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ABSTRACT: The first encoded SARS-CoV-2 protein (Nsp1) binds to the human 40S ribosome and blocks synthesis of host
proteins, thereby inhibiting critical elements of the innate immune response. The final 33 residues of the natively unstructured Nsp1
C-terminus adopt a helix-turn-helix geometry upon binding to the ribosome. We have characterized the fluctuating conformations of
this peptide using circular dichroism spectroscopy along with measurements of tryptophan fluorescence and energy transfer.
Tryptophan fluorescence decay kinetics reveal that copper(II) binds to the peptide at micromolar concentrations, and electron
paramagnetic resonance spectroscopy indicates that the metal ion coordinates to the lone histidine residue.

The human innate immune system is the first line of
defense against invading pathogens. For viral pathogens,

the type I interferon (IFN-I) response is an integral element of
this primary protection mechanism.1 In their battle for survival,
viruses evolve mechanisms to evade the host immune response.
The SARS-CoV and SARS-CoV-2 viruses inhibit the IFN-I
response, giving the virus time to replicate before being
assaulted by the immune system. These viruses deploy a
multipronged attack on IFN-I involving several viral
proteins.1,2

The SARS-CoV-2 viral genome is positive-sense single-
stranded mRNA coding for 29 proteins in 14 open reading
frames (ORFs).3 ORF1ab encodes a polyprotein that is
autoproteolyzed into 16 nonstructural proteins (Nsp1−
Nsp16). The first protein in the SARS-CoV and SARS-CoV-
2 polyprotein sequence (Nsp1) has been shown to inhibit
IFN-I response through several different mechanisms,4

including inhibition of host mRNA nuclear export,5 degrada-
tion of host mRNA,6 and inhibition of protein translation.7,8 A
key element of Nsp1 protein translation inhibition involves
binding to the 40S ribosome,9,10 and importantly, recent cryo-
EM studies have provided structural insights into the Nsp1−
40S interaction.11−13 The 180-residue SARS-CoV-2 Nsp1
protein contains a well-structured N-terminal globular domain
(residues 11−125) and an unstructured C-terminal tail.14

Upon binding to the 40S ribosome, Nsp1 residues 148−180
adopt a helix-turn-helix structure that blocks the mRNA entry
tunnel (Figure 1).11,12 Nsp1 at a concentration of 1 μM
inhibited in vitro protein synthesis by 90% or more.12 This
would be a suicidal interaction for the virus were it not for the
fact that Nsp1 binding to the ribosome inhibits host protein
translation to a greater extent than viral protein translation due
to the unique 5′ untranslated region of viral mRNA.7

Nsp1 is a potent SARS-Cov-2 virulence factor and is an
obvious antiviral drug target. The absence of folded structure
in the C-terminal Nsp1 polypeptide rules out structure-based
drug discovery approaches. Intrinsically disordered proteins
(IDPs) and intrinsically disordered protein regions (IDPRs)

are common in viral proteomes and may be one reason for
their success.15 Flexible protein regions confer plasticity and
adaptability that enable viruses to survive in unpredictable and
hostile environments. IDPs and IDPRs develop structure upon
binding to host targets, but these low-affinity, high-specificity
interactions are difficult to inhibit by using conventional
therapeutic strategies because of the absence of static ligand
pockets.
Transition metals are attractive candidates for SARS-CoV-2

Nsp1 inhibitors because of the presence of several potential
ligands among residues 148−180 (Ac-ELGTDPYED-
FQENWNTKHSSGVTRELMRELNGG). Among the dipos-
itive first-row transition metal ion candidates for binding to
H165, we picked Cu(II) for initial study, as it has the greatest
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Figure 1. (A) Structural model of Nsp1-CT bound to the human 40S
ribosomal subunit (PDB ID 6ZOK). (B) Magnified view illustrating
the side chains of Y154, W161, K164, and H165. (C) Ribbon diagram
of Nsp1-CT highlighting the positions of the four amino acids.
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affinity for imidazole.16 In addition, Cu(II) is known to bind to
unstructured peptides, often with additional coordination of
deprotonated amide nitrogen atoms from nearby residues.17−21

What is more, studies of the prion protein indicate that
unstructured octarepeats (PHGGGWGQ) bind Cu(II) pref-
erentially over several other dipositive metal cations.22

