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Abstract

This review focuses on exogenous MRI contrast agents that are responsive to enzyme activity.

Enzymes can catalyze a change in water access, rotational tumbling time, the proximity of a 19F-

labeled ligand, the aggregation state, the proton chemical exchange rate between the agent and

water, or the chemical shift of 19F, 31P, 13C or a labile 1H of an agent, which can be used to detect

enzyme activity. The variety of agents attests to the creativity in developing enzyme-responsive

MRI contrast agents.
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Introduction

The Problem: Detecting Enzyme Activity

Many outstanding chemistry methods have been developed to detect protein concentrations

during in vitro studies or ex vivo analyses.[1] However, detecting the concentration of an

enzyme does not necessarily reflect the importance of the enzyme to the pathology or

biological process under study. In particular, enzymes can be expressed as inactive

zymogens or pro-enzymes, and are subsequently activated only when their catalytic

functions are required. Examples include pro-enzymes that are activated by binding

cofactors or metal ions, through phosphorylation and dephosphorylation, or by cleaving a

chemical bond in the enzyme.[2] We contend that evaluating enzymes based on their activity

is a more direct and more accurate assessment of their importance in a pathological state or

biological process, relative to grading attendance.
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Developing a chemical assay that can detect or measure an enzyme activity is much more

difficult than measuring enzyme concentration. As a major challenge, many enzymes are

notoriously promiscuous and catalyze substrates of other enzymes.[3] Designing a chemical

assay to detect the activity of one specific enzyme can prove challenging. Enzyme activities

are inherently based on chemical kinetics, and therefore require a temporal assessment,

which adds to the difficulty of the assay.[4] Finally, many enzymes are sensitive to their

environmental conditions, including redox state, pH, and temperature in addition to

concentrations of cofactors or metal ions. Assessing enzyme activity in an in vivo context is

the ideal approach for ensuring that relevant environmental conditions are met.

Developing a chemical assay to study in vivo enzyme activity poses additional challenges.

Perhaps most importantly, the pharmacokinetics of delivering chemical agents to the in vivo

site of the enzyme is inherently based on stepwise transport kinetics, which is conceptually

identical to stepwise chemical kinetics.[5] Accounting for multiple steps of dynamic kinetic

processes can be overwhelming, and often requires additional measurements or assumptions

to simplify the analysis. In addition, other in vivo conditions besides enzyme activity can

influence a chemical assay, so that care must be taken to ensure that the assay is specifically

reporting on enzyme activity. The chemical agent may directly or indirectly influence the

enzyme by affecting biological homeostasis, especially if the agent is a substrate that is

administered at concentrations that approach saturating conditions (which is typical for

Michaelis-Menten enzyme kinetics studies).[6]

A Potential Solution Magnetic Resonance Imaging

Despite these challenges, non-invasive imaging methods using exogenous chemical contrast

agents have been developed to assess in vivo enzyme activities. A large number of

fluorescent dyes have been developed to detect enzyme activity during biochemical and in

vitro assays.[7] Many of these dyes that are excited and/or emit in the red or near-infrared

wavelength ranges have also been used for in vivo imaging, because these wavelength

ranges have low absorbance in tissues. Bioluminescence has also been used to image in vivo

enzyme activity using chemiluminescent substrates[8.9] and as reporter genes.[10,11] PET and

SPECT imaging has also been used to detect in vivo enzyme activity by monitoring changes

in pharmacokinetics of radiolabeled substrates. For example, 18F-fluorodeoxyglucose is

trapped in cells by hexokinase, and therefore pharmacokinetic accumulation of the 18F

radioisotope is a marker for hexokinase activity.[12] 18F-FLT (3’-deoxy-3’-fluorothymidine),

can detect the activity of thymidine kinase 1,[13] whereas fluoromisonidazole (FMISO) gets

reduced by nitroreductases in the cell and are used to image tumor hypoxia.[14] In vivo

enzyme activity has not yet been detected with ultrasound imaging, although monitoring the

proteolytic degradation of colloids and hydrogels with ultrasound imaging may possibly be

translated to in vivo studies.[15] Similarly, detection of in vivo enzyme activity with electron

paramagnetic resonance imaging has not yet been realized, although EPR spin probes that

detect enzymes in vitro may eventually be translated to in vivo studies.[16] Each of these

imaging modalities has advantages and disadvantages for in vivo studies, including in vivo

assessments of enzyme activities.
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Magnetic resonance imaging (MRI) with exogenous contrast agents also has advantages and

disadvantages for in vivo imaging studies. Fortunately, the disadvantages of MRI are not as

deleterious for enzyme detection relative to MRI studies of other biomarkers. In particular,

