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Abstract

Genetically encoded sensors provide unique advantages for monitoring biological analytes with
molecular and cellular-level specificity. While sensors derived from fluorescent proteins represent
staple tools in biological imaging, these probes are limited to optically accessible preparations
owing to physical curbs on light penetration. In contrast to optical methods, magnetic resonance
imaging (MRI) may be used to noninvasively look inside intact organisms at any arbitrary depth
and over large fields of view. These capabilities have spurred the development of innovative
methods to connect MRI readouts with biological targets using protein-based probes that are in
principle genetically encodable. Here, we highlight the state-of-the-art in MRI-based biomolecular
sensors, focusing on their physical mechanisms, quantitative characteristics, and biological
applications. We also describe how innovations in reporter gene technology are creating new
opportunities to engineer MRI sensors that are sensitive to dilute biological targets.

Introduction

A key frontier of sensor engineering relates to the development of biomolecular probes
capable of non-destructively detecting analytes with various imaging modalities. The ability
to express such sensors by genetic encoding allows biological processes like cell signaling,
neural activity, and enzyme action to be monitored at the molecular level in a wide

range of living systems, from cultured cells to intact organisms. Genetic targeting also

gives experimental access to well-defined cell types, for example dopaminergic neurons,

as well as subcellular locations, thereby achieving a level of specificity that is difficult

to match with synthetic labels. Genetically encoded sensors based on fluorescent proteins
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have driven major breakthroughs in virtually all areas of biology, from neural signaling to
immune function. However, fluorescent proteins can only be applied in optically accessible
preparations due to the limited penetration of light in scattering tissue. Noninvasive
technologies are therefore needed to track biological processes at any arbitrary depth inside
intact living organisms. In this regard, magnetic resonance imaging (MRI) offers unfettered
access to deep tissues, achieving a fairly high spatial resolution (100-400 um), wide-

field coverage, and seconds-scale framerate, while avoiding the use of ionizing radiation.
Motivated by these unique advantages, various mechanisms[=31 have been used to connect
MRI contrast with protein-based molecular reporters. Examples of MRI-detectable reporter
proteins include iron storage proteins(4-8; transporters that cause paramagnetic ions like
iron, manganese, and gadolinium to accumulate inside cells[®15]: enzymes that hydrolyze
sugars to alter exposure of paramagnetic ions to bulk water[16l: channels that increase the
rate of water exchange across the cell membrane[17-18]; vasoactive molecules capable of
dilating blood vessels[19:20]: and proteins (or polypeptides) that generate contrast on the
basis of chemical exchange between frequency-shifted proton spins and bulk water[21-23],
While these reporters are well-suited for imaging gene expression or tracking the presence
and viability of genetically labeled cells jn vival24-26] dynamic sensing of molecular
targets requires additional mechanisms to connect biological activity with changes in MRI
signals generated by the reporter protein. In this review, we give an overview of the

main classes of MRI-based biomolecular sensors, including probes for sensing monoamine
neurotransmitters, calcium signals, and enzyme activity. We describe the physical and
biochemical basis of various sensing mechanisms, focusing on quantitative aspects of sensor
performance, and alongside highlight the key challenges associated with translating these
tools to realistic biological applications /n vivo.

Protein-based MRI sensors for imaging monoamine neurotransmitters

When MRI parameters are chosen to preferentially detect signals arising from the spin-
lattice relaxation of water protons (viz., T weighted MRI), image intensity is brightened

in the presence of paramagnetic metals harboring one or more water molecules in

their coordination sphere. Displacement of water resets the intensity to baseline levels,
thereby providing a mechanism (known as g-modulation) to design bio-responsive contrast
agents. The first protein reporter to implement g-modulation was beta-galactosidase, which
generated Tq contrast based on enzymatic hydrolysis of a pendant sugar group, thereby
restricting water access to a chelated gadolinium ionl6]. This paradigm was later applied to
create the first genetically encodable MRI sensor by directed evolution of a heme-binding
protein domain (known as BM3h) derived from cytochrome P450[27]. In the absence of

the cytochrome’s natural substrate (arachidonic acid), water molecules interact directly with
the heme-bound iron, leading to faster T4 relaxation and image brightening (Fig. 1A).
Binding of arachidonic acid blocks water access, diminishing T, relaxivity (defined as the
change in Ty relaxation rate produced by unit concentration of the sensor) by ~ 3-fold

