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Abstract

Elucidation of the driving forces that govern interactions between nanoparticles and intrinsically
disordered proteins (IDP) is important for the understanding of the effect of nanoparticles in living
systems and for the design of new nanoparticle-based assays to monitor health and combat
disease. The quantitative interaction profile of the intrinsically disordered transactivation domain
of p53 and its mutants with anionic silica nanoparticles is reported at atomic resolution using
nuclear magnetic spin relaxation experiments. These profiles are analyzed with a novel interaction
model that is based on a quantitative nanoparticle affinity scale separately derived for the 20
natural amino acids. The results demonstrate how the interplay of attractive and repulsive
Coulomb interactions with hydrophobic effects is responsible for the sequence-dependent binding
of a disordered protein to nanoparticles.

TOC image

"To whom correspondence should be addressed: Rafael Briischweiler, Ph.D., Department of Chemistry and Biochemistry, CBEC
building, The Ohio State University, Columbus, Ohio 43210, bruschweiler.1@osu.edu, Tel. 614-688-2083.

Supporting I nformation

The Supporting Information is available free of charge on the ACS Publications website. Experimental details about protein expression
and purification, amino-acid sample preparation; silica nanoparticle treatment, NMR spin relaxation experiments, /1 and R2
relaxation data, and their analysis (tables and figures); prediction of spin relaxation properties of nanoparticle-bound molecule; amino-
acid affinity scale (table and figure), parametrization of the FRIM model (PDF)

Notes
The authors declare no competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al. Page 2

p53 Amino acid interactions
GIu®
- \ 5\
// ) Ipm ')t\ Val
’ a8 @

ﬂ .-:9"-}.\

Silica Nanoparticle

INTRODUCTION

The emergence of nanoscience applications in biology calls for a detailed understanding of
the interactions between synthetic nanoparticles and biological molecules.1~3 Nanoparticles
can be used in biomedicine, for example, as drugs, drug carriers, or imaging agents.* In all
these situations, they are inevitably exposed to /7 vivo environments, such as biofluids, cells,
or tissues, where a vast array of diverse native biomolecules exist, encompassing proteins,
nucleic acids, and metabolites. The complex nature of such nanoparticle-biomolecule
interactions is well recognized®’. Nanoparticles have differential binding propensities to
small molecules. For example, anionic and cationic silica nanoparticles (SNPs) bind to a
host of metabolites as evidenced by NMR peak broadening.8 Many synthetic nanomaterials
are covered by small molecules via covalent or non-covalent interactions supporting their
structural integrity, solubility, and function, but quantitative information about binding
strengths is limited or missing.® Nanoparticles can also interact with polypeptides, whereby
most studies have focused on globular, well-structured proteins. Only few studies reported
nanoparticle-protein interactions at atomic resolution.10-15

Intrinsically disordered proteins (IDPs) form a separate class of polypeptides that is linked to
a wide range of human diseases.16-18 Due to the flexible nature of IDPs and the
heterogeneous distribution of amino-acid types along the primary sequence with their
different physical chemical properties, the interaction strength with nanoparticles can
considerably vary from residue to residue. It thereby induces differential mobility or
rigidification along the protein sequence. Nanoparticle-1DP interactions can be potentially
utilized to target specific IDPs in vitro or in vivo for interventional therapies in ways that are
not possible using small molecules.1%-21 As important progress is being made, 0 a critical
bottleneck remains the lack of a fundamental, quantitative understanding of IDP-
nanoparticle interactions based on the surface properties of nanoparticles and IDP amino-
acid sequence information.

The transactivation domain of the human tumor suppressor p53 (p53TAD), which contains
73 amino-acid residues, is a well-known IDP.22-24 |n this work, p53TAD serves as a model
system to study its interactions with anionic silica nanoparticles at atomic resolution. For
this purpose, transverse 1°N backbone NMR spin relaxation experiments were performed for
both the wild type (WT) and mutants of p53TAD as they sensitively reflect the populations
of the bound state at the sites of individual residues. Based on experimentally determined
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binding propensities of isolated amino acids to SNPs a general analytical model is developed
that quantitatively accounts for the binding properties of p53TAD and several of its mutants.