MRI has low detection sensitivity relative to other imaging modalities, with minimum

detection levels of ~1 μM to ~100 mM (depending on the MRI contrast agent),[17] which is

greater than the ~10 pM to ~10 nM concentrations of an enzyme within in vivo tissues. Yet

if an enzyme has high turn-over for a substrate that acts as a MRI contrast agent, then low

concentration of enzyme can process a high concentration of agent that is above the

detection sensitivity threshold. In effect, the MRI detection sensitivity is not ‘target-limited’

(which is the case for agents that directly bind an enzyme target) and instead the sensitivity

is ‘agent-limited’. This agent-limited approach uses an agent that irreversibly changes

through enzyme catalysis, such as an irreversible bond cleavage or bond formation. For this

reason, few enzyme-responsive MRI contrast agents are designed to be reversible and return

to their initial state after interaction with the enzyme, which is more common for agents that

target other proteins, nucleic acids, metabolites, and metal ions, or measure pH, redox state,

and temperature.[18]

The advantages of MRI are an excellent match for the requirements for detecting in vivo

enzyme activity. MRI can obtain 3D images without concern for tissue depth and with good

spatial resolution of 0.1-1 mm (depending on the size of the animal model or patient).[19]

MRI can also acquire images with good temporal resolution of ~5-30 seconds (depending on

the contrast mechanism and the MRI scanner hardware). These advantages can be used to

dynamically track the specific location of an exogenous contrast agent, which improves the

analyses of pharmacokinetics and enzyme kinetics.[20] As another advantage, these agents

can change MR image contrast through a variety of mechanisms (as described below),

which provides for creative chemistry approaches that may lead to improved detection

specificity for a single enzyme. Some contrast mechanisms can selectively detect multiple

contrast agents during the same scan session, and contrast mechanisms may possibly be

combined to detect multiple agents. This advantage of multiplexing provides opportunity to

simultaneously track a second “control” contrast agent that is unresponsive to enzyme

activity, but which is sensitive to other environmental conditions that also affect an enzyme-

responsive agent. The comparison of the enzyme-responsive and control agents can more

specifically detect the enzyme activity relative to other environmental conditions.

This review describes each of the contrast mechanisms used by MRI contrast agents, and

lists examples of enzyme-responsive agents that employ each type of contrast mechanism to

detect enzyme activity. An emphasis is placed on approaches that constitute a platform

technology that can be easily modified to detect diverse kinds of enzymes, such as

approaches that can simply substitute a ligand that is an enzyme substrate without requiring

redesign of the agent or its chemical synthesis. A common theme of these approaches is the

need to use a multidisciplinary approach that combines chemistry and biochemistry,

molecular and cell biology, physiology, radiology, and biomedical engineering.
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T1 MRI contrast agents that detect enzyme activity

When net magnetization of water is perturbed from it’s preferred direction along a static

magnetic field, the water’s magnetization “relaxes to equilibrium” and returns to this

preferred direction through a first-order rate process known as T1 relaxation.[21] To relax to

equilibrium, the water transfers the excited energy of its magnetic spins to the surrounding

lattice through dipole-dipole interactions. The T1 relaxation time is quantified by measuring

the exponential time constant of this relaxation process of the water, typically reported in

units of seconds.

The interaction between water molecules and Gd(III) lanthanide metal ion is very efficient,

creating a shorter T1 relaxation time fort he water when Gd(III) is present. These

interactions between water molecules and Gd(III) are influenced by the rotational tumbling

time of the Gd(III) complex, and the distance between the water proton and Gd(III). The

distance can be altered by blocking water access to the Gd(III) ion, or by changing the rate

at which the water molecule leaves a proximal position to the Gd(III) ion. The Gd(III) ion is

typically chelated by an organic molecule, which reduces toxicity and provides opportunities

to conjugate enzyme substrates to the chelate to develop enzyme-responsive MRI contrast

agents.

The seminal example of an enzyme-responsive T1 MRI contrast agent consists of a Gd(III)

chelate that includes a β-galactose ligand which blocks water access to the Gd(III) ion (Fig.

1).[22] Cleavage of this ligand by β-galactosidase improves water accessibility to Gd(III)

which decreases the T1 relaxation time of the water. Only 4.3 μM of the enzyme was needed

to cleave 0.5 mM of agent for sufficient detection with T1-weighted MRI, which

demonstrates that detecting enzyme activity is more dependent on the concentration of the

responsive agent than the concentration of the enzyme. The same approach was used to

detect glutamic acid decarboxylase activity, which removed carboxylate ligands of the agent

that blocked the access of water to the Gd(III) ion, resulting in a decrease in T1 relaxation

time.[23] Serum anions can also block water access to the Gd(III) of a chelate. Esterase

activity can cleave ethyl ester ligands of a Gd(III) chelate, and the post-cleaved ligand can

displace the serum anions, which improves water access to the Gd(III) ion and decreases the

T1 relaxation time.[24] This last example demonstrates that care should be taken to assess

enzyme-responsive MRI contrast agents in the presence of endogenous metabolites, which

may modulate expected behaviors of MRI contrast agents.