(Fig. 1A). Through iterative rounds of protein engineering by directed evolution, the ligand
specificity of BM3h was shifted ~ 84-fold from arachidonic acid (Kgq = 750 uM) to the
monoamine neurotransmitter, dopamine (Kyq = 9 uM), a prime target for molecular MRI
due to its role in learning, motor function, and reward processing. Further optimization by
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structure-guided mutagenesis increased dopamine affinity to ~ 1 uM, yielding a final sensor
with ~ 8-fold change in T relaxivity in response to saturating levels of dopamine (Table
1)[28], By infusing biochemically purified preparations of the engineered sensor (pre-loaded
with iron) directly into the rat brain, it was possible to quantitatively map dopamine release
and removal kinetics in response to electrical deep brain stimulation (Fig. 1B)[29]. Although
these sensors generated modest changes in the MRI signal (on the order of 1 %, Table 1), the
approach was able to access dopamine topography across much larger brain volumes (tens of
uL) compared to traditional point-measurement techniques like microdialysis, amperometry,
and fiber photometry. The heme domain in BM3h further served as a starting point to
construct serotonin sensors by structure-guided engineering to increase its binding affinity
towards serotonin (Kyq = 0.7 uM), with a concomitant reduction in dopamine binding (Ky4
=198 uM)[28l. Beyond proof-of-concept, these tools have also revealed new insights on
neurochemical signaling in the brain. For example, injection of the dopamine sensor in the
striatum, a brain region central to dopamine-dependent reward function, showed that striatal
dopamine release is dissociated from local changes in neural activity but correlated with
activity in more distal locations like the motor cortex[3%]. These findings suggest previously
unknown large-scale relationships between neurotransmitter release, clearance, and broader
brain activity, which would have been impossible to explore without combining the wide-
field capabilities of MRI with the molecular specificity of the BM3h sensor. Likewise,
co-infusion of the serotonin sensor with supra-physiological concentrations of serotonin in
the rat brain allowed the dynamics of serotonin uptake as well as its inhibition by serotonin
reuptake blockers, to be characterized in quantitative voxel-level detail (Fig. 1C)[31]. The
same studies also found evidence implicating dopamine transporters in the clearance of
extracellular serotonin from the striatum[3!]. Notwithstanding these powerful capabilities,
the BM3h sensor class also underscores the several general challenges in engineering and
applying MRI-based sensors, in particular, their limited sensitivity and dependence on metal
precursors. Furthermore, while the BM3h sensors are in principle genetically encodable, it
is unlikely that gene expression alone will be able to supply the high protein concentrations
(typically 500 uM) required to obtain detectable signal changes in the brain, possibly
limiting the main utility of these sensors as injectable probes to be used in conjunction with
wide-field brain delivery techniques.

Protein-based MRI sensors for calcium signaling

One of the most widely used techniques for imaging neural activity at the brain-wide
scale relies on blood-oxygen level-dependent (BOLD) MRI. Here, T, (or T,*) weighted
imaging conditions are employed to detect changes in MRI signal intensity arising from the
dephasing of water protons caused by local hemodynamic effects, for example variations
in cerebral blood volume, blood flow, and deoxyhemoglobin levels, accompanying neural
activity[32:33]. Given that the BOLD signal only indirectly mirrors neural activity, there

is tremendous interest in developing noninvasive probes for imaging calcium, an integral
molecular signature of electrical activity in all excitable cells. MRI-based calcium
sensing has been mostly demonstrated with synthetic labels(341, which are difficult to
deliver intracellularly and cannot be targeted to genetically defined cell-types and neural
projections. As a first step towards addressing these limitations, a genetically encodable
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calcium sensor was recently derived from calprotectin, a dual Mn2* and calcium-binding
metalloprotein; and applied to monitor calcium changes in Mn2* supplemented cell cultures
treated with a calcium ionophorel3l. The contrast mechanism is driven by a dramatic
calcium-dependent increase (~ 35-fold) in calprotectin’s affinity towards MnZ* ions, causing
free Mn2* to become protein-bound and thus unable to shorten the relaxation time of

water spins (Fig. 2A).This response is calcium-specific and generates ~ 15 % increase

in T4 relaxation time /n vitro (Fig. 2B). However, calcium concentrations exceeding the
neurobiologically relevant dynamic range (~100 nM to 1 uM) are needed to produce
reliable contrast changes. Further improvements in calcium sensitivity, signal amplitude,
and intracellular expression will therefore be required to expand calprotectins for monitoring
realistic calcium fluctuations in neurons and /n vivo.