RESULTS AND DISCUSSION

Electrostatic and size properties

The SNPs used in this study are negatively charged with a ¢-potential —23.0 + 7.4 mV due to
the partial deprotonation of silanol group at neutral pH. Since p5S3TAD has also a negative
net charge (pl = 3.77), its interactions with SNPs are expected to be relatively weak and
transient due to Coulomb repulsion. The size distribution of the SNPs was measured to be
19.5 + 5.3 nm by transmission electron microscopy and 25.3 + 8.9 nm by dynamic light
scattering. In the presence of p53TAD with a p53TAD:SNP concentration ratio of 20:1, no
significant shift in the hydrodynamic diameter distribution was observed (Figure S7), which
confirms that the SNPs remain monodisperse with p5S3TAD present. Sucrose cushion
separation followed by SDS-PAGE analysis confirmed the dynamic and reversible nature of
p53TAD-SNP association and dissociation, which is fully consistent with the NMR results
(vide infra).

Differential NMR line broadening due to SNP presence

Two-dimensional (2D) heteronuclear NMR spectroscopy allows one to study nanoparticle-
protein interactions at a spatial resolution of individual amino acids without the need for
non-native chemical tags. To study the effect of SNPs on p53TAD, we collected 2D 1H-1°H
heteronuclear single quantum correlation (HSQC) NMR spectra of WT p53TAD samples in
the absence and presence of SNPs (Figure 1). Since HSQC cross-peaks correspond to
directly bonded 1H-15H spin pairs, the individual behavior of each p53TAD residue (with the
exception of the 13 Pro residues) can be monitored by its own cross-peak belonging to the
amide bond. While no apparent chemical shift changes were observed, the relative peak
intensities decreased noticeably and non-uniformly upon the titration of SNPs to the protein
sample whereby some cross-peaks completely disappeared (Figures 1a—e and S4). For
p53TAD samples (at 200 M concentration), cross-peaks that were most affected belong to
residues V10-Q16, D21-A39, and G59-V73 experiencing more than 80% intensity loss as a
result of line broadening upon the addition of SNPs (4.7% by weight or 9.5 4M), whereas
residues M1-D7 and M40-D57 experienced much less cross-peak attenuation (Figure 1f).

To quantify SNP-induced differential peak attenuation, transverse backbone 1°H spin
relaxation rates (/)2 were measured for all (non-proline) amino-acid residues along the
backbone of p53TAD for 300 &M protein samples in the absence and presence of 1.3%
anionic SNPs by weight (2.5 ¢M). The red symbols in Figure 2a depict the residue-specific
differences of measured /», AR, in the presence and absence of SNPs for p53TAD. The
profile reveals a large dynamic range with up to a 5-fold difference in AR, between the
TAD?2 region (D41-P60), showing the smallest effect, and the C-terminal residues displaying
the largest effect. Several portions of the profile reflect a distinct fine structure with multiple
local minima and maxima, which are experimentally well reproducible. By contrast, the
longitudinal 1°H spin relaxation rates (/;) remained essentially unchanged by the addition
of the SNPs (Figure S5).
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Transverse spin relaxation analysis

Experimental transverse NMR relaxation data were interpreted by a two-site exchange
process where each amino-acid residue 7exists either in a free or an SNP-bound state with

normalized populations plf and p’. The experimentally observed effective 7, relaxation rate

in the presence of SNPs, RETP is then a population-weighted average

RINT=p! Riﬁpé’Ré 1)

of the transverse relaxation rate sz of nuclear spin of residue 7 of the free protein and of its

SNP-bound state, r?, provided that the bound and free states are in fast exchange, 7.e. they
have millisecond lifetimes or faster. The populations can be directly determined from

pb_Rg}jP - Rg,i _ ARy; ARy,
i - = b
Rg - qu Rg - Rg,i I 2

where R} > R%Z The term ARQ,FRE}ZIP = Rii can be determined directly from

experiment by measuring /2, in the presence and absence of SNPs. R} is according to
Redfield relaxation theory (see, e.g., Ref. [26] and references therein) directly proportional to
the overall tumbling correlation time . of the nanoparticles, which can be estimated based
on the Stokes-Einstein-Debye relationship

