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ABSTRACT: An effective intensity-based reference is a cornerstone for
quantitative nuclear magnetic resonance (NMR) studies, as the
molecular concentration is encoded in its signal. In theory, NMR is
well suited for the measurement of competitive protein adsorption onto
nanoparticle (NP) surfaces, but current referencing systems are not
optimized for multidimensional experiments. Presented herein is a
simple and novel referencing system using 15N tryptophan (Trp) as an
external reference for 1H−15N 2D NMR experiments. The referencing
system is validated by the determination of the binding capacity of a
single protein onto gold NPs. Then, the Trp reference is applied to
protein mixtures, and signals from each protein are accurately
quantified. All results are consistent with previous studies, but with
substantially higher precision, indicating that the Trp reference can
accurately calibrate the residue peak intensities and reduce systematic errors. Finally, the proposed Trp reference is used to
kinetically monitor in situ and in real time the competitive adsorption of different proteins. As a challenging test case, we successfully
apply our approach to a mixture of protein variants differing by only a single residue. Our results show that the binding of one
protein will affect the binding of the other, leading to an altered NP corona composition. This work therefore highlights the
importance of studying protein−NP interactions in protein mixtures in situ, and the referencing system developed here enables the
quantification of binding kinetics and thermodynamics of multiple proteins using various 1H−15N 2D NMR techniques.

1. INTRODUCTION

The field of nanomedicine has progressed tremendously in
recent years, with an increasing number of nanotechnologies
being transformed into clinical applications.1,2 Scientists have
functionalized nanoparticles (NPs) with applications in drug
delivery, vaccines, biomedical imaging, and sensors.3−5

However, when NPs are exposed to complex biological fluids
such as blood, multiple serum proteins compete and interact
with the gold nanoparticle (AuNP) surface immediately,
forming a layer of protein on the surface known as the protein
corona. Corona formation is recognized as one of the most
critical challenges in applied nanotechnologies, and it often
leads to the failure of engineered NPs.6,7 It has been widely
accepted in the nanomedicine community that the NP−
protein corona, not the functionalized NPs, determines the
biological activities and behaviors of NPs.8 Studies on cell
toxicity have shown that the protein corona can promote or
inhibit the targeting, circulation time, and cytotoxicity of
NPs.1,9,10 Despite the great amount of effort devoted to
understanding protein−NP interactions, quantification of key
parameters that govern such interactions has proven to be
complex. Effects including charge, hydrophobicity, and binding
affinity are known to play a part in protein binding.11,12

However, currently, it remains impossible to predict the final

protein distribution on a NP surface given a mixture of
proteins.
As a result, it is highly desirable to monitor the protein

behavior in the presence of NPs in situ and in protein mixtures,
two necessary components for measuring NP interactions
under physiological conditions. Such an investigation would
allow monitoring the kinetic and thermodynamic parameters
involved in adsorption and how these change over time, for
example, during blood circulation.13 Electrophoretic and mass
spectrometric techniques can provide a detailed distribution of
numerous proteins on the surface,14−16 and even information
at the level of individual residues,17 but these destructive
approaches require treatments to separate protein−NP
complexes and displace the bound proteins, processes that
likely alter the observed composition of the protein corona.
Multiple non-destructive spectroscopic methods, including
fluorescence,18 circular dichroism,19,20 cryo-EM,21 and dynam-
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ic light scattering,22 can be employed in situ, but these
methods are normally incapable of disentangling signals from
distinct proteins in the corona and therefore not generally
suitable for quantifying NP interactions with protein mixtures.
Studying protein−NP interactions in mixtures is particularly
important, as multiple recent studies show that the binding
behavior for a single protein does not necessarily reflect the
behavior in the presence of a complex protein mixture. In other
words, a reductionist approach will not work for understanding
protein−NP interactions. For example, recent research shows
that the composition of the protein corona formed in blood
serum is not strictly proportional to the individual protein
concentrations in serum.1,16 Moreover, proteins initially
adsorbed can be displaced over time by proteins with higher
surface affinity but lower concentration.23,24 Indeed, the kinetic
and thermodynamic impacts from other proteins are absent
without competition, and studying protein interactions with
NPs in mixtures is a key challenge in understanding the NP
corona.12