Well-established methods can measure the number of coordinated water molecules in a

Gd(III) complex.[25] Other methods can measure the chemical exchange rates of water

molecules that exchange between the Gd(III) complex and bulk water surrounding the

agent.[26] These methods can be used to identify which of these two properties is most

responsible for the shorter T1 relaxation time caused by the agent, and the change in T1

relaxation time after enzyme catalysis of the agent.

An understanding of these properties can be used to redesign the agent to improve the

detection of enzyme activity. Yet some contrast agents rely on both properties, and therefore

the distinction between both properties becomes less critical for these agents. For example, a

PEG-peptide ligand of a Gd(III) chelate allows the chelate to have excellent solubility.[27]
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Cleavage of this ligand by MMP-2 causes the chelate to precipitate, which reduces the

number of water molecules that can coordinate to the Gd(III) ion and severely reduces the

chemical exchange rate of these water molecules with the water solvent, which results in an

increase in T1 relaxation time. The same approach, but in the opposite sense, detects a

decrease in T1 relaxation time when lipase activity cleaves a Gd(III) chelate’s aliphatic

ligands, which allows the remaining Gd(III) chelate to solubilize, coordinate to water

molecules and rapidly exchange coordinated water with the surrounding water solvent.[28]

Similarly, a Gd(III) chelate in liposomes that are linked with protamine can experience

greater water accessibility after trypsin cleaves the protamine linkers.[29] Gd(III)-based

contrast agents can be conjugated to a variety of enzyme-sensitive ligands, so that this

approach can be used as a platform technology.

The enzyme-catalyzed polymerization of monomeric agents can slow rotational tumbling

time of a MRI contrast agent, which can lead to a decrease in T1 relaxation time. This

approach has been used to detect the enzyme activities of several peroxidases that

polymerize T1 MRI contrast agents, including myeloperoxidase and oxidoreductase (Fig.

2).[30] As another example, esterase activity can cleave a stearic acid ligand of a Gd(III)

chelate, which leads to spontaneous polymerization of the cleaved chelate and a decrease in

T1 relaxation time.[31] Detecting the combination of two enzyme activities has been

accomplished by using β-galactosidase to convert Gd- DOTA-tyr-gal to GdDOTA-tyr,

which is then polymerized by tyrosinase, causing the T1 relaxation time to decrease.[32]

Because of this decrease in T1 relaxation time, it can be inferred that the polymerization of

these agents did not cause precipitation that would reduce water accessibility to the Gd(III)

chelate, which would cause an increase in T1 relaxation time. Conversely, enzyme-catalyzed

degradation of a polymer containing MRI contrast agents can accelerate the rotational

tumbling time of a contrast agent, increasing the T1 relaxation time caused by the agent. For

example, a polymer with a glucuronide linker is cleaved by glucuronidase, which releases a

Gd(III) chelate from the polymer and increases the T1 relaxation time.[33] The abilities to

change the T1 relaxation time by polymerizing and depolymerizing agents doubles the

flexibility of this platform technology.

Enzymes can also catalyze changes in T1 MRI contrast agents that cause the agent to bind to

proteins, which slows rotational tumbling time of the agent and decreases the T1 relaxation

time. β-galactosidase activity can cleave the galactopyranose ligand of a Gd(III) clelate,

resulting in formation of a reactive phenolate anion that binds the contrast agent to a

protein.[34] Myeloperoxidase activity can cause a hydroxytryamine ligand of a Gd(III)

chelate to form a radical that binds the contrast agent to a protein.[35] Alkaline phosphatase

activity can convert a phosphate monoester to an alcohol on a Gd(III) chelate, which allows

the agent to non-covalently bind to a protein.[36] The enzyme activity of thrombin-

activatable fibrinolysis inhibitor can cleave a lysine-containing ligand of a Gd(III) chelate,

which enhances non-covalent binding of the agent to albumin.[37] These latter two examples

represent a platform technology, because the masking group that prevents the agent from

non-covalently binding to a protein may be conveniently substituted to detect other enzyme

activities. A related example is the enzymatic cleavage of per-fluorinated dendrimers attched

to silica nanoparticles by phosphate caged flurescien as a linker. The 19F NMR signal
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intensity increases as the dendrimeric portion is severed allowing for recovery of molecular

rotation.[38]