Vn
Te=
kyT ©)

where Vis the hydrodynamic volume of a single SNP, 7 is the solvent (water) viscosity, Ag
is the Boltzmann constant, and 7 is the absolute temperature (see the Supporting

Information for details). Therefore, R%(*N) ~ 1.6 x 10% s~ is constant for all residues. In
this way, the experimental determination of AR, ;offers direct insights into the effective

bound population ,? at the site of each residue. ,? is a quantitative measure of the restriction
of the reorientational motion of the N-H internuclear vector of residue i due to the

interaction between the molecule and the SNPs. For a well-structured globular protein, ;! is

the same for all residues. For an IDP, by contrast, p? may vary from residue to residue due to
differences in the interaction strengths with SNPs between different residues and due to the
SNP interactions of neighboring residues j whose effect on residue i is attenuated because of
the intrinsically flexible nature of the polypeptide chain that separates the two residues. A

value p§:1 indicates that residue i is rigidly attached to the surface of the SNP whereas
pP=0 indicates that residue i does not interact with SNPs. For the weak binding conditions

that apply for the present study, ,? are in the sub-percentage range. In the following we
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report AR, ; which is directly proportional to ;? according to Eq. (2). Working under

conditions where the ,° for p53TAD, as well as of individual amino acids, is in the sub-
percentage range, allows the use of high-resolution NMR to quantitatively measure the
interactions in a site-specific manner.

WT p53TAD vs. K24N mutant

To interpret the experimental AR, profile (red symbols in Figure 2a) in terms of the
physical-chemical properties of individual residues, we first study the effect of the attractive
electrostatic interactions between the positively charged residues and the anionic SNPs. For
this purpose, we also performed 1°H-R, spin relaxation measurements of the K24N mutant
of p5S3TAD where the positively charged Lys24 has been replaced by a neutral Asn residue.
While the R, profile of free K24N closely resembles the one of WT p53TAD, indicating that
K24N is also intrinsically disordered, the AR, profile of K24N (blue symbols in Figure 2b)
is substantially lowered for many residues on both sides of the mutation site. According to

Eq. (2), the site-specific bound populations ,? of the mutant in this region are systematically
lower than those of the WT. The difference of AR, ;between the WT and K24N mutant,

AARy =ARY;" — AR5 reflects a remarkably simple profile displaying a symmetric
cusp that is centered at the mutation site (Figure 2c). It follows in very good approximation
the mono-exponentially decaying function:

AARy=Ajexp{—1|i —jl/A} (a)

where prefactor A;=4.1 s71, jis the primary sequence position of the residue of interest, j (=
24) is the position of the mutated residue, and A = 14.0 reflects the interaction range
(measured in terms of residue distance along the primary sequence). Assuming that the
presence of all other positively charged parts of p53TAD, namely Arg65 and Arg72 as well
as the N-terminus (with the interaction length reduced by half), have an analogous effect that
is additive, overall AR, profiles were predicted shown in Figure 2d. Although they reproduce
dominant features of the experimental AR, profiles of both WT and K24N mutant (Figure
2a,b), they fail to explain the local variations that determine the fine structure.