In principle, multidimensional nuclear magnetic resonance
(NMR) is well suited to the quantitative measurement of
protein mixtures in the presence of NPs, as detailed
information from each protein residue can be readily
quantified. In the study of protein−NP association, the line
broadening effect that occurs upon binding is particularly
important in studies of protein corona.25 Multiple outcomes
are possible: residues that are weakly coupled to the NP
surface can exhibit lifetime line broadening, becoming broader
in the presence of NPs.26,27 In addition, when proteins are
intrinsically disordered or contain long, flexible loops, the
motions of flexible residues can lead to different broadening
behaviors for each residue.19,28,29 However, for many circum-
stances, the situation becomes much simpler: when proteins
are globular and lack long loops, and when the kinetics of
desorption are slow on the NMR time scale,30 all signals from
the adsorbed proteins are uniformly broadened beyond
detection. The intensity of the observed NMR signal therefore
is proportional to the concentration of free proteins, which can
be used to quantify the bound proteins. This situation occurs
for proteins in the “hard” corona,8 and it has been observed for
globular proteins binding to the surface of citrate-coated
AuNPs.31,32 In these studies, 1D proton signals were used to
quantify the bound proteins, but a suitable and convenient
referencing system for multidimensional NMR has not yet
been identified. Several properties are needed to fulfill the
requirements of such a referencing system, such as a robust,
well-resolved signal, and no chemical interactions with the NPs
or proteins under investigation. In addition, for absolute
quantification of binding, the reference should have a known
extinction coefficient to enable facile comparison of concen-
trations across different samples. Such a reference would allow
for the simultaneous monitoring of multiple proteins in the
presence of NPs for quantifying binding thermodynamics and
kinetics, significantly expanding the ability of NMR spectros-
copy to study the multiprotein binding behavior for the hard
corona in situ.
In this work, we develop such a standard based on 15N-

labeled L-tryptophan, an amino acid with a distinctive indole
proton chemical shift and a well-known UV−visible extinction
coefficient. The interactions between the reference, proteins,
and NPs are eliminated using a commercially available coaxial
insert NMR tube. We demonstrate that this system shows
similar or better performance to measurements performed

using 1D NMR. Then, we explore the advantages offered by
this system when measuring complex protein mixtures and
binding kinetics, including the challenging case when proteins
differing by a single residue compete for the same AuNP
surface.

2. EXPERIMENTAL SECTION
2.1. NMR Reagents and Proteins. Tryptophan (15N

labeled, NLM-800-PK), deuterated 3-1-propanesulfonic acid-
d6 sodium salt (DSS-d6, DLM-8206), 99.9% D2O (DLM-4),
and deuterated sodium acetate (NaOAc-d3, DML-3124) were
purchased from Cambridge Isotope Labs (Tewksbury, MA).
Wild-type (wt) GB3 and ubiquitin (Ubq) proteins were
expressed recombinantly in Escherichia coli (BL21) cells and
purified as described previously.32,33 Details for mutagenesis of
wt GB3 to obtain K13E GB3 are presented in the Supporting
Information.

2.2. Preparation of the Coaxial Standard. The
extinction coefficient of the 15N-labeled tryptophan (15N
Trp) (MW 206.21 g/mol) is 5500 M−1 cm−1 at 280 nm. A 2
mM 15N Trp standard solution with 20 mM NaOAc (MW
85.05 g/mol) buffer and 1 mM DSS-d6 (224.4 g/mol) in 50%
D2O (v/v) is prepared as follows. 15N Trp (4.12 mg), NaOAc
(17.00 mg), and DSS-d6 (2.24 mg) were dissolved in ∼5 mL of
50% D2O. Then, this

15N Trp standard solution was adjusted
to pH 4.0 using a 4 M HCl solution before topping off to 10
mL with 50% D2O. After preparation, 100 μL of the standard
solution was transferred to a coaxial insert tube (WGS-5BL)
purchased from Wilmad LabGlass (Vineland, NJ). Before use,
the standard was degassed with an aspirator pump by placing
the coaxial insert tube in a sidearm flask and applying vacuum
for 10−15 min. The coaxial insert tube with the standard
solution was stored at 4 °C.

2.3. Synthesis and Characterizations of 15 nm
AuNPs. Gold(III) chloride trihydrate (catalog #520918) and
sodium citrate dihydrate (#567446) were purchased from
Millipore Sigma. The synthesis was performed using the
method of Frens and Turkevich.34,35 Details on AuNP
synthesis and characterization are provided in the Supporting
Information.

2.4. Determination of Binding Capacity. For binding
capacity measurements, 20 μM of 15N-labeled GB3 or 15N-
labeled Ubq was mixed with AuNPs with varying concen-
trations of 0, 20, 40, 60, and 80 nM. The protein peak
intensities are measured by 2D TROSY-HSQC experiment36

on a 600 MHz Bruker AVANCE III NMR system equipped
with a CP-QCI cryoprobe. Detailed sample preparation and
parameters used for NMR experiments are presented in the
Supporting Information.
The fraction (r) of unbound (free) proteins was determined

by the ratio of peak intensities of the AuNP-containing samples
(I) versus the protein control sample (I0) for each residue (r =
I/I0), after normalization by the 15N-Trp reference peak. The
AuNP-bound protein NMR signals will diminish due to its
extremely short T2 relaxation times.30,31 The concentration of
bound proteins ([protein]bound) was calculated using the total
protein concentration ([protein]total) using the following
equation, as described previously31

