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ABSTRACT: The pursuit of novel functional building blocks for the emerging
field of quantum computing is one of the most appealing topics in the context of
quantum technologies. Herein we showcase the urgency of introducing peptides
as versatile platforms for quantum computing. In particular, we focus on
lanthanide-binding tags, originally developed for the study of protein structure.
We use pulsed electronic paramagnetic resonance to demonstrate quantum
coherent oscillations in both neodymium and gadolinium peptidic qubits.
Calculations based on density functional theory followed by a ligand field
analysis indicate the possibility of influencing the nature of the spin qubit states
by means of controlled changes in the peptidic sequence. We conclude with an
overview of the challenges and opportunities opened by this interdisciplinary
field.

Q uantum computing is an emerging scientific field that
holds the promise of dramatically enhancing the

current capabilities of information and communication
technologies. In this framework, one of the most encouraging
potential applications of magnetic molecules is their integra-
tion as “smart” building blocks in quantum computers.1,2 The
exploration of biomolecules as versatile platforms within this
paradigm opens the door to a detailed engineering of each
component thanks to techniques developed in molecular
biology, including recombinant protein technology3 or
CRISPR-CAS9.4 These techniques enable the fabrication of
relatively inexpensive, on-demand peptide sequences and the
modification of existing proteins in a standard way, facilitating
tailored molecular preparation. The implementation of spin-
coherent phenomena in spin-labeled proteins or polypeptides
via artificial processes that imitate quantum biology5−7 offers a
promising avenue with far-reaching consequences in nano-
science and nanotechnology. Thus it is urgent to verify if these
magnetic building blocks can display spin coherence and can
be structurally stable in different environments. On the one
hand, this would add metallopeptides to the race, placing them
in direct competition with purely chemical strategies previously
reported for the organization of spin qubits.8,9 On the other
hand, they would be in an interesting position to play a
supporting role for the mixed chemical−physical approach for
scaling of qubits, such as the coupling of individual multiqubit
molecules with superconducting transmission lines.1,2,10 The
first step toward this direction considers very simple radical-
labeled peptides forming a small molecular spin quantum

network that can be controlled via a nitrogen-vacancy center in
diamond;11 however, stability problems were reported in this
case. The controlled preparation of stable biomolecules with
distinct spin ground doublets would be the next natural step of
this approach.
Herein we propose to combine peptides with lanthanide

ions, which are well established as a spin component with
potential for quantum technologies.2,12 Among interesting
results demonstrated recently with lanthanide molecular
complexes, we need to highlight magnetic hysteresis at 60
K,13 implementation of clock transitions,14 and the integration
of a three-qubit quantum processor in a single ion.1 In this
work, we report our advances toward the design of coherent,
scalable, peptidic spin qubits based on lanthanide ions. The
path toward this goal starts with the preparation and
characterization of a single peptidic spin qubit, including
coherent operations, and progresses into the demonstration of
a certain control over the coordination environment of each
qubit. The manuscript will commence by describing lanthanide
binding tags,15 which are the particular metallopeptides on
which we will focus as a case study, and demonstrating that
they can be considered autonomously folding domains,
meaning they are structurally robust toward perturbations in
their environment.16 We will proceed to show their potential as
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spin qubits in terms of quantum coherence and investigate the
possibility of influencing their magnetic properties by a careful
control of the peptidic sequence. Finally, we will comment on
the procedure of property optimization via peptidic screening.
Choice for Biomolecular Spin Qubit. Employing biomolecules

as hardware is a general strategy. It can conceivably be
implemented in many different ways, with candidates including
all metalloproteins, as well as radical-tagged peptides.11

Equivalently, DNA self-assembly17 could be used for this
same goal. As a proof of concept, in this work, we need to
focus on a particular case, both in terms of the magnetic ion
and in terms of the biomolecule. We chose a metallopeptide
that some of us are simultaneously exploring as a component
for biomolecular spintronics.18

In particular, in this work, we used electronic paramagnetic
resonance (EPR) to probe trivalent lanthanide ions Ln = Nd,
Gd, Tb, Dy, Ho, Er, Tm, Yb. As biomolecular component, we
chose a short peptide sequence (17 amino acids) known as
lanthanide binding tag (see Figure 1).19 These were originally

optimized by Imperiali et al. via the exploration of a series of
peptide libraries, starting from calcium-binding motifs of
proteins, with the combined goals of fine-tuning the selectivity
of binding to lanthanide ions and presenting photolumines-
cence.21 As any short peptide, these molecules can easily be
genetically encoded, and thus they are used as luminescent
spin tags in controlled protein positions.15