SNP-binding affinities of all 20 natural amino acids

With its intrinsically disordered nature, all amino acid residues of p53TAD are exposed to
the solvent, which allows each of them to closely interact with the SNP. In order to
determine whether the local variations in the experimental AR, profiles (colored symbols in
Figure 2a,b) can be explained by binding properties of individual amino-acid residues to
SNPs, we determined the SNP-binding affinities of all 20 standard amino acids each
measured in a separate sample. We measured the 13Ca. /&, and £} relaxation rates of
individual amino acids at natural 13C abundance both in the absence and presence of SNPs
to evaluate their differential interaction propensities. The Ca sites are the most suitable
probes, since they are the only protonated carbons common to all 20 amino acids and due to
their vicinity to the amino groups used as NMR spin relaxation probes in p5S3TAD. In the
presence of SNPs, the A, relaxation rates increased in an amino-acid specific manner
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whereby the differences in /2, between SNP-containing and SNP-free samples, AR, reflect
according to Eq. (2) the relative binding affinities (populations p?) of the different amino
acids to the SNP surface (Figure 3). Three of the five amino acids with the strongest effects
(largest AR,) are Arg, Lys, and His. These amino acids are the only ones with a net positive
charge at neutral pH, indicating that electrostatic attraction makes a major contribution to the
binding affinity to the SNP surface. Interestingly, Pro possesses the second largest AR,
among all amino acids despite its neutral net charge. lle, Leu, and Val, all with hydrophobic
side-chains, also experience significantly accelerated transverse relaxation in the presence of
SNPs. This suggests that hydrophobic interactions also make an important contribution to
SNP-binding. In contrast, Asp, Glu, Ser, Thr, Ala, Gly, Asn, and GIn showed negligible
elevation in AR, and, hence, negligible binding propensities. The observed variations of AR,
are depicted in Figure 3 providing a quantitative scale for the relative affinities of amino
acids with anionic SNPs. These results show that SNPs interact with amino acids with
widely variable binding affinities. An analogous behavior is expected for other small
molecules, including metabolites, with potential therapeutic applications and implications
for nanotoxicity.

Free residue interaction model

Based on these amino-acid specific affinities the model of Eq. (4) can be generalized to

ARy; 1 o
Pi=—p =g 2 Ao = li il /A5
2 27 (5)

where the sum extends over all residues as well as the N- and C-terminal charges (Table S2).
All positively charged residues were treated with the parameters of Eq. (4). For the
negatively charged residues A;=-1.0 s1and Aj= 6.4, and the interaction range of both
terminal charges was reduced by half. This accounts for the repulsive electrostatic force
between these residues and the anionic SNP surface. For the neutral residues, A;is
proportional to the experimentally determined amino-acid specific SNP affinity (Figure 3)
and their interaction range A;= 2.8 was obtained by fitting. The sum reflects the weighted
contributions from neighboring amino acids that are within A, of residue 7along the primary
sequence. We term this model the Free Residue Interaction Model (FRIM).

The AR, profiles were back-calculated by FRIM for WT p53TAD and K24N mutant (black
curves in Figure 2a,b). They are in excellent agreement with the experimentally measured
AR, profiles with a Pearson correlation coefficient rof 0.975 and 0.970, respectively. The
predicted curves do not only reproduce the overall shape of the affinity profile along the
polypeptide chain, but they now also explain its fine structure. This level of agreement
between the prediction by FRIM and experiment is remarkable considering the very small
number of fit parameters entering Eq. (5) (see also Supporting Information).

The overall shape of the AR, profile is dominated by electrostatic attraction between the
positively charged residues and the anionic SNPs. These interactions have an unexpectedly
long range over approximately 14 sequential residues on either side of a charged amino acid
side-chain as was directly measured for Lys24 (Figure 2c¢). This interaction range
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significantly exceeds the characteristic persistence length of unfolded proteins, which is only
about 7 residues.2”28 Hydrophobic residues, such as lle, Leu, Phe, and Val, also exert
attractive forces on the SNPs. In fact, many of these interactions are responsible for the fine
details of the AR, profile of p53TAD. Although the SNPs used in this work have an anionic
surface, this does not exclude the presence of hydrophobic patches on the surface of the
SNPs that preferentially bind to hydrophobic side chains. It was previously found that
certain hydrophobic metabolites (e.g. Val and dimethylglycine) display significant
interactions with anionic SNPs.8 In a computational study, it was found that various forms of
DNA can bind to SNPs by a combination of electrostatic and hydrophobic effects.29 In this
work, the distance range of the hydrophobic interactions was determined to be 2.8 residues,
which is much smaller than that of the electrostatic interactions. This was further
corroborated by the relaxation profiles measured for the double mutant F19A/W23A (Figure
S6). A larger interaction range is inconsistent with experiment, as it would eventually cause
the disappearance of the fine structure in the AR, profiles. p53TAD contains a total of 18
negatively charged sites comprising all Asp and Glu residues as well as the C-terminus.
They experience a repulsive Coulomb force from the anionic SNP surface, which is reflected
in a negative affinity. Direct measurement of the negative affinities of individual Asp and
Glu amino acids is a challenge, because their bound population is nearly zero rendering their
effective R, rates essentially identical to those of the SNP-free sample (see also Eq. (2)).
This leads to very small 13Ca R, rates of Asp and Glu in Figure 3, which are non-zero as a
consequence of increased viscosity due to the presence of SNPs. However, the negative
affinities of Asp and Glu residues are manifested in the AR, profiles of IDPs as they reduce
the binding affinities of nearby residues according to the FRIM model (Eq. (5)). It assumes
the same SNP affinity value and interaction range for Asp and Glu residues. Since these
affinities could not be directly determined for the free amino acids, they are less accurately
defined compared to the ones of the other residues.