A different approach exploits enzyme-catalyzed changes in the distance between 19F and

Gd(III).[39] The close proximity of a 19F nucleus to a Gd(III) ion causes 19F to have a

severely short T1 relaxation time, rendering the 19F signal to be undetectable. Enzyme-

catalyzed separation of the 19F and Gd(III) increases the T1 relaxation time of the 19F

nucleus, allowing the 19F signal to be detected. A 19F ligand has been tethered to a Gd(III)

chelate using a peptide that is cleaved by caspase-3 activity,[40] or a lactam linker that is

cleaved by β-lactamase.[41] A more complicated mechanism uses a two-step approach to

release a 19F ligand from a Gd(III) chelate. β-galactosidase can cleave a galactose moiety of

a Gd(III) chelate, which causes aromatic delocalization and subsequent release of a

separate 19F-labeled ligand from a Gd(III) chelate.[42] The modular design of this agent may

represent a platform technology for enzyme detection, because the galactose substrate may

be easily replaced with a substrate for another enzyme.

T2* MRI contrast agents that detect enzyme activity

A superparamagnetic iron oxide nanoparticle (SPION) can create a weak, local magnetic

field gradient that changes the net magnetic field experienced by proximal water

molecules.[18] This change in magnetic field causes the magnetization of the proximal water

molecules to precess at different MR frequencies. The evolution of these different MR

frequencies subsequently dephase through a process known as T2* relaxation. This

dephasing reduces the total net MRI signal of water in the tissue that can be detected by the

MRI scanner. The T2* relaxation time is quantified by measuring the exponential time

constant of dephasing and relaxation processes oft he water, known as the T2* relaxation

time, which is typically reported in units of seconds or milliseconds. The T2* relaxation

time is primarily influenced by the SPIONs’ strength of superparamagnetism that is

dependent on the aggregation state of the SPIONs, and the accessibility of water for the

SPIONs.

Enzymes that catalyze the aggregation of SPIONs can increase the superparamagnetism of

the nanoparticles, and therefore decrease the T2* relaxation time from the contrast agent.

This mechanism has been described as an irreversible ‘magnetic relaxation switch’. For

example, dextranase, MMP-2 and MMP-9 enzyme activities can cleave the hydrophilic

coating of a SPION, causing the nanoparticles to aggregate (Fig. 3).[43] Protein kinase A

phosphorylates the surface of ferritin (an endogenous SPION), which causes the ferritin to

aggregate.[44] Peroxidase-induced polymerization of phenolic SPIONs can also facilitate the

aggregation of the nanoparticles (25).[45] This aggregation can be sufficient to cause

precipitation of the agent, which may potentially affect biodistribution and clearance during

in vivo studies. β-galactosidase activity can cleave S-Gal (3,4-Cyclohexenoesculetin β-D-

galactopyranoside), and the generated aglycone can chelate Fe3+ to form a

superparamagnetic MRI contrast agent.[46] Interestingly, the Fe3+ of the S-Gal can shorten

the T1 relaxation time before catalysis by β-galactosidase, which provides the opportunity to

monitor the delivery of the agent to tissues in addition to monitoring β-galactosidase

activity. S-Gal was originally developed as a stain for β-galactosidase activity during
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histological analyses, and therefore can be used as a multimodality imaging contrast agent.

As with polymerizing T1 contrast agents, these many examples of aggregating T2* contrast

agents demonstrate that this approach can be a platform technology.

Enzymes can also catalyze the disaggregation of polymeric SPIONs, which can reduce

superparamagnetism and increase the T2* relaxation time from the agent. For example, the

protease activity of caspase-3 or MMP-2 can cleave short peptide linkers between

SPIONs.[47] Other peptide linkers may be used to detect other proteases with this platform

technology. The restriction enzyme EcoRV can cleave DNA duplexes that link SPIONs,

which allows the SPIONs to irreversibly disaggregate.[48] A more complicated example

detects the activity of secreted alkaline phosphatase, which can dephosphorylate 2’-AMP to

create adenosine, which in turn can disrupt a DNA duplex that aggregates SPIONs, thereby

separating the SPIONs and reduce their collective superparamagnetism.[49] As an exception

to this behavior, a highly aggregated system of SPIONs in a hydrogel becomes less

aggregated after trypsin digestion, which increased superparamagnetism and decreased the

T2* relaxation time of the SPIONs.[50] Similarly, a highly aggregated bead with hyaluronan

linkers becomes less aggregated when the linkers are cleaved by hyaluronidase, leading to

decreased T2* relaxation time.[51] These last examples demonstrate that careful optimization

of contrast agent formulations can be critical for generating an enzyme-dependent response,

because other hydrogels or beads with less initial aggregation may follow the behavior of

the other agents in this classification.