An ingenious approach for calcium sensing was recently developed by exploiting vasoactive
biomolecules capable of dilating nearby blood vessels (Fig. 2C). Because vasodilation
increases blood flow in the brain, such probes are capable of generating hemodynamic
signals similar to BOLD but linked specifically to the vasoactive reporter. This approach
was adapted for calcium imaging by engineering neural cells to express neuronal nitric
oxide synthase (nNOS), an enzyme activated by calcium-binding to release nitric oxide, a
potent vasodilator[36]. To minimize interference from endogenous BOLD signals arising due
to neural activity, the catalytic domain of nNOS was swapped with corresponding residues
from another nitric oxide-forming enzyme known as inducible NOS (iNOS). Unlike nNOS,
iNOS can be selectively inhibited by a small molecule drug without any effect on the BOLD
response. The resulting chimeric construct, known as “nitric oxide synthases for targeted
image contrast” (NOSTIC), permits BOLD signals to be erased simply by subtracting

MRI scans acquired before and after drug infusion. Signal changes (T, weighted) in

the range of 6 % were obtained in NOSTIC-expressing tumor xenografts infused with a
calcium-ionophore to stimulate calcium entry. In conjunction with a retrograde-tracing virus,
NOSTICs were applied to successfully map brain regions supplying pre-synaptic inputs to
the striatum during electrical deep brain stimulation (Fig. 2D). Furthermore, the amplitude
of NOSTIC readouts revealed quantitative differences from (non-specific) fMRI analyses

as well as functional connectivity estimates based on cross-correlations between resting
state fMRI time traces in the striatum and other brain regions. This work provides (to our
knowledge) the very first example of large-scale mapping of brain activity with MRI-based
genetic technology, while also highlighting the difficulties of predicting neural information
flow using traditional technologies like fMRI that do not reflect molecular signals and
cannot be made specific to cell-types or projection fibers.

Biomolecular reporters of protein kinase activity

Kinases comprise a large and functionally diverse family of enzymes with biological

roles ranging from receptor-mediated signal transduction to energy storage. Many protein
kinases serve as prime targets of small molecule drugs for treating inflammation, cancer,
viral infections, and central nervous system disorders. The development of /n vivo assays
for kinase activity is therefore an important goal both for disease research and drug
development. Interestingly, kinases, specifically creatine and arginine kinase, represent the
very first examples of NMR-detectable reporter genes to be expressed in live animals and
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monitored noninvasively (albeit without imaging) with 3LP spectroscopy[37:38l. The first
MRI-based kinase sensor was introduced about two decades later to sense protein kinase

A (PKA) activity on the basis of phosphorylation-induced aggregation of the iron storage
protein, ferritin[39. This approach involved two ferritin-based assemblies — one where
ferritin was genetically fused to a PKA substrate known as kinase inducible domain (KID);
and the other with ferritin fused to a protein domain called KIX that binds phosphorylated
KID. Incubation of KID- and KIX-functionalized ferritins with PKA caused the crystals to
cluster, generating ~ 83% increase in T, relaxivity, attributed to more effective dephasing

of water spins due to the larger size of the cluster (Figs. 3A-B, Table 1). Effective contrast
generation however required /n vitroiron loading as well as careful control over the ratio