The proposed interaction model (FRIM) offers a predictive understanding of the location
and strengths of interactions between IDPs and silica nanoparticles. The positively charged
residues increase the binding propensities of other residues over a strikingly large distance
range (14 residues along the primary sequence on both sides). This may be caused by a rise
in the kinetic on-rates kg, as the average distance to the SNP surface is shortened due to the
attractive Coulomb interaction between the nearby positively charged residue and the SNP
surface (Figure 4). Changes in conditions, such as the ¢-potential, pH, or ionic strength, can
affect the protein-nanoparticle interactions and, hence, the AR, profile and might require
adjustment of the FRIM parameters.

CONCLUSIONS

The molecular driving forces for the interaction between intrinsically disordered p53TAD
and silica nanoparticles could be quantitatively monitored by NMR spin relaxation in
solution. They report on the combined effect of both long-range electrostatic and short-range
hydrophobic interactions, which considerably vary along the protein amino-acid sequence
and which are well captured by the proposed FRIM model. This model is transferrable to
other intrinsically disordered proteins and should be adaptable to other types of
nanoparticles. It will help guide the design of nanoparticles with altered binding properties
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to target, for example, specific IDP regions, and the calibration of computational approaches
for the atomistic modeling of these systems. This study also demonstrates that free amino
acids display a wide range of binding affinities to nanoparticles, which were quantitatively
measured and converted to a binding propensity scale. Since /n vivo, amino acids are
metabolites, this could prove useful to control biochemical pathways or understand
nanotoxicity.

MATERIALS AND METHODS

SNP preparation

Bindzil 2040 SNPs were extensively dialyzed in the same buffers used for amino acids and
protein constructs, respectively. These amorphous, near-spherical SNPs have a relatively
narrow size distribution and are negatively charged at the surface ({-potential —23.0 + 7.4
mV) at neutral pH, as characterized previously®. In all SNP-doped samples for relaxation
experiments, either 2.5% w/w (2.1 M) for amino acid samples or 1.3% w/w (1.1 ¢M) for
protein samples SNPs were used unless otherwise specified.

p53TAD and its mutants

The DNA fragment corresponding to WT pS3TAD (1-73 residues) was amplified with
polymerase chain reaction and was cloned into a pTBSG ligation independent cloning vector
derivative as reported previously.24 Plasmid cDNAs of the K24N and F19A/W23A mutants
of p5S3TAD were constructed using the QuikChange Lightening site-directed mutagenesis
protocol. 1°H-labeled proteins were overexpressed in Escherichia coli with 1 L M9 minimal
media containing 1 g 2®°HH,Cl and 5 g D-Glucose, and were purified with Ni-NTA agarose
affinity column. The final protein concentration of NMR samples was 300 M in 50 mM
HEPES buffer (containing 100 mM NacCl, pH 7.0) unless otherwise specified.

Amino acid samples
Solutions of the twenty common amino acids (natural 13C abundance) were individually
prepared in 20 mM phosphate buffer (D,0, containing 100 mM NaCl, pD 7.0) to achieve 16
mM (except for Try c.a. 1.3 mM) final concentration.

Dynamic light scattering

DLS data were collected of the SNP suspension in the absence and presence of p53TAD (see
Supporting Information). These data demonstrate that the SNPs remain monodispersed
under both conditions.