Employing laser spectroscopy, including time-resolved fluo-
rescence energy transfer (TR-FRET), we have obtained
nanosecond snapshots of rapidly fluctuating conformations in
the Nsp1 C-terminal peptide (Nsp1-CT). Importantly, we
have shown that these conformations are altered by copper(II)
binding, which could prevent Nsp1 from blocking immune
responses. We suggest that our work will aid designs of
inorganic agents for COVID-19 therapy.
The far-UV circular dichroism (CD) spectrum of Nsp1-CT

features a negative ellipticity minimum at 200 nm and a
negative ellipticity shoulder near 230 nm (Figure S1). The
molar ellipticity minimum at 200 nm is about 40% of that
expected for a random coil, suggesting an offsetting positive
contribution from β-sheet or turn structures.23 Decomposition
of the spectrum into three components (α-helix, β-sheet, and
random coil) indicates that the peptide adopts a dominant
random coil configuration with an admixture of β-sheet and
minimal (<5%) α-helix.23

Tryptophan fluorescence reports on the polarity of the
environment around the indole chromophore.24 The Nsp1-CT
W161 fluorescence maximizes at 350 nm, consistent with a
solvent-exposed indole group. As expected for tryptophan
incorporated into a polypeptide, a multiexponential function is
required to model the indole fluorescence decay kinetics
(Table S1).
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The W161 effective fluorescence decay time (eq 1) is about
2.4(2) ns, somewhat shorter than that of W4 in α-synuclein
(⟨τ⟩ ≈ 2.9 ns),25 for example. The shorter lifetime suggests the
presence of an additional quenching pathway for the singlet
excited indole in Nsp1-CT W161.
Tryptophan and 3-nitrotyrosine (YNO2) constitute a

fluorescence energy-transfer pair with a Förster distance of
26 Å.26 Introduction of YNO2 at position 154 in Nsp1-CT
reduces the W161 effective fluorescence decay time to about 1
ns (Figure 2). In the cryoEM structure of Nsp1 bound to the
40S ribosomal subunit, the centroid-to-centroid distance
between W161 and Y154 is 15.4 Å. The W161−Y154 distance
in a β-sheet model of Nsp1-CT is 29.7 Å. The simplest
application of the Förster27 energy-transfer model for the
*W161 decay in Nsp1-CT-Y(NO2)154 using effective decay
times suggests a W161−Y(NO2)154 distance of 24 Å. Because
Nsp1-CT is a disordered polypeptide, a distribution of W161−
Y(NO2)154 distances likely would be required to describe the
*W161 decay. We extracted a minimum-entropy, model-
independent distribution of W161−Y(NO2)154 distances
from the energy-transfer kinetics (Figure 2). Three populations
of W161−Y(NO2)154 distances describe the energy-transfer
kinetics: ∼13 Å (29%), ∼17 Å (46%), and ∼28 Å (25%) The
Nsp1-CT peptide appears to have a sizable fraction of
extended structures between W161 and Y(NO2)154, con-
sistent with indications of β-sheet structure in the CD spectra.
At pH 6.5, Nsp1-CT has several residues with ligands

available for binding to metal ions (eight carboxylates, one

imidazole). Nsp1-CT W161 fluorescence is sensitive to low
concentrations of Cu(II). At 30 μM peptide concentration,
addition of 1 mol equiv of aquo Cu(II) leads to an ∼25%
reduction in W161 fluorescence intensity. Cu(II) also
produces a systematic reduction in the effective W161
fluorescence lifetime. Treating the reduction in ⟨τ⟩ with a
single Cu-binding-site model leads to a dissociation constant of
9.7 μM (pH 6.5) (Figure 3). *W161 fluorescence in an Nsp1

variant in which H165 is replaced by alanine (Nsp1-
CT(H165A)) is only weakly quenched by Cu(II) with an
apparent dissociation constant of 106 μM (Figure S2). This
result is consistent with the relative Cu(II) binding constants
of imidazole (104.02 M−1) and a carboxylate (acetate, 101.82

M−1).16 Importantly, the *W161 quenching data clearly
implicate H165 as the site of Cu(II) coordination to Nsp1-CT.
Aquo Cu(II) likely quenches *W161 by electron transfer

(ET). The decrease in effective lifetime is consistent with a
quenching rate constant of 5 × 108 s−1. A driving-force

Figure 2. (A) Nsp1-CT (red) and Nsp1-CT-Y(NO2)154 (blue)
W161 fluorescence decay kinetics ([Nsp1-CT] = 30 μM, pH 6.5,
MOPS 20 mM). Dashed black lines are fits to multiexponential decay
functions with ⟨τ⟩ values of 2.4 and 0.9 ns. (B) Probability
distribution of W161−Y(NO2)154 distances extracted from W161
energy transfer kinetics.