The most standard lanthanide binding tag, employing the
one-letter code for amino acids, is YIDTNNDGWYEGDELLA
(from now on: LBT), and several lanthanide-binding peptides
are closely related to it (see Table S1), and thus we employed

it as a test case. In this work, all LnLBT samples were prepared
from commercially acquired LBT.
Structural and Quantum Robustness. Let us start by

demonstrating the autonomous folding of LBT, its structural
robustness. In general, the folding of a sequence of amino acids
depends on the details of its sequence and its environment,
and thus a modified peptide can, in principle, fold in different
ways. To determine whether this problem can affect LBT, we
employed a combination of TopMatch and SHAPE codes.22

TopMatch (Figure 1b,c) demonstrates that the folding is
robust and consistent with vastly different environments.
SHAPE employs a different theoretical approach to obtain the
same result: All known instances in this family of metal-
lopeptides fold in the same way. (See Section S1 of the
Supporting Information for details.)
With respect to quantum robustness, peptides have a high

number of vibrational degrees of freedom and a high number
of nuclear spins (from I = 1/2 1H atoms), so one would
naıv̈ely expect short relaxation times compared with regular
coordination compounds. However, a previous theoretical
study by some of us considering the 1H nuclear spin bath as
decoherence source estimated an upper limit of the
decoherence times above tens of microseconds in several
members of the LnLBT series,23 and indeed experimental
results in a different context report spin echoes in these kind of
complexes.24

In this work, we performed a more exhaustive EPR
characterization, including both continuous-wave and pulsed
EPR. In the preliminary continuous-wave EPR exploration, we
only obtained signal for GdLBT and NdLBT. (For details, see
the Supporting Information Section S2.) This allowed an
estimate of their spin energy levels and wave functions. (For
details, see the Supporting Information Section S3.) For these
two derivatives we also found a signal in the pulsed
experiments. The relaxation times were found to be at least
comparable to those typical for Ln complexes,1 with T1 ≃ 360
μs, x = 0.54 and Tm ≃ 2.5 μs, x = 1.6 in the case of GdLBT
(see Figure S2.4). Note that this is also consistent with recent
DEER measurements in other Gd-complexing LBT-tagged
proteins24 where Tm ≃ 2 μs had also been measured. In the
case of NdLBT, the relaxation times are noticeably shorter, T1
≃ 8 μs, x = 0.39 and Tm ≃ 0.6 μs and x = 0.74.
The contribution of the proton spin bath was estimated to

be moderate, providing a ceiling for the coherence time on the
order of Tm < 300 μs, meaning it is not the limiting factor in
this case; see the Supporting Information Section S4.
One needs to note here that sufficiently long T1 and Tm

times are a necessity but not a guarantee for a useful qubit.
These parameters only quantify the survival of quantum
information that is not actually being manipulated, which is
not a practical setup. Coherent oscillations are much more
interesting: They are the back-and-forth oscillations between
two quantum states, like clock cycles. In very noisy systems,
such as most solid-state systems, quantum coherence is lost on
such a short time scale that coherent oscillations are
impossible: Detecting coherent oscillations for at least a few
cycles is considered a sine qua non condition for the use of a
particular hardware for quantum applications. We studied
coherent oscillations at the Hartmann−Hahn conditions for
best performance,25 both for GdLBT and for NdLBT,
obtaining several Larmor oscillations (Figure 2). Note that
under these conditions the relation between oscillation
frequency ΩR and B1 is outside the linear regime characterizing

Figure 1. (a) Cα trace from peptide 1TJB with metal-coordinating
residues represented as sticks, terbium as a green sphere, and metal-O
bonds as red dashes. (b,c) Alignment and superposition, calculated
using TopMatch20 of 1TJB (in orange) with similar sequences either
fused with a ubiquitin (b) or inserted in the middle S-loop of an
interleukin-1-β (c), with the matching region highlighted in red. Very
similar foldings (highlighted, front) in completely different proteins
(transparent, back).
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Rabi oscillations (Figure S2.1b). The current Tm values and
this number of oscillations, establish that peptidic qubits are
already in the same range of coherence as the majority of
nonoptimized coordination chemistry complexes.
Tunability of the Qubit by Choice of the Peptidic Sequence. We