[ ] = − [ ]rprotein (1 ) proteinbound total (1)

2.5. Competitive Binding between Protein Variants.
Competitive binding experiments between 20 μM 15N-labeled
wt deuterated GB3 (GB3-D) and 20 μM wt non-deuterated
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GB3 (GB3-H) for 40 nM AuNPs were conducted with a high-
resolution TROSY-HSQC experiment to differentiate closely
positioned deuterated and protonated peaks.37 Competitive
binding of 20 μM 15N-labeled GB3 and 20 μM 15N-labeled
Ubq for 80 nM AuNPs was conducted with the SOFAST-
HMQC experiment. The Trp standard was used as the coaxial
insert for calibration of peak intensities. Detailed sample
preparation and parameters used for NMR experiments are
given in the Supporting Information. The ratio of signals from
each protein residue with (I) and without (I0) AuNPs is
defined as the normalized intensity (I/I0), which estimates the
fractional unbound protein concentrations (eq 1).
2.6. Kinetics Measurements of Protein Adsorption.

The sensitivity-enhanced SOFAST-HMQC experiment38,39

was selected for monitoring a mixture of two proteins (20
μM GB3/20 μM Ubq and 20 μM wt GB3/20 μM K13E)
being adsorbed onto 80 nM AuNPs. Detailed sample
preparation, NMR parameters, and an NMR pipe processing
script are presented in the Supporting Information.
All residue peak intensities are normalized by the Trp

standard prior to further analysis. All kinetic data were fit with
a first-order kinetics model with one or two time constants (eq
2) as follows.

∑= + × τ−I I t y A/ ( ) ei
t

0 0
/ i

(2)

where I/I0(t) is the Trp-normalized relative intensities of the
residue peaks at the binding time of t. The intensities at
binding time t (I(t)) are expressed relative to the residue-
specific peak intensities of the protein control sample with no
NPs (I0) for analysis. y0 is the fitted intercept of the model.
The quantitative reference described above allows for the
determination of how much signal is lost during the
experimental dead time. The time t (in min) is the binding
time after adding AuNPs into the protein(s) samples. The time
constant τi (in min) is the fitted time constant of the ith
exponential decay process. All curves were fit using OriginPro
(OriginLab).

3. RESULTS AND DISCUSSION
3.1. Quantitative Comparison of Single-Protein Bind-

ing. One key requirement of a quantitative NMR study is that
the signals of interest must be reliably calibrated by the integral
of the reference compound. The reliability of the reference
depends mainly on two aspects. First, the reference signal must
be robust and strong with a high signal-to-noise ratio (SNR),
but not so strong that it overwhelms the signals of interest.
Second, the reference signal must be well resolved from other
peaks. We first verify the proposed Trp reference by
quantification of GB3 binding to AuNPs with a 15N-decoupled
proton NMR experiment (Figure 1A). GB3 adsorption to
citrate-capped AuNPs has been studied before using
trimethylsilylpropanoic acid (TMSP) as an internal refer-
ence,31 and 180 ± 20 GB3 protein molecules were observed to
bind to a 15 nm AuNP. Importantly, the line widths do not
broaden, and all peaks decrease uniformly, indicating that
NMR signals can be used to quantify the binding. We propose
to use the Trp indole peak located at 10.5 ppm for a reference
signal since it is robust and completely isolated from the
protein amide peaks, which appear in the 1H region from 7 to
9.5 ppm. When increasing amounts of citrate-stabilized 15 nm
AuNPs were titrated into a constant concentration of GB3
protein, the peak intensities from GB3 linearly decrease due to

adsorption onto the AuNP surface (Figure 1A, main spectra).
GB3 binding to AuNPs is in the slow exchange regime, and
therefore, the amount of bound GB3 should quantitatively
correspond to the reduction in the NMR signal intensity.31 To
process the data, all protein signals are normalized by the Trp
indole peak to quantify the fraction of unbound proteins and
therefore the bound protein concentrations using eq 1. Here,
the calculated concentration of bound GB3 increases linearly
as a function of added AuNP concentration (Figure 1A, inset),
and the binding capacity deduced from the fitted slope is 163
± 14, which is in good agreement with prior results.31 It should
be noted that there are proton signals in the range of 7−9.5
ppm (highlighted by *) that remain constant regardless of the
AuNP concentration. Those peaks belong to the aromatic
protons of the Trp reference compound, but they do not

