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Abstract

We present an autocatalytic system for the detection and amplification of thiols termed the
methionase chain reaction (MCR). MCR is based on the reversible modification of the thiol
producing enzyme methionine gamma-lyase (MGL). MCR was able to amplify the concentration
of thiols by a factor of 560 and was able to visually detect thiols at concentrations as low as 50
nM.

Graphical Abstract
The methionase chain reaction is developed; thiols are detected at nanomolar concentrations
through the autocatalytic reactivation of methionine gamma-lyase.
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Autocatalytic amplification systems have the potential to revolutionize the development of
diagnostics by amplifying small amounts of analyte into concentrations that can be detected.
1 For instance, the polymerase chain reaction (PCR) amplifies DNA and is the gold standard
for autocatalytic amplification systems.2 Though useful for a wide variety of applications,
PCR is restricted to the detection of nucleic acids.3 Developing auto-catalytic amplification
systems that can amplify non-nucleic acids has been challenging, due to the lack of chemical
systems that have autocatalytic properties.
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Motivated by the utility of such systems, researchers have developed several elegant
chemical systems that exhibit self-amplifying behavior, which have been based upon the
reversible activation of caged compounds.1# For example, Shabat, et. al., developed a
boronate-based amplification system that amplifies the concentration of hydrogen peroxide.>
This amplification system, termed the Dendritic Chain Reaction, was able to convert 5 uM
hydrogen peroxide into 500 pM of a signal molecule (4-nitroaniline) in around 40 minutes.
Similarly, Anslyn, et. al. developed an autocatalytic amplification system that amplifies the
concentration of thiol-containing compounds.® This amplification system was able to
amplify 3.2 uM of thiol to 160 pM in around 40 minutes. Both of these systems had a limit
of detection in the range of 1-10 uM of their analyte molecule.

A drawback of these chemical-based amplification systems is their high limit of detection.
Chemical systems are limited by the stoichiometry of their reaction cascade. Enzyme-based
systems, however, can produce many signal molecules per enzyme, due to their ability to
rapidly turn over their substrate.” Despite their potential, autocatalytic amplification
strategies that are based on enzymatic catalysis have not been developed to our knowledge.

In this report, we present an enzyme-based autocatalytic system for the amplification of
thiols, termed the Methionase Chain Reaction (MCR). The mechanism by which MCR
amplifies thiols is shown in Figure 1 and is based upon the reversible inhibition of the
enzyme methionine gamma-lyase (MGL). MGL, an enzyme from Pseudomonas putida, is an
ideal enzyme for developing autocatalytic amplification systems because it produces
methanethiol by catalyzing the hydrolysis of methionine.8 In addition, the active site of
MGL contains a cysteine (Cys-116), which is essential for activity.10

The MCR amplification system is composed of MGL that has been inactivated with a
disulfide at Cys-116, termed MGL*, and methionine. In the presence of a thiol target
analyte, a small fraction of the MGL™* becomes uncaged through a thiol-disulfide exchange
reaction. This small fraction of reactivated MGL turns over its substrate methionine and
produces methanethiol. Methanethiol then activates additional MGL* via thiol-disulfide
exchange. This generates an auto-catalytic loop where the activated MGL generates
methanethiol and the methanethiol generates more activated MGL. At the completion of the
amplification cascade the generated methanethiol is assayed colorimetrically by the addition
of DTNB (5,5’-dithiobis-(2-nitrobenzoic acid), which allows for instrument-free detection.11
To our knowledge, this is the first example of a signal amplification system based upon the
autocatalytic reactivation of an enzyme.

The inactive MGL* is the key reagent in the Methionase Chain Reaction (Fig. 1). We began
by testing whether the formation of a disulfide on MGL would diminish its activity. MGL
was expressed in £. coliand purified via a nickel column as has been done previously.
10.12.13 caged MGL* was synthesized by reacting MGL with a 20x molar excess of DTNB
(Fig. 2a).14 Successful reaction of MGL Cys-116 with DTNB was confirmed using whole
protein ESI-MS (ESIt Fig. S4), as well as by enzymatic activity. We measured the catalytic
rate of MGL*, using a 100 nM solution of MGL* with 10 mM methionine. As seen in
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Figure 2b, introducing a bulky disulfide at Cys-116 inhibits methionase activity. We
therefore used MGL* as a platform for developing the MCR. For further experiments,
MGL* was purified from excess DTNB by dialysis (for methods, see ESIt 1.1-1.6).

In order for the MGL* to be used in an autocatalytic system, it has to regain its activity upon
deprotection of Cys-116, and be capable of activating other caged MGL*. We tested whether
MGL* could be reactivated when mixed with a small amount of active MGL in the presence
of methionine. Therefore, to a 500 nM solution of MGL* was added a low concentration of
active MGL (5-50 nM) and methionine (10 mM) and the combined activity of the sample
was assayed. These starting conditions are representative of the autocatalytic scheme after a
small amount of enzyme is reactivated by analyte thiol. The final signal for samples
containing MGL™* spiked with MGL were significantly higher than those with either MGL
or MGL* alone (Fig. 3). This suggests that the methanethiol formed from the low amount of
free MGL present does in fact reactivate the rest of the MGL*. This demonstrates the MCR
exhibits autocatalytic behavior as predicted by the mechanism of the system.