NMR spin relaxation experiments

13C and 15H spin relaxation experiments were performed on Bruker Avance 111 HD Ascend
850 MHz spectrometers equipped with TCI cryoprobes. For protein samples, either without
or with SNPs, the backbone amide 15N spin relaxation parameters were obtained in a
pseudo-3D fashion using conventional /7, and Ryp experiments by extracting the 2D peak
intensities from *H-15H cross-peaks of enhanced-HSQC-type experiments recorded with
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eight delay intervals at 298 K, followed by fitting the intensity-delay data with a single
exponential decay curve. /5 relaxation rates were thereafter obtained using the equation:

RQ:Rlp/SiRQQ - R /tan20 (S1)

where 6= arctan(v/4Q) is the tilt angle in the rotating frame. Here, v denotes 1°H spin-lock
field strength (Hz), which was set to 2047 Hz and was calibrated as reported previously2,
and Qis the resonance offset from the spin-lock carrier (Hz) for each cross-peak. To estimate
statistical errors of /2y and R, 200 iterations of Monte Carlo error analysis were used. The
peak assignments of WT p53TAD and F19A/W23A mutant were previously done by Shan et
al2

Similarly, the effective /£, and /R, (CPMG) for the 20 amino acids, without or with SNPs,
were obtained in a pseudo-2D fashion based on the 1D peak intensities from natural
abundance Ha-13Ca cross-peaks of enhanced-HSQC-type experiments vs delay intervals.
The proton-decoupled CPMG pulse sequence with veppme = 109 Hz and 7 field strength =
3.125 kHz for DIPSI-2 decoupling was used, which allows a longer observation window (>
500 ms) for R, relaxation with better precision compared to conventional R;p-type of
experiments for molecules in the extreme narrowing limit, hence is favorably applicable to
amino acids. Due to the large variation in /2, rates for different amino acids in the presence
of SNPs, the delay intervals were adjusted so that the peak intensity corresponding to the
longest interval was sufficiently decreased (approximately 2.7-fold less) compared to the
peak intensity without any delay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effect of interactions of WT p53TAD with silica nanoparticles on *H-1H HSQC NMR
spectrum. (a) Superimposed spectra of 200 4M protein samples in the absence (red) and
presence (blue) of 4.7% [9.5 £M] SNPs by weight. The 1H cross-sections of the two HSQC
spectra, indicated by the arrows, are displayed at the top, showing the effect of SNPs on the
relative cross-peak intensities. (b) — (e) Representative spectral region (dashed box in (a))
showing a differential intensity decrease of some but not all cross-peaks with increasing
SNP concentration from (b) 0.0% [0 xM], (c) 0.6% [1.2 ¢M], (d) 2.3% [4.7 tM], (e) 7.0%
[14 1M] by weight in 250 #M protein samples. (f) Residue-intensity ratios are plotted as
blue bars vsthe primary sequence, except for prolines (*).
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Figure2.
Residue-specific differences of NMR 15H backbone transverse relaxation rates of 300 1M

(a) WT p53TAD (red solid circles) and (b) K24N mutant (blue solid circles) in the presence

(2.5 M) and absence of SNPs, ie. ARy ;=R5\" — R} ., were plotted as a function of
residue number. (a),(b) Predicted AR, values by the free residue interaction model (FRIM)
(Eq. (5)) are shown as black solid circles (except black open circles for Pro residues). (c)
Difference of experimental AR, profiles of (a) and (b) (green squares), AAR,, depicting the
effect of Lys24 (black arrows) on AR,. The dashed orange line is a fit using Eq. (4). (d)
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Cumulative effect of positively charged residues on global AR, profiles using Eq. (4) for WT
(red) and K24N mutant (blue).
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|
P

Experimental 13Ca AR»;=R3\" — R} , values of individual amino acids in the presence
and absence of silica nanoparticles (SNPs). These values served as residue-specific affinities

to explain the nanoparticle-IDP interactions (Table S2 and Fig. S2). The color-coded amino

acids have the highest binding affinities, which include the positively charged amino acids
(red), proline (orange), methyl-containing (green), and aromatic amino acids (magenta).
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Figure4.
(a) Schematic representation of multiple conformational substates of p5S3TAD that interact
with a SNP with differential binding propensities determined by the primary sequence. The
lengths of the arrows reflect variable &, for different p53TAD regions. (b) Long-range

effect of positively charged Lys24 on the association rate constant 4, of p53TAD with
anionic SNP as a function of residue position along the primary sequence.
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