Figure 1. Spectral resolution in 1D and 2D NMR experiments in the
presence of the Trp standard. (A) 15N-decoupled 1D proton NMR
spectra of 25 μM 15N-GB3 mixing with 0, 20, and 80 nM 15 nm
AuNPs. The peaks indicated by asterisks (*) are side-chain proton
resonances from the Trp external reference. All spectra are normalized
to the intensity of the Trp indole HN proton. The inset shows the
calculated bound concentrations of GB3 as a function of AuNP
concentration. (B) TROSY-HSQC and (C) SOFAST-HMQC spectra
of 20 μM 15N-GB3 with Trp as the external reference compound. The
external Trp reference peak is well resolved and labeled “Trp
standard”. The other GB3 assignments are also labeled.
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interfere with measurement of the protein concentration, and
they are not visible at all in 2D spectra.
Subsequently, the potential utility of the Trp reference in

1H−15N 2D NMR experiments was examined with TROSY-
HSQC40 and SOFAST-HMQC38,39 NMR techniques (Figure
1B,C). 2D NMR provides residue-specific information that is
inaccessible in 1D NMR. In studying protein−NP interactions,
the dynamic and conformational perturbations of each residue
in the protein backbone upon interactions can be extracted
from the 1H or 15N chemical shifts, intensities, and
linewidths.30 The 2D TROSY-HSQC (or standard HSQC)
provides high spectral resolution and is ideal for quantitative
measurement of complex protein mixtures at equilibrium or
steady state. Conversely, the SOFAST-HMQC experiment
collects spectra very rapidly (Figure 1C was recorded in 6
min), enabling real-time observation of the dynamic process of
protein−NP binding.38 The spectral resolution of SOFAST-
HMQC can be reduced compared to the standard 2D NMR
techniques, a result of fewer acquired points in the indirect
acquisition dimension.41 In addition, the SNR of SOFAST-
HMQC spectra should be optimized since protein−NP
binding experiments often require low concentrations of NPs
(<100 nM) and proteins (<100 μM) to reduce aggregation
and to maximize the signal change upon binding. The data
presented in Figure 1C demonstrate that an appropriate
balance of resolution and SNR can be identified, while still
achieving fast acquisition times, on the order of minutes. For
both spectra in Figure 1B,C, the Trp signal is well resolved.
Therefore, this reference should be broadly useful in studying
NP binding for a variety of proteins.
In addition to being well resolved, the signal intensity of the

Trp reference is also robust in both 2D NMR spectra, making
it suitable for peak intensity calibration. For instance, with 20
μM GB3 present, the single indole Trp peak is approximately 5
times more intense than the signals from GB3. While the
concentration of 15N-Trp (2 mM) in the reference solution is
significantly higher than GB3, its signal is reduced by several
factors: first, the coaxial insert reduces the effective
concentration of Trp in the sample. Second, the presence of
50% D2O reduces the Trp indole signal further, as these
protons will exchange with the solvent over time. Third, the
Trp compound has a longer T1 relaxation time than the protein
signals, resulting in incomplete spin relaxation between scans.
This leads to a reduction in the Trp signal that will depend on
the recycle delay. However, provided the delay is maintained
for both samples with and without NPs, and provided no
additional line broadening is observed in the protein, the
intensity ratio with/without NPs (I/I0) used to quantify
protein adsorption will be constant (a detailed justification is
provided in the Supporting Information). The solubility of the
Trp amino acid is 55 mM at 25 °C,42 so the intensity of this
peak can be adjusted by increasing or decreasing the
concentration of Trp in the sample solution. Thus, this
approach is highly versatile for measuring relative concen-
trations in a variety of systems and pulse sequences. Additional
practical considerations for performing intensity calibration
using the Trp standard, including a discussion of zero filling,
are outlined in the Supporting Information.
We tested the Trp standard for the quantitative study in 2D

NMR by determining the binding capacities for GB3 and Ubq
on 15 nm, citrate-capped AuNPs (Figure S5, Supporting
Information). As described above, these binding capacities
have been quantified previously using 1D NMR and TMSP as

an internal referencing standard.31 In this work, the peak
intensities of each residue are measured and calibrated by the
external Trp standard prior to data analysis. As observed in 1D
NMR, the protein peak intensities of GB3 or Ubq in 2D NMR
monotonically decrease as AuNPs are titrated into the protein
solution, which corresponds to a linear increase of bound
protein (eq 1). This behavior is expected anytime binding is
tight (Kd < 1 μM) and slow on the NMR time scale (seconds
or longer).31 These conditions generally apply to globular
proteins in the hard corona; if signals do not scale uniformly,
or if line broadening is observed, additional analysis must be
performed, and simple peak intensities are not sufficient to
quantify the adsorbed protein. Here, both GB3 and Ubq
signals exhibit a uniform decrease with excellent linearity (R2 >
0.99). The binding capacities of GB3 (178.1 ± 1.4 proteins per
NP) and Ubq (168 ± 4 proteins per NP) were determined as
the fitted slope through the origin. Importantly, these values
are statistically identical to the previously determined values of
180 ± 20 and 156 ± 12 proteins per NP for GB3 and Ubq,
respectively.31 By comparison, the current approach using 2D
NMR with the Trp reference offers better linearity and smaller
uncertainties over the previous study using 1D proton NMR
with TMSP as the internal reference.
The robustness of the method can be attributed to several