of KID to KIX-containing ferritin as well as the fraction of KID (or KIX) present in each
ferritin assembly. Consequently, translating this approach to a fully genetically encoded
sensing format in cells (and eventually /n vivo) has proven challenging. To overcome the
dependence on metal precursors, a metal-free sensing paradigm was developed on the basis
of chemical exchange saturation transfer (CEST); and applied to monitor PKA activity /n
vitro. The CEST mechanism leverages natural or engineered peptides containing a large
number of chemically labile protons, which resonate at frequencies shifted from bulk water.
Instead of directly detecting these shifted spins with localized spectroscopy, CEST amplifies
sensitivity by first saturating the peptide protons with frequency-selective excitation and
subsequently measuring the decrease in (proton-weighted) signal intensity of bulk water
caused by the saturated protons exchanging with water protons (Fig. 3C). Given that this
exchange process is a key determinant of contrast, CEST-based probes can in principle be
designed to sense any biological analyte that alters proton exchange properties (Fig. 3C).
Accordingly, a PKA-sensing CEST reporter was developed by fusing eight tandem repeats
of the PKA-recognition sequence, Leu-Arg-Arg-Ala-Ser-Leu-Gly[4%l. The labile guanidyl
and amide protons in arginine generated initial CEST contrast in the range of 2-8 %, 1.8 and
3.6 ppm away from water resonance. Upon serine phosphorylation by PKA, the CEST effect
at both frequencies diminished by ~ 50 %, attributed to slowing down of proton exchange
due to the presence of the charged phosphate group (Fig. 3D, Table 1). A conceptually
analogous sensor was later developed based on a naturally occurring arginine-rich protein,
human protamine sulfate, which generated a larger initial CEST contrast (35-40 % at 1.8
ppm, Table 1) and responded similarly to serine phosphorylation, exhibiting a decrease of

~ 30 % in signalst41:42], While CEST reporter genes have been successfully used to image
gene expression in tumor modelsl23.26], the aforementioned PKA probes have only been
demonstrated /n vitro using bulk purified or synthesized peptides. Key challenges for in vivo
translation relate to their limited selectivity, for example protamine sulfate was also found
to be responsive to pH and nucleotide cofactors[42l: as well as the generally low sensitivity
of diamagnetic CEST, typically requiring millimolar probe levels to give detectable contrast.
Nevertheless, the ability to produce MRI contrast without any metal dependence, using ~
50-residue probes, and with multiplexed detection capabilities (based on distinct chemical
shifts of exchanging protons) represent unique advantages of the CEST mechanism for
developing biomolecular MRI sensors.
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Biomolecular reporters of protease activity

Proteases perform a wide range of physiological and disease-related functions ranging
from tissue remodeling to tumor cell invasion. Like kinases, proteases are also actively
pursued as drug targets for a variety of conditions including cancer, liver disease, viral
infection, hypertension, and brain injury. Sensitive techniques to assay protease activity

in vivo are therefore in critical demand both for basic research on disease pathways as
well as to facilitate drug development efforts. While several synthetic MRI agents have
been developed to sense protease activity, biomolecular (/.e., protein-or peptide-based)
reporters are available for two proteases, cathepsin B [43] and fibroblast associated protein
(FAP)[44 both of which are highly expressed in tumors and tumor-associated stromal
tissue. The cathepsin reporter was designed on the basis of poly-L-glutamate (PLG), which
can be cleaved by protease action to release smaller glutamate-containing peptides and
individual glutamate moieties[43l. Cathepsin activity therefore increases the availability

of free amine groups harboring exchangeable protons, thus generating CEST contrast.
While systemic injection of PLG allowed cathepsin activity to be monitored in rat brain
tumors (Fig. 4A, Table 1), the sensitivity and precision of this technique were limited,
millimolar concentrations of the PLG probe generating ~19 % CEST contrast with modest
statistical fidelity (p-valuein the 0.048 range). In contrast to PLG, detection of FAP[44]
was accomplished with much greater sensitivity on the basis of probe-induced vasodilation,
similar to the mechanism adopted for calcium sensing with NOSTICs. Here, the probe
comprises a calcitonin gene related peptide (CGRP), a 37-residue molecule that binds to

a heterodimeric receptor (known as CLR/RAMP) in vascular smooth muscle cells causing
dilation of blood vessels, thereby producing MRI contrast!1%l. To make CGRP responsive
to protease activity, its vasoactive effects were first masked by appending biotinylated
FAP-cleavable peptides at the N-terminus. Incubation with FAP removes the blocking group,
thereby freeing CGRP to cause vasodilation. Intracranial infusion of the FAP probe, either
directly around a tumor xenograft or into the cerebrospinal fluid (for widefield spread)
produced mean signal changes in the range of 5-13 %, and further allowed FAP kinetic
constants to be computed over the tumor region by solving voxel-level dynamic mass
balance equations (Fig. 4B). Given the potent vasodilatory effects of CGRP, infusion

of sub-micromolar levels of the probe (~ 100 nM) was found to be sufficient to sense
nanomolar-scale FAP concentrations, making this approach the most sensitive MRI-based
biomolecular sensing technique reported to date.

