line) to obtain the average K4 (28.4 pM) and the standard deviation (8.6 uM).
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of the UBA domains exhibit weak binding to monoubiqui-
tin (Kq > 200 uM),27-2°-33 a few exceptions exist that demon-
strate moderate affinities (K3 < 100 pM).>438 Notably, the
UBA domain of p47 has been reported to preferentially bind
mono-ubiquitinated substrates over poly-ubiquitin chains,?®
an uncommon characteristic compared to other UBA do-
mains.?”-36-3%-40 However, the exact binding affinity between
the UBA domain of p47 and ubiquitin remains uncharacter-
ized. In this study, we used an NMR titration to investigate the
interaction between p47ypa and ubiquitin, aiming to quanti-
tatively assess the binding affinity. This also serves as an ex-
ample of the application using the simulation-guided “swap-
ping” titration protocol.

A [U-1>N] labeled p47;_94 construct, consisting of the UBA
domain and a 48-amino acid-long linker, was subjected to
a titration by unlabeled wild-type ubiquitin following the
protocol described in the “Theory and methods” section.
Figure 5A shows the >N-'H HSQC spectra of p47;_o4 titrated
by ubiquitin. Progressive chemical shift changes were ob-
served for a set of resonances throughout the course of
the titration, indicating a fast-exchange regime. CSPs be-
tween the free p47;_94 (Ao titration point) and p47;-¢4 with
the maximum concentration of ubiquitin (B, titration point)
were plotted against the primary sequence of p47;-94 (Fig.
5B). Residues exhibiting significant CSPs (1 standard devia-
tion above the average) exclusively reside on the UBA do-
main. These residues collectively form a highly localized
surface (Fig. 5C, left), suggesting a potential binding inter-
face. The region showing significant CSPs in our study (Fig.
5B) — the C-terminus of @1 and most of «3 — aligns with
a previous investigation between p47yps and ubiquitin, al-
though the relative magnitudes of the perturbations among
different residues vary.*! While a structural model of the
complex between p47ypa and ubiquitin was previously pro-
posed,*! the lack of atomic coordinates for this model hin-
ders detailed comparison between interfaces. Alternatively,
we utilized AlphaFold Multimer to predict the complex struc-
ture between p47ypa and ubiquitin.?!-2? Interestingly, predic-
tions for the complex involving p47;-o4 (including the linker)
and ubiquitin failed to converge (Fig. S3). In contrast, us-
ing constructs of p47;_46 (containing only the UBA domain)
and ubiquitin resulted in five best structural models with
an average RMSD of 1.3 A (Fig. 5C, right). Since no signif-
icant CSPs were observed in the linker (Fig. 5B), we used
the predicted structure between p47;-4 and ubiquitin for
comparison. As depicted in Fig. 5C, the interaction inter-
face delineated by NMR CSPs is highly consistent with the
binding interface inferred from the predicted complex struc-
ture.

For residues showing CSPs above the average (Fig. 5B, solid
line), a 1:1 binding model (eq. 11) was employed to fit the
individual titration profile and to extract the Ky value (Fig.
5D). Assuming a normal distribution of the K4 values, an av-
erage Ky of 28.4 + 8.6 uM was obtained (Fig. 5E). This sug-
gests that the UBA domain of p47 interacts with ubiquitin
with moderate affinity, consistent with its physiological role
in recruiting mono-ubiquitinated substrate for downstream
processing.?4-26
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3.2. Simulation-guided “swap” titration

3.2.1. Choose the optimal concentrations of the
protein and the ligand

In an NMR titration, the shape of the binding curve is de-
pendent on both ligand and protein concentrations (Fig. S4).
The protein concentration should be high enough so that
NMR spectra can be obtained with sufficient signal-to-noise
within reasonable experimental time. However, it should
also be low enough to ensure close-to-saturation of the bind-
ing sites with the maximum ligand concentration so that
the K4 value can be accurately extracted. A previous simula-
tion study showed that, for 1:1 binding, the optimal protein
concentration should be approximately 0.5 Kg,'%''® and it is
recommended not to exceed an order of magnitude higher
than the Ky value.!! Therefore, without prior knowledge of
the Ky value, it is advisable to use a low protein concen-
tration in case of moderate to tight binding. The lowest us-
able protein concentration is constrained by the signal-to-
noise of the NMR spectra and depends on various factors
such as the molecular weight of the protein and the complex,
sensitivity of the spectrometer (e.g., whether it is equipped
with a cryogenic probe), and the availability of acquisition
time.

The maximum ligand concentration should be high
enough to ensure that the binding sites are nearly saturated
at the end of the titration; otherwise, errors in the fitted K4
values increase significantly.’® In the absence of prior knowl-
edge of an estimated Ky, it is recommended to use a high max-
imum ligand concentration, preferably ~1 mM or higher, to
guarantee saturation levels. However, in practice this con-
centration may be limited by the solubility and stability of
the ligand. It is worth noting that the “swapping” strategy
eliminates the need of a ligand stock solution, as required
in the conventional protocol for NMR titrations, and there-
fore allows for a higher maximum ligand concentration to
be achieved, which is particularly advantageous for ligands
with limited solubility.