factors. First, the 2D NMR approach enabled by the Trp
reference provides better resolution than the 1D approaches.
Since individual peaks are not resolved in the 1D experiments,
an average signal profile is scaled to determine the
concentration of bound proteins (Figure 1A), whereas in a
2D spectrum, all signals originating from proteins can be
isolated and quantified individually (Figure 1B). This increases
the precision in the measured signal. Second, the 2D approach
allows for the removal of signals that may originate from
buffers or other cosolvents. Not only does this remove
confounding signals from non-interacting components and
increase accuracy but it also enables the measurement of
protein−NP interactions on protonated buffers [e.g., N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid] because pro-
ton signals originating from these buffers are not observed in
15N−1H 2D correlation spectra. Third, the external referencing
system used here is more stable, as it eliminates the possibility
that the referencing compound will interact with the NPs. Such
an interaction could significantly reduce the accuracy of an
internally referenced system. For these reasons, the Trp
referencing system, combined with 2D NMR, provides a
superior approach for quantifying peaks compared to the 1D
NMR, internally referenced systems used before. The multi-
dimensional approaches enabled by the Trp referencing system
also enable measurement on protein mixtures, as described
next.

3.2. Competitive Binding of Protein Variants in
Mixtures. One of the main benefits of multidimensional
NMR spectroscopy is the ability to resolve signals correspond-
ing to individual protein residues. When multiple proteins are
present, non-overlapping signals can be used to monitor the
behavior of two, three, or even more proteins simultaneously in
the same sample. Until now, quantitation of multiple proteins
in the presence of NPs has been limited to 1D NMR, where
each protein is isotopically labeled with either 13C or 15N.32

Practically, this approach limits measurements of protein−NP
binding to mixtures of only two proteins using NMR, and the
expense of expressing 13C-labeled protein is significantly higher
than labeling with 15N. Monitoring how complex mixtures of
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proteins interact with NPs is important, and it is increasingly
recognized that multiple protein competition is critical in the
formation of the in vivo NP corona.12,16

To this end, the Trp referencing system was tested with two
competitive protein binding experiments. First, Figure 2A
shows a quantitative binding experiment where an equal
amount of deuterated, 15N-labeled GB3 (15N, 2H, or GB3-D)
was in competition with non-deuterated, 15N-labeled GB3
(15N, 1H, or GB3-H). In this experiment, perdeuteration of
GB3-D introduces a small upfield shift in the 15N chemical
shifts,37 and TROSY-HSQC NMR spectroscopy is used to
differentiate these chemical shift differences. As shown in
Figure 2A, the deuterium shifts for GB3-D and GB3-H are
extremely small, but they are resolvable using the TROSY-
HSQC and Trp reference. This approach therefore enables
quantifying a protein in competition with itself, the only
difference being slightly shorter C−D bond length relative to
C−H.37 After the addition of AuNPs, the peak intensities of
each residue from both GB3-D and GB3-H are reduced, and
normalization of peak intensities relative to the external Trp
reference enables a comparison of binding. Again, a decrease in
the signal intensity quantitatively corresponds to the AuNP-
bound protein for this system. Here, the signal intensities with
and without AuNPs (I/I0) reveal that GB3-H and GB3-D
appear to bind in a similar fashion when competing for the
same AuNP surface. The average I/I0 of GB3-H and GB3-D
for all residues are 0.85 ± 0.04 and 0.84 ± 0.04, respectively,
and the small standard deviations indicate that all residues are
affected in the same way (Figure 2B). This result indicates that
GB3-H and GB3-D bind AuNPs with roughly the same affinity,
which is expected since they are structurally identical.
In a second series of experiments, we examined how 15N-

labeled GB3 competes with 15N-labeled Ubq for a limited
amount of AuNP surface (Figure 2C). Here, GB3 and Ubq
compete very differently. Their binding amounts were
compared using a static, low-resolution SOFAST-HMQC
measurement (total NMR acquisition time ∼6 min) in the
presence of 80 nM AuNPs. Under these conditions, 29/72
peaks from Ubq and 25/56 peaks from GB3 can be sufficiently
resolved for quantitative analysis (Figure 2D). As shown in the
overlay spectra of mixture proteins before binding (red) and
after binding (blue) in Figure 2C, no significant chemical shifts
are observed in the positions of the protein peaks, consistent
with previous 1D measurements of GB3 and Ubq in the
presence of AuNPs, both alone and in competition.31,32