To further analyze the autocatalytic nature of the MCR, we define an amplification
efficiency n,mp- This efficiency refers to the number of measurable signal molecules (in this
case, methanethiol) achieved for every enzyme directly activated by the target analyte. This
does not include enzymes activated later in the autocatalytic cascade.

[ Signal Molecules ]

lamp = TEnzyme Activated |

For a traditional amplification system utilizing an enzymatic reaction, the amplification
efficiency is limited by the substrate turnover of the activated enzyme.1® Therefore, in
traditional (i.e. not autocatalytic) enzyme amplification systems, the amplification efficiency
can be described as:

famp < Kcat!

For an autocatalytic system, however, the amplification efficiency can exceed this value. In
an autocatalytic system, active enzymes will activate additional caged enzymes, in addition
to creating signal by their enzymatic reaction. This is consistent with what we see in our
system where:

Hamp > Kcat!

Due to the autocatalytic nature of the MCR, the amplification efficiency, 7,mp, is a nonlinear
function of both initial MGL concentration ([MGL]g), and time (t). We calculated the
amplification efficiency from the data in Fig. 3 as the difference between the amount of
methanethiol generated in the sample and in the negative control, divided by the
concentration of free MGL at the start of the assay. The data described in Figure 3b show
that free MGL at a concentration of 5 nM produces a final thiol concentration of 42 uM over
background, which gives an amplification efficiency of 8400. In the same time span, 5 nM
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of MGL alone would only produce 1.5 uM of methanethiol (Fig 3b). Our system displays
signal amplification with clear advantages over traditional enzyme-based assays, namely that
it is not limited by substrate turnover.

To show the thiol limit of detection, the MCR was used to amplify the concentration of
dithiothreitol (DTT). A 500 nM solution of MGL* was added to 100 pL of DTT solutions at
variable concentrations, followed by incubation at 37 °C for 30 minutes. Methionine was
then added at a 10 mM final concentration, and the resulting amount of methanethiol
generated was determined by DTNB after 20 minutes. DTT concentrations between 1-1000
nM were investigated. These concentrations of DTT are undetectable by DTNB, which has a
thiol detection limit on the order of 10 pM.

Figure 4b demonstrates that MGL* can amplify the concentration of thiols. For example,
MGL™* was able to amplify a 100 nM concentration of thiol into a 56 M concentration
above background, within 20 minutes. We quantified the overall efficiency of the system,
which was defined as the ratio between the concentration of methanethiol assayed
(subtracting the concentration in negative controls) and the concentration of thiol initially in
the system (DTT concentration). We define this overall amplification efficiency, 7, to be
the concentration of signal molecules produced by the system, divided by the concentration
of analyte molecules being measured:

[Signal Molecules]

Mot = [Analyte Molecules]

This efficiency peaked at a DTT concentration of 100 nM, with an overall efficiency (7;,,) of
560.

In addition, Figure 4c demonstrates that the DTNB signal is proportional to the logarithm of
the DTT concentration, providing a method to interpolate and quantify the concentration of
unknown samples. Therefore, it is possible the MCR can be used for the measurement of
low thiol concentrations in addition to their detection. This behavior is predicted by the
model of the system described in the Electronic Supplemental Information (Fig. S5-6)t.
This suggests that the system follows the mechanism described in Fig. 1. We can see that
this efficiency when activating the system with thiols (7,,,=560) is much lower than when
activating with active MGL (7,,,2=8600). This result suggests that a limiting factor for this
system is the reactivation of caged MGL*. To examine this, we define the activation
efficiency (7,7 as the ratio between the number of enzymes activated by the target analyte
and the initial number of target analytes present.

_ [Enzyme Activated]
Mact = [Analyte Molecules]

Comparing this definition to those of ngmp and nyt,

Nitot = Mact Mamp

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 14.
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We examined the activation efficiency by comparing the overall efficiency obtained in Fig. 4
and the amplification efficiency obtained in Fig. 3. It can be seen that MGL*, in the presence
of 5nM of active MGL, produces a large amount of methanethiol (42 uM over background).
To achieve the same signal by activating MGL* with DTT, a DTT concentration of 80 nM is
required. This suggests that 80 nM of DTT can only activate 5 nM (~6% of maximum) of
MGL* in the 30-minute incubation period (i.e 7,,:=0.06). This low efficiency is reasonable
as the activation of MGL* follows second-order disulfide exchange kinetics, which will be
slow at low concentrations of MGL* and DTT.16

In this report we describe the Methionase Chain Reaction and show its function as an
autocatalytic amplification system. MGL* was able to amplify the thiol analyte signal by a
factor of 500-600. This amplification efficiency is considerably higher than previously
reported small molecule-based autocatalytic systems. The limit of detection of our system
for DTT was 50 nM, which is around two orders of magnitude below the limits of detection
of small-molecule systems. Both of these results confirm our hypothesis that enzyme-based
autocatalytic systems have significant advantages over chemical-based systems.