CEST MRI contrast agents that detect enzyme activity

Chemical Exchange Saturation Transfer is a relatively new mechanism for generating

contrast in MR images.[52] The MR signal from a labile proton of a contrast agent can be

selectively saturated, causing this MR signal to rapidly disappear. The labile proton can then

exchange with a water proton, which transfers the saturation to the water molecule. This

process can be repeated ~10 to ~10,000 times during the saturation period of a CEST MRI

protocol, which causes many water molecules to be saturated and reduces the net MR signal

from water. A CEST spectrum displays the net MR signal from water as a function of the

selective saturation frequency, which can display both the amplitude and chemical shift of

the CEST effect. A major advantage of CEST MRI is the ability to detect multiple CEST

effects at different chemical shifts from multiple agents, which may be used to

simultaneously interrogate multiple enzyme kinetics and/or pharmacokinetic events.

Many enzyme substrates have chemical groups with labile protons, such as amide, amine,

and hydroxyl groups, providing many opportunities to monitor enzyme activities via

changes in CEST MRI. Diamagnetic CEST (DIACEST) agents are metal-free organic

molecules with chemical shifts in a limited range of 1 to 5 ppm (relative to water, which is

defined to be 0 ppm for MRI studies).[53] Measuring enzyme-catalyzed changes in

exogenous DIACEST agents can be difficult within this limited chemical shift range,

especially because endogenous biomolecules also have chemical groups with labile protons

that generate CEST within this range. Paramagnetic CEST (PARACEST) agents consist of a

metal chelate that has labile protons with a greatly expanded chemical shift range due to

their proximity to the metal ion of the chelate.[54] This facilitates the tracking of enzyme-
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catalyzed changes in PARACEST agents, with reduced interference from CEST generated

from endogenous biomolecules. The greater chemical shift range also improves the

specificity for saturating the MR frequency of the labile proton on the PARACEST agent

without also directly saturating the MR frequency of water.

The seminal example of an enzyme-responsive CEST agent consists of a Tm(III) chelate

with a peptidyl ligand (Fig. 4A).[55] Although the C-terminus of a peptide may be routinely

coupled to lanthanide chelates, this example required coupling the peptide N-terminus to the

chelate through a different synthesis strategy.[56] This ‘reverse’ coupling positioned a labile

amide proton near the Tm(III) ion, which generated a unique chemical shift at −51 ppm.

This amide was converted to an amine when caspase-3 cleaved this peptide at the amide

bond that coupled the peptide to the chelate. This cleavage resulted in a change in the MR

frequency of the CEST effect from −51 to +4 ppm, and a decrease in the amplitude of the

CEST effect due to a change in the chemical exchange rate. Only 3.4 nM of caspase-3

enyme was required to cleave 20 mM of the agent in a practical time frame for CEST

detection, which demonstrates that the limited detection sensitivity of CEST MRI can be

overcome by exploiting the fast catalytic activity of an enzyme.

This approach represents a platform technology that can detect many proteases by simply

changing the peptide sequence of the chelate’s ligand. We refer to this platform technology

as “catalyCEST MRI”. For example, similar PARACEST agents with a different peptide

ligand can detect the protease activity of cathepsin-D[57] and urokinase Plasminogen

Activator.[58] These examples used a Tm(III) chelate, which demonstrates that a variety of

metal chelates may be used in this approach to expand this platform technology. More

recently, a DIACEST agent has exploited a similar approach to detect the activity of

cytosine deaminase. This enzyme removes an amine group from cytosine and causes a

disappearance of CEST from cytosine during in vitro studies.[59] Because cytosine

deaminase converts 5-fluorocytosine into the chemotherapeutic 5-fluorouracil, catalyCEST

MRI may be able to track enzyme-activated prodrug therapy.

The detection of the enzyme activity shown by these examples uses an enzyme that “turns

off” the CEST effect of the agent. This mechanism creates an absence of signal, and

depending on the absence of data is a poor scientific design. To compensate for this pitfall, a

“control” CEST agent that is unresponsive to enzyme activity can be included in the CEST

MRI study to monitor pharmacokinetic delivery of the agents, and account for other

physiological conditions that affect both agents. The ratio of the CEST effects from both

agents can then be used to more specifically detect enzyme activity. This approach with two

PARACEST agents has been demonstrated for the improved detection of uPA activity in

chemical solutions and within an in vivo mouse model of pancreatic cancer.[60]