Subsequently, the peak intensities of proteins in the control
and competitive binding samples were normalized by the Trp
reference signal and converted to relative intensities to quantify
the binding amount. Consistent with measurements collected
using 1D NMR,32 the relative intensities of all Ubq peaks (0.74
± 0.07) are higher than those of GB3 (0.51 ± 0.03), indicating
that GB3 has a stronger affinity for AuNPs than Ubq under
these conditions. Once again, the peak intensities are largely
uniform for both proteins (Figure 2D); however, a small
region in the loop between strands β4 and β5 (residues 60−
64) shows slightly lower intensity than the other residues. Two
of these peaks (Q62, E64) are marginally overlapped with GB3
signals (Figure 2C), which may artificially reduce their
intensities. Thus, combined with the comparison of GB3-H
and GB3-D, these results demonstrate the utility of the external
Trp reference in reliably quantifying signals for each residue in
a mixture of proteins and NPs in situ.

3.3. Kinetic Measurements of Protein Competitive
Adsorption. Finally, we examined the utility of the Trp
reference for time-resolved studies of protein−NP binding.
This simple system, where two different proteins compete for
the surface of an AuNP, could potentially be extended to

Figure 2. Competitive protein−NP interactions determined using 2D
NMR spectroscopy with the Trp reference. (A) Competitive binding
study of 20 μM non-deuterated GB3 (GB3-H) and 20 μM deuterated
(GB3-D) mixing with 40 nM 15 nm AuNP. This panel shows part of
the overlay of the TROSY-HSQC spectra of GB3-D and GB3-H
mixtures with (blue) and without (red) AuNPs. The residues
highlighted with (’) belong to GB3-D. The full spectra are presented
in Figure S6, Supporting Information. (B) Relative peak intensities of
each residue in GB3-H (light gray) and GB3-D (black) after binding
with AuNPs. (C) Competitive binding study of 20 μM GB3 and 20
μM Ubq onto 80 nM 15 nm AuNPs at pH 6.5 using SOFAST-
HMQC. The overlay spectra of protein mixtures with and without
AuNPs are color coded in blue and red, respectively. The assignments
are indicated for only the well-resolved peaks in the mixture of Ubq
and GB3 (primed residues) after mixing with AuNPs. (D) Relative
peak intensities of the well-resolved residues shown in (C) after
binding with AuNPs. The dashed lines indicate the average relative
intensity for Ubq (blue) and GB3 (light gray). All experiments are
conducted thrice, and the error bars represent the standard deviation
of three replicates.
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understand adsorption in more complex physiological environ-
ments. We first investigate a system where Ubq and GB3
compete for binding to an AuNP surface. Next, we investigate
an even more challenging system involving two GB3 variants
that differ by only a single residue, namely, wt GB3 and K13E
GB3.
Our group has attempted previously to follow the

competitive binding kinetics of Ubq and GB3 in a mixture in
the presence of AuNPs.32 1D proton NMR and half-filter
experiments were employed to separately collect the spectra of
13C-labeled GB3, 15N-labeled Ubq, and the internal standard
for concentration determination. This measurement approach
introduces large uncertainties in the determination of the exact
binding time for each time point, and it also reduces the time
efficiency (it takes ∼30 min to acquire three spectra for a single
time point). The use of an internal standard, and the potential
for that reference to interact with the AuNPs themselves, also
complicated sample preparation and data acquisition. Here, we
attempt to enhance the time resolution of this competitive
binding study by using SOFAST-HMQC with the external Trp
standard as the reference of peak intensity. As discussed above,
these experiments can be acquired quickly, and signals for all
proteins and the Trp reference are collected simultaneously in
a single experiment.
The kinetic binding experiments were performed by adding

AuNPs to an excess amount of a single protein or a mixture of
proteins, and the bound amount of each protein was
determined by monitoring the protein signals. The peak
intensities for each residue are normalized by the Trp standard
prior to being normalized by the signals of the first time point
(I/I0 = 1.0), which corresponds to the intensities of the non-
AuNP-containing protein sample (I0). For all proteins
observed (Figure 3), a significant amount of binding occurs
in the dead time before the start of acquisition. This is
indicated by the difference between the first point and the
second point in all experiments.