have established the sufficient coherence of biomolecular spin
qubits, but the motivation for the use of biomolecular qubits is
not a high coherence but rather the customization of the qubit
environment. Because of the robustness of the folding in these
peptides, as discussed above, it has been shown that it is
possible to substitute an asparagine (carboxamide) by an
aspartate (carboxylate) with no change in the structure.
Indeed, in LnLBT, there are three monocoordinating positions
(Asp3, Asn5, and Asp7 in Figure 1c) that can, in principle, be
provided by either aspartate or asparagine residues, giving rise
to up to eight combinations. For our purposes, this means that
it is possible to make controlled changes in the coordination
environment, altering the distribution of the charges but
maintaining the locations of the ligands. As a further
independent verification of this phenomenon, we employed
the SIESTA software package26 to complete these crystallo-
graphic comparisons with a series of density functional theory
(DFT) structural relaxations of peptides, comparing the
original LBT sequence YIDTNNDGWYEGDELLA (DND),
with two minor modifications in the sequence that preserve the
total charge: YINTDNDGWYEGDELLA (NDD) and YI-
DTDNNGWYEGDELLA (DDN). In all three cases, the
atomic displacements were minimal (see Figure S5.1).
Having established the robustness of the peptide folding

against these particular amino acid permutations, we
performed a theoretical study on the possibility of influencing
the nature of the ground doublet, in particular, the
composition in terms of MJ components of its wave function
by means of controlled changes in the peptidic sequence. We
limited ourselves here to three sequences with equal charge,

Figure 2. Coherent oscillations at 4K in GdLBT (top) and NdLBT
(bottom) under the Hartmann−Hahn condition.25 Inset: Zoom at the
regime with negligible decay.

Figure 3. Alteration of the peptidic sequence affects the charge distribution and thus the ground doublet. Top and bottom rows refer to DND and
NDD peptidic sequences, respectively. Left: coordination environment, Ln (green), O ( red), N (blue), C (black), and H (pink), highlighting the
position of the asparagine (carboxamide) oxygen; right: estimation of the ground doublet employing the REC model for Nd and for Er.
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DND, NDD, and DDN, to minimize the number of variables
we are affecting simultaneously.
Starting from the DFT-relaxed sequences, we employed the

SIMPRE software within the radial effective charge (REC)
model,27−29 which allows us to reproduce covalency effects by
using an effective charge and an effective radial displacement
Dr. (See Supporting Information Section S5 for details.) As an
example of the effect in the coordination sphere of this change
in the peptidic sequence, see Figure 3.
We explored LnLBT* where Ln = (Nd, Tb, Dy, Ho, Er, Tm,

Yb) and LBT* = (DND, NDD, DDN) with a sampling of
REC parameters. We found that, in general, a mere exchange
between asparagine and aspartate is not expected to alter the
magnetic properties of the ground doublet. For example, Dy
complexes with these slight variations of the LBT sequence
are, for a wide range of REC parameters, consistently expected
to present a MJ = ±15/2 ground doublet.
In contrast, our calculations indicate that obtaining a

different ground doublet spin through a minimal and
controlled change in the peptidic sequence seems entirely
possible for NdLBT*. As can be seen in Figure 3, in the DND
Nd complex, the models tend to predict a rather mixed ground
doublet, with the dominant term being either MJ = ±7/2 or MJ

= ±5/2, whereas for NDD Nd complex, the models
consistently predict a less mixed MJ = ±9/2. In the case of
Er, which we use here as a typical example for comparison, the
models consistently predict that the dominant term is MJ =
±13/2, independently of the peptidic sequence. The results are
compatible with the fits of the CW-EPR spectrum of DND,
which result in an easy-axis anisotropy. (See Supporting
Information Section S3 for details.)
A further key advantage of peptides as qubits is property

optimization via the combinatorial screening of peptide
libraries. (See more details in the Supporting Information
Section S6.) In principle, it should be possible to minimize the
coupling between the spin qubit and molecular vibrations by
finding the sequence of amino acids where low-energy
vibrations do not alter the coordination environment of the
magnetic metal.30,31

Peptides known as lanthanide binding tags were developed
in the field of biochemistry for the study of protein structure
and dynamics. Herein we have expanded their applications and
shown that they can be used as spin tags to open a promising
playground as molecular spin qubits. Among the advantages of
employing metallopeptides as spin qubits are the ease of
preparing new structures and the possibility to customize their
properties and organize them in space using techniques of
molecular biology. Furthermore, it should be possible to
optimize quantum coherence via peptidic library screening.
Homogeneous orientation of these anisotropic spins can be
achieved in ensemble measurements by crystallization, which is
admittedly challenging. Indeed it was not achieved in this case,
even after applying a wide array of crystallization conditions.
(See the Supporting Information Section S7.) In the case of
future single-molecular experiments, it is a feasible task to tag a
protein of known structure in a known position with our
qubits, and this would serve to achieve the desired orientation
of the spins.32 This work proves that metallopeptides open
different avenues for quantum computing that are closed to
conventional coordination chemistry.
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