This platform technology has recently been expanded to detect transglutaminase enzyme

activity, which is an “anti-protease” that forms an amide bond by coupling the side chain of

glutamine to an amine group (Fig. 4B).[61] A PARACEST agent with an aliphatic amine

ligand can generate a weak CEST effect, while coupling this agent to glutamine via

transglutaminase catalysis creates a stronger CEST effect due to a change in the chemical

exchange rate. This change is also accompanied by a small change in chemical shift from
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−15 ppm to −11 ppm, which can also be used to monitor transglutaminase activity. This

detection method uses an enzyme that “turns on” the CEST effect of the agent. Although

this method that creates a signa has advantages relative to the other examples that “turn off”

the CEST effect, a control agent that is unresponsive to enzyme activity is still useful to

include in the CEST MRI study to monitor pharmacokinetic delivery of the agents, and

account for other physiological conditions that affect both agents.

As another example of monitoring enzymes that create covalent bonds, the DIACEST

peptide (LRRASLG)8 generates lower CEST when Protein Kinase A forms a covalent bond

between a serine side chain and a phosphate group, thereby detecting the kinase activity of

this enzyme in vitro.[62] A unique 31P CEST study can detect bond formation by creatine

kinase activity.[63] Saturation of the the 31P MR signal of γ-ATP phosphate, and subsequent

enzyme-catalyzed exchange of the phosphate to creatine to form phosphocreatine,

transferred the saturation to the 31P MR signal of the phosphocreatine. This 31P CEST

mechanism was used to detect creatine kinase activity during both in vitro and in vivo

studies, which was facilitated by the paucity of endogenous 31P MR signals that plague 1H

catalyCEST MRI.

CatalyCEST MRI has been further expanded by employing modular designs that separate

the substrate ligand that interacts with the enzyme from the portion of the agent that

generates CEST. For example, the PARACEST agent Yb-(DOTA-aBz-bGal) can detect β-

galactosidase activity through a multistep process: the enzyme cleaves the agent’s galactose

ligand, which creates an electron donor group, which causes aromatic delocalization, which

cleaves an amide bond to form an amine, which can generate CEST.[64] Similarly, the

PARACEST agent Yb-(DO3A-oAA-TML-ester) can detect esterase activity through

enzyme-catalyzed de-esterification, which triggers an intramolecular lactonization, which

cleaves an amide bond to form an amine, which can generate CEST.[65] This separation of

the substrate and CEST-generating chemical group may facilitate the synthesis of

catalyCEST agents with new substrate ligands, thereby expanding this platform technology.

MRS contrast agents that detect enzyme activity

The chemical shift of an exogenous contrast agent can be detected with magnetic resonance

spectroscopy (MRS). The chemical shift is extremely sensitive to the electronic distribution

in a contrast agent, and therefore can be sensitive to changes in covalent bond structures

caused by enzyme catalysis. The 1H signal of an exogenous contrast agent is difficult to

detect in a crowded spectrum of 1H signals from water, proteins, and metabolites in

tissues.[66] For comparison, the 19F and 31P signals from an exogenous agent are easier to

detect because endogenous tissues are have no 19F MR signals and only few 31P signals.[67]

As an example, fluorinated substrates of β-galactosidase experience a 6-10 ppm change

in 19F chemical shift upon cleavage by the enzyme, which can be used to detect β-

galactosidase activity in vitro and in vivo (Fig. 5).[68] As another example, vacuolar H+-

ATPase activity adds inorganic phosphate to polyphosphate, which can be detected by

recording a 24 ppm change in the 31P MR chemical shift.[69]

The 13C signal of an exogenous contrast agent is also difficult to detect in a crowded

spectrum of 13C signals from endogenous biomolecules.[70] Recent advances have
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developed hyperpolarized 13C contrast agents, which produce as much as 10,000-fold

greater 13C signal than endogenous biomolecules, thereby facilitating their detection within

tissues in vivo. MRS of several 13C-hyperpolarized agents have been used to detect enzyme

activity by monitoring a change in 13C chemical shift. In particular, hyperpolarized

[1-13C]pyruvate has been associated with the detection of pyruvate dehydrogenase activity,

while [2-13C]pyruvate detects the activity of enzymes in the Krebs cycle.[71] In addition,

hyperpolarized pyruvate has also been used to detect the activities of alanine transaminase,

carbonic anhydrase, mitogen-activated protein kinase, lactate dehydrogenase, and choline

kinase α.[72] Due to the ability to monitor multiple enzyme activities, 13C-hyperpolarized

pyruvate should be considered to report on general metabolism rather than the activity of a

specific enzyme. Similarly, the 13C-hyperpolarized metabolites lactate, alanine, fumarate,

[5-13C]glutamine, 1-keto[1-13C]isocaproate, diethyl[1-13C]succinate, [2-13C]fructose, and