Summary and outlook

Genetically encoded sensors afford unique advantages for visualizing biological processes,
including (1) access to gene delivery vectors such as neurotropic, axon-tracing, and BBB-
crossing viral serotypes, enabling specialized /n vivo applications in small and large
vertebrate species (2) ability to probe specific cell-types with genetic targeting (3) ability

to program user-defined temporal profiles, for example by time-locking sensor expression to
specific tasks or stimuli (4) compatibility with transgenic animals such as Cre driver lines.
The general significance of these capabilities for both basic and applied research is amply
borne out by the many scientific breakthroughs enabled by genetically encoded fluorescent
indicators, although these tools are limited to optically accessible preparations. MRI offers
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a diversity of mechanisms to connect analytes with genetically encoded readouts; but a

key challenge lies in detecting targets under realistic /7 vivo conditions where biological
analytes often span sub- to mid-pM dynamic range. Ultrasensitive detection with MRI has
traditionally relied on (hon-genetic) magnetic nanoparticles that can be applied at nanomolar
particle concentrations. While ferritin can be assembled inside cells with genetic techniques,
the ensuing relaxivity is much smaller than similarly-sized synthetic nanoparticles, which
limits the sensitivity of the clustering mechanism for ferritin-based biosensing[#°]. That said,
the recent advent of several engineered iron-nucleating proteins with higher per-particle
magnetic moments[19:46-49] compared to ferritin provides a fresh set of biomolecular
templates that could be used to sense dilute analytes based on nanoscale assembly

and aggregation. The general feasibility of this approach has already been established

by imaging streptavidin in yeast cells engineered to express a hypermagnetic variant

of ferritin fused with streptavidin-binding peptides>%l. Alongside these developments in
metalloprotein-based reporters, a stream of advances in new metal-free MRI mechanisms
including hemodynamic imaging, diffusion-weighted MRI, and hyperpolarized xenon
imaging could open further avenues for amplifying sensitivity. For instance, vasoactive
probes boost detection limits by exploiting the innate potency of vasodilatory peptides,
which tend to operate at effective concentrations in the nanomolar range (e.g., ECs of
CGRP ~ 10 nM)[29]. Diffusion imaging taps into the fast and highly selective transport of
water molecules through channels like aquaporins, resulting in an increase in transmembrane
water exchange rate in cells, making them detectable with MRI techniques weighted
towards spin diffusion[1718]. Hyperpolarization of 129Xe amplifies their MRI signals by 4-5
orders of magnitude over thermally polarized spins, dramatically improving sensitivity. By
using specialized femtoliter-sized protein compartments (called gas vesicles) to contain the
hyperpolarized xenon molecules, it becomes possible to detect gas vesicles at concentrations
even lower than the nanomolar doses of radioactive tracers typically used in nuclear
imaging[®2l. Unlike vasodilatory probes, gas vesicles and water channels have not (yet) been
applied for MRI-based biosensing. However, efforts are underway to connect their unique
biophysical properties with biological activity using protein engineering, for example, gas
vesicles have already been engineered to probe protease activity with ultrasound[®2]. Despite
these advances, detection of particularly dilute targets with MRI could be considerably
challenging, especially if these targets only fleetingly reach their peak amplitudes or are
sparsely distributed among cells, for example voltage changes and nitric oxide signals. In
these cases, it may be more practical to design MRI-based molecular integrators that convert
transient signal changes to a more lasting change in the relaxivity or expression of an