Figure 3. Variation in Nsp1-CT W161 effective fluorescence decay
time (⟨τ⟩) as a function of Cu(II) concentration. Solid line is a fit to a
single binding site model with Kd = 9.7 μM ([Nsp1-CT] = 30 μM, pH
6.5, MOPS 20 mM, 30% glycerol).
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optimized ET rate constant of this magnitude in a folded
protein would imply a donor−acceptor distance of 10−14 Å.28
This range is compatible with the 14 Å distance from the
W161 indole to Nε of H165 in the helix-turn-helix structure of
Nsp1 bound to the 40S ribosome.11−13 But, as the far-UV CD
spectrum does not indicate that substantial α-helical structure
develops when Cu(II) is added to Nsp1-CT (Figure S1), it is
likely that Cu(II):Nsp1-CT adopts a different conformation in
solution.
An alternative interpretation of the quenching W161 rate

constant is that it reflects the specific rate of intrachain
diffusion that brings the Cu(II)-bound residue in contact with
*W161. The rate constant for quenching by the peptide-bound
Cu(II) complex (∼5 × 108 s−1) is at least an order of
magnitude greater than the fastest tertiary contact formation
observed for disordered polypeptides.29−32

Electron paramagnetic resonance (EPR) spectroscopy is a
sensitive probe of the Cu(II) coordination environment. The
continuous wave X-band spectrum of Nsp1-CT (100 μM) in
the presence of 1 equiv of Cu(II) at pH 6.5 (Figure 4)
indicates a dominant species with near-axial Cu(II) coordina-
tion (g1 = 2.060, g2 = 2.058, g3 = 2.332) (Figure S3). The
hyperfine coupling constant for the low-field resonance (g3) is
A3 = 457 MHz. The spectrum provided no evidence for
residual aquo Cu(II) (Figure S5), indicating that Cu(II) binds
to a single Nsp1-CT peptide under these conditions.
Comparison of the EPR parameters to the Peisach−
Blumberg33 g||−A|| correlation suggests Cu(II) coordination
to one nitrogen and three oxygen atoms.
At pH 7.5 the Cu(II) paramagnetic resonance spectrum is

more rhombic, and the g-values are shifted to higher magnetic

fields (g1 = 2.040, g2 = 2.067, g3 = 2.219; A3 = 583 MHz),
indicating a less symmetric but stronger ligand field around
Cu(II) (Figure 4 and Figure S4). The EPR spectrum of aquo
Cu(II) in the presence of Nsp1-CT(H165A) at pH 7.5 was
little changed from that of Cu(II) in buffer. The Peisach−
Blumberg correlation indicates 3N, 1O coordination to Cu(II)
at this pH.33 Cu(II) binding to His residues in peptides is
typically accompanied by coordination of deprotonated amide
nitrogens from one or two C-terminal residues after His. The
EPR parameters in these systems are closely analogous to those
of Cu:Nsp1-CT.17−20 The stronger ligand field implied by the
reduced g-values at pH 7.5 is consistent with Nsp1 N-amide
coordination to Cu(II).
Experience with the SARS-CoV-2 pandemic has demon-

strated that multiple strategies are required to protect
populations from this virus. Of the 29 proteins encoded in
the SARS-CoV-2 genome, the Nsp1 virulence factor is an
attractive target for antiviral treatments. Competitive inhibition
of Nsp1 binding to the 40S ribosome could relieve some of the
immune suppression that helps this virus survive and multiply.
The absence of stable secondary and tertiary structure in the
ribosome-binding region of Nsp1 renders structure-based drug
design ineffective. Our measurements have demonstrated that
Cu(II) binds with micromolar affinity to the Nsp1-CT peptide,
likely involving coordination to H165. Of course, aquo Cu(II)
is not a practical in vivo inhibitor, but strategies that combine
H165-metal coordination with binding to nearby regions of the
Nsp1 peptide might be a promising approach to the
development of inhibitors to this source of SARS-CoV-2
virulence.

Figure 4. X-band EPR spectra of Cu(II):Nsp1-CT ([Cu] = [Nsp1-CT] = 100 μM, MOPS 20 mM, 30% glycerol) at pH 6.5 (red) and 7.5 (blue).
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