Distinct binding behaviors are observed for Ubq and GB3
with and without competition. Here, we used pseudo-first-
order fitting to estimate the time scales of protein binding (eq
2), with a characteristic time τ = kon

−1. All fitting parameters
are provided in the Supporting Information. For Ubq and GB3
(Figure 3A−C), models were fit from the second point, instead
of the first point, due to the presence of protein displacement
observed in competition (Figure 3C). The onset of displace-
ment is lost in the experiment dead time, and excluding the
dead time period in the fitting allows us to obtain the
adsorption and displacement rate during competition. When
only one protein is present, Ubq is adsorbed onto AuNPs at a
significantly faster rate than GB3, indicated by the greater loss
of signal during the experiment dead time, and the faster
reduction of peak intensity in the early binding period (Figure
3A,B). Multiexponential behavior (τfast and τslow) was observed
for Ubq following the initial drop in intensity, and a single
exponential (τslow) was observed for GB3 after mixing with
AuNPs. The fast decay of Ubq has a time constant (τfast) of 12
± 6 min. Interestingly, this initial process appears to overshoot
the final, steady-state binding, and no similar fast process is
observed for GB3. After 10 min, the Ubq signal begins to rise,
a feature that is also absent in the GB3 intensities. The
mechanistic origin of the biphasic behavior in Ubq is not
presently clear. On the one hand, slow reorientation over time
on the AuNP surface may slowly displace the bound Ubq,
resulting in an increase in signal as more proteins are freed. On
the other hand, line broadening may be contributing to the
signal integration in a way that we are not able to detect but is
nevertheless reflected in the signal intensities. Lundqvist et al.
observed the complete loss and recovery of NMR signals of
human carbonic anhydrase II on the surface of silica NPs,43 but
in that system, the signal loss lasted for 6−7 days. The slow
processes for Ubq and GB3 are similar, with τslow values of 72
± 30 and 80 ± 9 min, respectively. This slow process may
correspond to the slow rearrangement of proteins that can
occur after initial adsorption, making room for more protein

Figure 3. Kinetic studies of competitive binding of multiple proteins onto 15 nm AuNPs at pH 6.5 using SOFAST-HMQC. (A) Peak intensity for
20 μM Ubq as a function of time after mixing with 80 nM AuNPs. The image shows the secondary structure of Ubq. (B) Peak intensity for 20 μM
wt GB3 as a function of time after mixing with AuNPs. The inset shows the structure of wt GB3, with the K13 residue highlighted as CPK spheres.
(C) Peak intensities vs time for 20 μM Ubq (black) and 20 μM GB3 (red) residues after mixing with 80 nM AuNPs. Each data point is an average
of over 29 well-resolved residues for Ubq and 25 for GB3, respectively. (D) SOFAST-HMQC overlay of a mixture of wt GB3 and K13E GB3
without (red) and with (black) the presence of 80 nM AuNPs. The residues belonging to wt GB3 (wt) and K13E GB3 (mut) are indicated. (E)
Peak intensity vs time for 20 μM K13E GB3 after mixing with AuNPs. (F) Peak intensities vs time for 20 μM wt GB3 (red) and 20 μM K13E GB3
(black) residues after mixing with 80 nM AuNPs. The error bars represent the standard error of the mean for two replicates.
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adsorption (in the case of GB3) or displacing loosely bound
protein (in the case of Ubq).31 At the end of 3 hours, both
proteins appear to reach a stable bound fraction on the AuNP
surface in the absence of competition.
When equal amounts of both Ubq and GB3 are present to

compete for AuNP surface, a displacement process is clearly
visualized. Interestingly, the biphasic behavior of Ubq
disappears, and while the signal still increases over time, the
rapid binding phase for both proteins occurs entirely during
the experiment dead time. Ubq binds more in the initial ∼20
min, but subsequently, the initially adsorbed Ubq is gradually
displaced by GB3. The GB3 adsorption rate (138 ± 17 min) is
comparable to the Ubq desorption rate (148 ± 17 min),
strongly suggesting that the decrease and increase are linked to
the same process. In other words, GB3 appears to displace Ubq
over time. This behavior has been observed before, and it is
hypothesized that after binding of Ubq, the net charge of the
AuNP surface becomes less negative, allowing GB3 to
approach the AuNP surface and displace Ubq due to its
higher relative binding affinity.32 The data presented here are
consistent with prior observations that employed 1D NMR
spectra. However, these data have improved time resolution,
and the measurements are far simpler to obtain than 1D
measurements of competition kinetics. This is because the 1D
competition approach requires separate 13C- and 15N-labeled
proteins, as well as multiple NMR spectra at each time point to
record the 13C- and 15N-filtered signals. In contrast, the 2D
method proposed here relies exclusively on relatively
inexpensive 15N-labeled material, and only a single SOFAST-
HMQC spectrum is required, which records both proteins and
the reference at each time point simultaneously.
Finally, we tested the proposed referencing system to