We anticipate that the MCR system is limited by the incomplete inactivation of the caged
MGL*, as even a 0.1-0.01% level of residual activity in MGL* will cause reactivation of the
MGL due to the auto-catalytic nature of the amplification system. The methanethiol
produced by this residual catalytic activity will then be amplified exponentially by the
system. As the concentration of [MGL]q becomes very low, the amplified background signal
begins to dominate the system, making the absorbance between sample and control wells
difficult to distinguish, greatly diminishing the signal-to-noise ratio. Spontaneous
reactivation is commonly encountered in other autocatalytic systems, and generally limits
the capability of these systems.>6

One possible factor in reducing the background signal of this system is the caging group
used to block activity. Of the four different caging disulfides tested, MGL caged with a TNB
disulfide (as shown in Fig. 2a) demonstrated the highest signal to background ratio (ESIt
Fig. S14). It appears that larger caging groups produce lower background. It may be the case
that larger molecules are better at blocking the substrate methionine from entering the active
site of MGL. Regardless, it is demonstrated that the caging agent is an important factor
when designing a system such as this. As of now, TNB is the most effective blocking group
for MGL* with respect to the signal-to-background ratio.

In this study, DTT is used as a model thiol. However we predict the system can work with
other thiol-containing molecules. The detection of thiols at low levels has a wide variety of
potential applications. Thiol-sensing systems have been employed in the detection of
chemical warfare agents such as VX.617 Additionally, substrate probes that release thiols
upon hydrolysis by enzymes show promise in diagnostics for antibiotic resistance.18 The
detection of hydrogen sulfide would allow early detection of sulfate-reducing bacteria, a
common environmental contaminant in well water.1® The MCR is able to detect hydrogen
sulfide (ESIT Fig. S15), albeit with a higher limit of detection (100 nM) and lower
amplification efficiency compared to DTT, suggesting the MCR may detects a variety of
target thiols.

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 14.
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In conclusion, we demonstrate that autocatalytic amplification systems can be developed
based upon the reversible chemical modification of enzymes. Additionally, we have defined
two factors that lead to the overall efficiency of the system: the activation efficiency and the
amplification efficiency. Finally, we have identified the amplification of background signal
as the key barrier that limits the detection sensitivity of enzyme autocatalytic amplification
systems. The results shown in this report demonstrate that autocatalytic reactivation of
enzymes can be used for signal amplification of analytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Dgscription of the Methionase Chain Reaction (MCR). The system consists of disulfide-
caged methionine gamma-lyase (MGL*) and methionine. MGL* is initially inactive, and
will not catalyze the hydrolysis of methionine. A thiol-containing analyte present at low
concentrations acts as a trigger to the system. A small fraction of the caged MGL* will
become reactivated by the thiol via thiol-disulfide exchange. Active MGL then produces
methanethiol from methionine through its enzymatic activity. Some of the produced
methanethiol will further reactivate MGL*. This produces a positive feedback loop in which

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 14.
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all caged enzymes are eventually activated. The reactivated enzymes then produce a large
amount of methanethiol, which is assayed colorimetrically.

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 14.
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Fig. 2.

MGL activity is significantly reduced by the formation of a disulfide. (a) Reaction scheme in
which expressed MGL is incubated with 20x DTNB to create caged MGL*. (b) MGL in the
presence of excess DTNB shows very little catalytic activity compared to its native activity.
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Fig. 3.

Aiolution of caged 500nM MGL* spiked with low concentrations of active MGL in the
presence of methionine leads to autocatalytic activation of MGL*. a) (I) MGL* gives a low
signal due to its activity being inhibited by DTNB. (I1) Active MGL gives a low thiol signal
due to its low concentration. (I11) When MGL* is spiked with active MGL, the thiol
produced by active MGL further activates MGL*, triggering an autocatalytic cascade. b)
Both MGL* (500 nM) and low concentrations of MGL produce low thiol signals (blue and
red bars respectively). However, when combined, the signal is significantly amplified
(yellow bar), demonstrating the autocatalytic cascade predicted in Fig. 1 occurs.
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Fig. 4.

MGL* can amplify low concentrations of thiol. (a) DTT can reduce the disulfide bond
formed in MGL*, reactivating the enzyme. Active enzyme produces methanethiol, which
reduces additional MGL*, causing autocatalytic amplification of thiols. (b) Signal generated
by the MCR is dependent on initial analyte concentration. Concentrations as low as 50 nM
DTT can be detected by this method. The MCR provides a visually detectable readout.
Visual detection of 100 nM DTT is shown. (c) A logarithmic relationship between the

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adams et al.

Page 12

concentration of DTT and the signal generated is seen. This is consistent with behavior
described by the model of this system (see ESIT Fig. S5-6).
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