3,5-diflurorbenzoylglutamic acid potentially detect multiple enzyme activities, and therefore

should be considered as methods to monitor biochemical pathways rather than specific

enzymes.[73]

A pitfall of hyperpolarized 13C contrast agents is the transient nature of their

hyperpolarization, typically lasting only a few minutes during in vivo studies. To address

this pitfall, permanentily-labeled 13C- and 31P-labeled molecules have also been used to

follow metabolism, and 2H-labeled metabolites have been used to determine rate limiting

steps of enzyme catalysis. This approach has been used to study formaldehyde

metabolism,[74,75] oxidation of methanol,[76] metabolism involving cannizzarase,[74] the

citric acid cycle,[77-79] and the metabolism of phosphorylated metabolites.[80]

Future directions

MRI scanners are now available with “ultra-high” magnetic field strengths operating at 7 T

for clinical imaging and 15.2 T for small animal imaging.[81] These stronger magnetic fields

increase the net polarization of magnetic spins, which improves the net MR signal relative to

the image’s noise level, as measured by the Signal-to-Noise Ratio (SNR). This improved

SNR can be used to create MR images with finer spatial resolution and/or faster temporal

resolution, which may indirectly improve the spatial and temporal detection of enzyme

activity. However, a MR image with greater SNR does not directly lead to improved

assessments of enzyme activity. Instead, the enzyme-mediated catalysis of a MRI contrast

agent generates a difference in MR signal, which is measured as a Contrast-to-Noise Ratio

(CNR). This CNR may be measured using the difference in MRI signals between two tissues

with and without the enzyme, or the difference in MRI signals between an early time point

and a latter time point during the dynamic process of enzyme catalysis. Therefore, future

applications of ultra-high magnetic field strengths should exploit potential improvements in

CNR rather than only rely on improvements in SNR.

MR contrast mechanisms that depend on chemical shift can benefit from ultra-high magnetic

field strengths. For example, a higher magnetic field strength expands the MR chemical shift

scale in units of Hz, which can improve the precision of measuring small changes in

chemical shifts caused by enzyme catalysis. As another example, for a CEST agent to

generate CEST, the chemical exchange rate must be less than the chemical shift in units of
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Hz. Because chemical shifts in Hz scale with magnetic field strengths, ultra-high magnetic

field strengths provide opportunities to develop CEST agents with greater chemical

exchange rates. In particular, the chemical exchange rate of amine, hydroxyl, phosphate, and

sulfhydryl groups are often greater than their chemical shifts at current magnetic field

strengths, but may generate CEST at higher magnetic field strengths. Many enzymes

catalyze changes to these chemical groups, so that opportunities to detect changes to these

chemical groups via CEST MRI may expand the armamentarium of CEST agents for

enzyme detection.

Recent developments in imaging instrumentation and the chemistry of contrast agents have

created strong interest in multimodality imaging. Many examples have incorporated an

optical or photoacoustic imaging dye in an agent that can be detected by PET, SPECT, MRI,

MRS or ultrasound imaging, perhaps because of the mature chemical synthesis methods

developed for optical dyes.[82.83] Yet some multimodality imaging agents have been

developed for combinations of PET, SPECT, MRI, and ultrasound imaging. developed for

combinations of PET, SPECT, MRI, MRS and ultrasound imaging. The development of

bionanotechnology has also bolstered this field by providing nanocarriers that package

optical dyes and agents for other modalities.[84] These multimodality agents provide

opportunities to combine an enzyme-responsive MRI contrast agent with a “control” agent

for a different imaging modality that can account for pharmacokinetic delivery and other

environmental conditions that may affect the signal from the MRI contrast agent. This

comparison of the contrast changes from an enzyme-responsive agent and an unresponsive

control agent is critical for improving the specificity of in vivo enzyme detection.

Reporter gene imaging has greatly contributed to our understanding of in vivo genetic

expression in a variety of pathologies and biological processes.[85] Many examples of

reporter gene imaging rely on the expression of enzymes. Indeed, the popularity of

designing many responsive MRI contrast agents for detecting β-galactosidase and β-

lactamase is largely driven by the popularity of using these enzymes for reporter gene

imaging. Furthermore, the promiscuity of β-galactosidase provides flexibility in designing

substrates of MRI contrast agents. Yet all of the enzymes that are detected with MRI

contrast agents as presented in this review are capable of being used as reporter genes. Care

should be taken that expression of the enzyme does not change the pathology or biological

process, and that the MRI contrast agent has good specificity for detecting only the

expressed enzyme (e.g., the MMP-2 protease would be a poor choice for reporter gene

imaging due to these two conditions). Exploiting enzyme detection to explore gene

expression is an outstanding example of how multidisciplinary approaches that combine

chemistry and biochemistry, molecular and cell biology, physiology, radiology and

biomedical engineering can improve biomedical studies.