measure the binding kinetics for highly similar variants of the
same protein. This is extremely challenging because the NMR
spectra of most proteins will be almost identical if the primary
structure only differs by one amino acid residue. An earlier
study identified the lysine residue at the 13th position of GB3
as the most critical binding site for citrate-coated AuNP
interactions, in part because of its favorable charge and
proximity to other Lys residues.32 As a test, we changed this
key binding residue to a glutamic acid (K13E), reversing the
charge of this site at neutral pH. In the resulting mixture of
K13E/wt GB3, the NMR spectra are characterized by a
significant overlap, and only a few residues surrounding the
mutagenesis site can be resolved (Figure 3D, expanded view
shown in Figure S7, Supporting Information). Only those
residues close to residue 13 experience sufficient chemical shift
perturbations, and only these residues were used for signal
quantification. For wt/K13E GB3 binding, all points including
the dead time were fit because no displacement is observed in
competition. In the absence of wt GB3, the K13E variant binds
with a fast time constant τfast of 4.1 ± 0.6 min and a slow time
constant τslow of 130 ± 20 min (Figure 3E). These time
constants are very similar to those of the single wt GB3 binding
(τfast = 5 ± 1 min and τslow = 130 ± 40 min) (Table S2,
Supporting Information). Mutagenesis does not appear to
change the binding kinetics in the absence of competition.
As indicated by the Trp-calibrated peak intensities (Figure

3F), when both proteins compete for the same surface, more
wt GB3 binds to AuNPs than K13E GB3 after binding has
stabilized, reflecting that the Glu residue disrupts charge−
charge interactions in binding. A biexponential process fitting
(τfast and τslow) indicates the τfast for wt GB3 and K13E GB3 is

5 ± 1 and 10 ± 3 min, respectively. This appears to reflect a
kinetically controlled process, where the first protein to reach
the AuNP surface is highly favored to adsorb and stay bound
during the course of the experiment. In contrast to the GB3/
Ubq competition (Figure 3C), no further protein displacement
occurs once one GB3 variant is attached to the surface, and the
curves in Figure 3F both decrease monotonically over time.
The kinetic constants for the second phase of binding for the
wt/K13E competition are statistically similar with τslow values
of 130 ± 40 and 160 ± 30 min for wt GB3 and K13E GB3,
respectively. Note that the combined bound amount of GB3
variants (∼15% of 20 μM K13E and ∼35% of 20 μM wt GB3
bound, Figure 3F) equals the single-protein GB3 binding
capacity (∼55% of 20 μM bound) in Figure 3B,E, as measured
by the decrease in signal. This demonstrates consistency in
kinetic control since on an average, ∼50% of the available GB3
molecules (wt and variant) are always bound, which also
reflects the accuracy of the Trp referencing system. On the
other hand, the Ubq/GB3 competitive binding has an element
of thermodynamic control since GB3 is able to displace
adsorbed Ubq.
The results in this section highlight the importance of

studying protein binding in the context of competition by
demonstrating that the thermodynamic and kinetic binding
behaviors of a single protein in solution do not necessarily
represent that protein’s actual behavior in a mixture. Studying
proteins in complex mixtures can present a significant
analytical challenge, and the external Trp referencing system,
combined with multidimensional NMR, is able to quantify a
variety of new protein competitive binding behaviors, which
until now have been challenging to observe spectroscopically.

4. CONCLUSIONS
A 15N tryptophan compound is proposed as an external
reference for quantitative NMR studies of protein−NP
interactions using two-dimensional 1H−15N experiments. We
validate this approach using single-protein titrations in the
presence of AuNPs, demonstrating that observed binding
capacities are consistent with previously obtained results with
better precision. In addition, competitive protein binding
experiments also agree with previous results, and the novel Trp
referencing system proposed makes such measurements far
more accessible. After validation, we demonstrate that the Trp
referencing system can be used to study the binding kinetics of
two proteins to a single NP. The time resolution of these
experiments is vastly improved compared to prior work, and
mixtures of three or more proteins are possible depending on
the overlap of NMR spectral signals. Importantly, the protein
signal reduction due to adsorption within the first hour of
binding is accurately quantified, enabling the ability to
differentiate thermodynamic versus kinetic aspects of binding,
even in proteins with highly similar spectral signals. Drastically
different competing processes are observed between two
different proteins (Ubq vs GB3) and two protein variants
differing by only one residue (wt GB3 vs K13E GB3). In Ubq/
GB3 competition, Ubq is first drawn to the AuNP due to the
kinetically favorable electrostatic attraction, but it is sub-
sequently displaced by GB3, which has a higher binding
affinity. In contrast, the wt/K13E GB3 competition is entirely
kinetically controlled. This work demonstrates that the external
Trp standard can be readily applicable as an important
referencing tool in a wide range of quantitative NMR studies of
the NP protein corona.
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