3.2.2. Optimize the distribution of the titration
points and the “swapping” strategy

Optimal distribution of the titration points along the bind-
ing curve is crucial for accurately determining the Ky value.
A previous study has demonstrated that using 15-20 titra-
tion points, with the ligand concentration increasing by a
constant factor rather than a constant increment, provides
higher accuracy in the fitted Ky value.'® Typically, the linear
portion of the titration curve lacks substantial information
about equilibrium states (e.g., Fig 2B, blue, in the range of
Lt <50 uM and Lt > 100 uM), while the curved section offers
richer information for fitting. Therefore, optimal distribu-
tion of the titration points varies with the binding strength.
For relatively tight binding, it is critical to include sufficient
data points within the 3 equivalents of the protein concen-
tration to recapitulate the features of the binding curve. Con-
versely, in the case of weak binding (K4 > Pr), titration points
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can be more evenly spaced across the entire range of lig-
and concentrations. However, without prior knowledge of Ky,
planning an appropriate distribution of titration points poses
a challenge. To address this challenge, we introduced the
“swapping” strategy. Titration point Ay, representing the free
form of the protein, is recorded alongside titration point By
with the maximum ligand concentration, followed by titra-
tion point A; with the second lowest ligand concentration.
Figure 4B demonstrates that the ratio of CSP at titration point
A; to the last titration point (By) correlates with Ky. This cor-
relation facilitates the estimation of K, using the first three
titration points and allows for the re-adjustment of titration
point distribution according to the estimated K4 using simu-
lation (Fig. 2).

Once the distribution of titration points in terms of ligand
concentrations is established, the “swap” volumes for mak-
ing the titration samples can be easily generated through the
Python script or the Colab interface (Fig. 3B). “Swapping” is
carried out following the protocol detailed in the “Theory and
methods” section and Fig. S2. During the “swaps”, ~2% vol-
ume reduction is estimated for the NMR samples per “swap”
(Figs. S5A, S5B), which originates predominantly from resid-
ual sample in the glass transfer pipettes. However, the ligand
concentrations are highly accurate with an average relative
error of 2.6% throughout the titration (Figs. S5C, S5D). It is
worth noting that to mitigate significant sample volume re-
duction which could affect NMR data acquisition (e.g., shim-
ming), it is advised to limit the number of “swaps” to no
more than 10 times. The use of Shigemi tubes with a plunger
should be avoided to prevent sample volume loss, while in sit-
uations with limited sample volume, a Shigemi tube without
the plunger can be utilized with a sample volume as low as
380-400 pL. To improve the efficiency of the titration, careful
planning of the titration points is recommended to maximize
the utilization of both A and B samples after each “swap” for
NMR data acquisition whenever feasible.

3.2.3. Limitations of the strategy

The demonstrated simulation-guided “swapping” protocol
is most useful in the fast exchange regime, where CSP is di-
rectly proportional to the fractional bound population of the
protein. This approach can also be applied to the slow ex-
change limit, where the intensities of the free and/or bound
peaks are analyzed to derive K4 according to eqs. 5 and 6. It
is important to note that limitations may arise in the case of
slow exchange due to limited NMR signal sensitivity to low
concentrations of bound or free states at the beginning or
end of the titration, respectively. Moreover, small K4 values,
more common in the slow exchange regime, result in titra-
tion curves with less curvature and larger fitting uncertain-
ties (Fig. 2A, blue). This method is unsuitable for interme-
diate exchange due to severe line broadening during titra-
tion progression. More importantly, CSP deviates from a sim-
ple weighted average as in fast exchange scenarios.*?+*3 If se-
vere linewidth increase is observed for early titration points
(i.e., Ay, Ap, etc.) in comparison to both the Ay and B, points,
it indicates intermediate exchange. In such cases, more in-
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tricate lineshape analysis,** or more advanced NMR experi-
ments,*>*¢ can be employed to extract the Ky value as well as
kinetic parameters.

4. Conclusion

In conventional NMR titrations, selecting the optimal con-
ditions for the titration, including protein and ligand con-
centrations and the distribution of titration points, typically
relies on prior knowledge of an estimated Kj. It is also con-
strained by the necessity for a concentrated ligand stock to
prevent significant dilution of the protein, or requires more
complicated data fitting and representation methods if di-
lution is unavoidable. In this study, we introduce an inno-
vative simulation-guided protocol integrated with a “swap-
ping” strategy for NMR titrations. Our protocol allows for
real-time K4 estimation using early titration points and en-
ables dynamic adjustments to the distribution of titration
points when necessary. Importantly, the “swapping” method
eliminates the need for highly concentrated protein stock so-
lutions as titrants, making it particularly suitable for proteins
with limited solubility and stability at elevated concentra-
tions. Meanwhile, this approach maintains a constant protein
concentration throughout the titration, facilitating straight-
forward graphical representation and data fitting. To improve
accessibility of this protocol, a Colab user interface was es-
tablished for convenient access to the binding curve simu-
lation, “swapping” strategy design, and K4 estimation from
early titration points. Illustrated with an NMR titration be-
tween p47,_94 and ubiquitin, our approach proves to be par-
ticularly effective for fast-exchange interactions on the NMR
timescale.
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