Summary and Outlook

To summarize, the many examples of enzyme-responsive MRI contrast agents can be

classified as T1 agents that change their water accessibility (7 agents); T1 agents that change

their rotational tumbling time (10 agents); T1 agents that change 19F relaxation time (3

agents); T2* agents that change their aggregation state (11 agents); CEST agents that change
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their chemical shift and chemical exchange rate (8 agents); and MR spectroscopy agents that

change their chemical shift (10) agents. Many of these contrast agents are designed to be a

platform technology with ligands that can be easily modified to detect new enzymes while

retaining the core structure of the agent. The designs and applications of many agents

require a multidisciplinary approach, which attests to the creativity and future outlook of this

research field.
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Figure 1.
Detecting enzyme activities through changes in T1 relaxation caused by alterations in water

accessibility. Top panel: The cleavage of a galactopyranosyl ring of the T1 contrast agent,

EgadMe, causes the inner sphere coordination site of the Gd3+ ion to become more

accessible to water. Middle panel: A space-filling molecular model illustrates the increased

accessibility of the Gd3+ ion (magenta) upon cleavage. Bottom Panel: Two living X. laevis

embryos were injected with EgadMe, and the embryo shown on the right was also injected

with β-galactosidase mRNA. The pseudocolor rendering of MR images shows that the signal

strength is 45–65% greater in the embryo containing β-galactosidase mRNA, demonstrating

the detection of β-galactosidase activity. Labeled anatomy: e, eye; c, cement gland; s,

somite; b, brachial arches. Reproduced with permission from (22).

Hingorani et al. Page 18

Chemistry. Author manuscript; available in PMC 2015 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Detecting enzyme activities through changes in T1 relaxation time caused by alterations in

rotational tumbling times. Top Panel: The contrast agent, hydroxytyraminyl-

glycylmethylDOTA [D-DOTA(Gd)]; Bottom Panel: Polymerization of the contrast agent by

perixodiase slows the rotational tumbling time of the agent, which causes a decrease in the

T1 relaxation time of the agent on a per-Gd basis. (C) MR images of the contrast agent at

various gadolinium concentrations in the presence of peroxidase (+ Px) or in the absence of

peroxidase (− Px) and hydrogen peroxide, demonstrating the detection of peroxidase

enzyme activity. Reproduced with permission from (31a).
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Figure 3.
Detecting enzyme activities via changes in T2 relaxation. Top Panel: A nanoassembly of

Gd-based contrast agents that are linked with DEVD peptides can be disaggregated

following DEVD peptide cleavage by caspase-3. Bottom Panel: The incubation of the

DEVD-linked nanoassembly with caspase-3 showed an increase in T2 relaxation time,

caused by disassembly. Incubation of the nanoassembly with the enzyme and a caspase-3

inhibitor further confirmed that this approach detected caspase-3 enzyme activity.

Reproduced with permission from (43a).
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Figure 4.
Detecting enzyme activities with CEST MR methods. (A): The cleavage of a peptidyl ligand

of a CEST agent, DEVD-amido-(Tm-DOTA), by caspase-3 converts an amide to an amine.

(B): The conjugation a CEST agent, Tm-DO3A-cadaverine, to a protein’s glutamine side

chain by TGase converts an amine to an amide. (C): The CEST spectra of DEVD-amido-

(Tm-DOTA) before (black) and after (gray) incubation with caspase-3 showed a decrease in

CEST at μ̵11 ppm and the appearance of CEST at +8 ppm. This appearance of CEST was

further confirmed by deconvoluting the CEST spectrum of the product (dashed line), which

confirmed the detection of caspase-3 enzyme activity. (D): The CEST spectra of a mixture

of albumin, Tm-DO3A-cadaverine and L-glutathione before (black) and after (gray)

incubation with TGase showed a decrease in CEST at +4.6 ppm and the appearance of

CEST at −9.2 ppm, which demonstrated detection of TGase activity. Reproduced with

permission from (55) and (53).
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Figure 5.
Detecting enzyme activities with MR spectroscopy. A series of 19F-NMR spectra were

acquired of OFPNPG in PBS (0.1M, pH 7.4, 600mL) before and after addition of β-

galactosidase. Rapid hydrolysis of OFPNPG to form OFPNP was monitored by observing a

new 19F-NMR signal for the aglycone, which was used to monitor the enzyme activity. The

chemical structures of OFPNPG and OFPNP are shown. Reproduced with permission from

(68).
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