MRI reporter gene. Similar methods are already used in optical imaging to record neural
activity over experimentally defined epochs by integration of transient calcium rises[®3. In
conclusion, we anticipate that innovations in sensor engineering will go hand-in-hand with
advances in MRI technology, ultimately allowing a much broader repertoire of biological
analytes to be tracked in vertebrate species of all sizes, with a combination of seconds-scale
kinetics, widefield coverage, and spatial resolution potentially reaching the sub-100 um
range (theoretical limit is around 10 pm[4).
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Figure 1. Biomolecular MRI probes for imaging monoamine neurotransmitters.
(A) The sensing mechanism is based on changes in exposure of protein-bound iron ions

to water molecules induced by binding to a neurotransmitter analyte, which generates Ty
weighted contrast. (B) Voxel-level mapping of peak dopamine concentrations released in the
striatum by electrical deep brain stimulation. (c) Voxel-level mapping of percent change in
T, weighted signals following striatal infusion of a mixture of serotonin + BM3h sensor vs.
sensor-only. The time course of signal change post-infusion is shown as an inset in each
voxel. Images in (B) and (C) are reproduced with permission from references [29] and [31].
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Figure 2.
Genetically encoded MRI-based calcium indicators. (A) Calcium sensing in calprotectin

is based on calcium-induced binding of free Mn2* to calprotectin, which reduces the Ty
relaxation rate. (B) Calcium can be detected in the double-digit micromolar range /in

vitro using biochemically purified preparations of calprotectin. (C) Hemogenetic imaging
leverages a calcium-activated vasoactive probe to produce nitric oxide, thereby dilating
cerebral arterioles in response to calcium rises. (D) Noninvasive detection of calcium signals
in brain locations that send neural inputs to the striatum during deep brain stimulation.
Images in (A) and (B) are reproduced with permission from reference [35]. Image in (D) is
reproduced with permission from reference [36].
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Figure 3. Biomolecular reporters of protein kinase activity.
(A) Protein nanoparticles like ferritin generate contrast on the basis of analyte-induced

clustering, which produces changes in their T, relaxation rate. (B) Faster T, leads to
darkening of T, weighted images acquired using purified mixtures of KID and KIX-
functionalized ferritins incubated with protein kinase A (PKA). (C) CEST probes typically
rely on analyte-induced changes in exchange rates of chemically labile protons that can

be selectively saturated with a radiofrequency pulse. (D) The CEST-based PKA sensor
monitors phosphorylation-induced changes in signal intensity at 1.8 and 3.6 ppm. Images in
(B) and (D) are reproduced with permission from references [39] and [40].
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Anatomical image Baseline 30min

Figure 4. MRI-based biomolecular sensors of protease activity.
(A) Imaging cathepsin activity in a gliosarcoma tumor by intravenous injection of poly-L-

glutamate that produces CEST contrast upon protease cleavage. (B) Imaging FAP protease
activity in a genetically engineered tumor model, by intracranial infusion of a vasoactive
probe that acts on endothelial cell-surface receptors to cause vasodilation following
protease cleavage and removal of a masking group. Images in (A) and (B) are reproduced
with permission from references [43] and [44] via a Creative Commons Attribution 4.0
International License: https://creativecommons.org/licenses/by/4.0].
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Table 1.

Key quantitative aspects of biomolecular MRI sensors

Protein analyte  gnstate® offstate?  AS/S size injected
(invitro)  (invitro)y (invivo)  (kDa) dose
. 0.10 0.83
BM3h[27.29] dopamine  \ U1 vl 1% 53 b5 nmol
. 0.19 0.99
BM3h[31 serotonin VP vl o 9% 53 b3 nmol
NOSTICE8] calcium - - 2% 157
. . 0.2 5.2
[35] } .
Calprotectin calcium mMM-Lst  mM-Lst 24
- 2120 3900
[39] N n
Ferritin PKA mM-tst mMm-tst 480
(LRRASLG)g,[% PKA ~8 % <4% - 6.8 -
Protamine sulfatel*?]  kinase ~40 % ~25% - 6.9 -
poly-L-glutamatel#3]  cathepsin ~22 % ~26 % 19 % - 160 mg/kg
CGRPM FAP 5% 37 & pmol

Page 15

aOn and off-state values either represent relaxivity measurements (for T1 and T2 probes) or percent signal change (for CEST probes) acquired with

bulk-purified or chemically synthesized preparations of the respective sensor in the presence or absence of saturating concentrations of their target

analyte;

b . . S
these probes were delivered by intracranial infusion;

C. -
Intravenous injection;

intra-CSF infusion. The absolute number of moles infused is estimated based on the reported values of infusion rate x duration of injection x

probe concentration.
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