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ABSTRACT: Chemical exchange saturation transfer (CEST)
is a new approach for generating magnetic resonance imaging
(MRI) contrast that allows monitoring of protein properties
in vivo. In this method, a radiofrequency pulse is used to
saturate the magnetization of specific protons on a target
molecule, which is then transferred to water protons via
chemical exchange and detected using MRI. One advantage
of CEST imaging is that the magnetizations of different
protons can be specifically saturated at different resonance
frequencies. This enables the detection of multiple targets
simultaneously in living tissue. We present here a CEST
MRI approach for detecting the activity of cytosine deami-
nase (CDase), an enzyme that catalyzes the deamination of
cytosine to uracil. Our findings suggest that metabolism of
two substrates of the enzyme, cytosine and S-fluorocytosine
(SEC), can be detected using saturation pulses targeted
specifically to protons at +2 ppm and +2.4 ppm (with
respect to water), respectively. Indeed, after deamination
by recombinant CDase, the CEST contrast disappears. In
addition, expression of the enzyme in three different cell
lines exhibiting different expression levels of CDase shows
good agreement with the CDase activity measured with
CEST MRI. Consequently, CDase activity was imaged with
high-resolution CEST MRI. These data demonstrate the
ability to detect enzyme activity based on proton exchange.
Consequently, CEST MRI has the potential to follow the
kinetics of multiple enzymes in real time in living tissue.

o study proteins and enzymes in their natural context in

living organisms, a noninvasive imaging technique with high
spatial and temporal resolution is required. Such resolution can
be achieved using magnetic resonance imaging (MRI), which has
been used extensively in the last two decades for anatomical,
functional, and dynamic imaging. Detection with MRI relies on
contrast in the MRI signal between the tissue of interest and its
surrounding tissue, which can be further enhanced by expression
of certain exogenous proteins that increase MRI contrast. Recently,
a new type of MRI contrast that relies on direct chemical exchange
of protons with bulk water has been developed. A variety of
organic molecules' " and lanthanide complexes’ ' possess-
ing protons that exchange rapidly with the surrounding water
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protons have been suggested as powerful new contrast agents.
These exchangeable protons can be “magnetically tagged” using a
radiofrequency saturation pulse applied at their resonance fre-
quency. The tagged protons exchange with the protons of
surrounding water molecules and consequently reduce the
MRI signal. This itself would not be visible at the low concentra-
tions of solute, but the exchanged protons are replaced with fresh,
unsaturated protons and the same saturation process is repeated.
After several seconds of this process, the effect becomes ampli-
fied, and very low concentrations of agents can be detected. Hence,
these agents are termed chemical exchange saturation transfer
(CEST) contrast agents. One main advantage of CEST MRI is
the possibility of generating MRI contrast using bio-organic
molecules such as polysaccharides (sugars), proteins, enzymes,
and substrates that can be noninvasively detected in tissue.>*""'*

CEST MRI was previously used to detect enzyme activity
using paramagnetic (PARACEST) substrates, which rely on a
shift in the water exchange frequency after the enzymatic
reaction.'”"*~'* Here we used the enzyme cytosine deaminase
(CDase) to demonstrate the feasibility of using CEST MRI as a
specific tool for noninvasive real-time imaging of enzyme activity
using metal-free bio-organic diamagnetic substrates (DIACEST).
CDase is expressed exclusively in bacteria and fungi as an important
part of the pyrimidine salvage pathway. CDase catalyzes the
conversion of cytosine to uracil through the removal of an amine
group, or “deamination”. It can also convert the prodrug S-fluoro-
cytosine (SFC) into the chemotherapeutic agent S-fluoro-
uracil (SFU), making it a promising enzyme/prodrug system
for cancer therapy.16 Because CDase activity is absent in mam-
malian cells, the administration of SFC is not likely to result in
significant toxicity to normal tissue. Since amine groups contain
two exchangeable protons, we hypothesized that deamination of
cytosine or SFC by CDase to generate uracil or SFU should be
detectable by CEST MRI (Figure 1).

We first determined whether CEST MRI could detect the CDase
substrates and products with sufficient sensitivity under physiologi-
cal conditions. We examined the CEST contrast generated by
cytosine, uracil, SFC, and SFU over a range of concentrations at
pH 7.4 and 37 °C. The solid lines in Figure 2a,b represent the CEST
spectra, in which the water proton signal is plotted as a function of
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Figure 1. (a) CDase catalyzes the deamination of cytosine and SFC to
uracil and SFU, respectively. (b) A frequency-selective saturation pulse is
applied to label the amine protons (cyan) of cytosine or SFC. The labeled
protons exchange with water protons, leading to a reduction in MRI signal
intensity in a frequency-selective manner, generating CEST contrast.
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Figure 2. CEST properties of cytosine, uracil, SFC, and SFU at 9.4 T,
pH 7.4,and 37 °C. (a, b) CEST spectra (solid lines) and MTR , plots
(dashed lines) of 40 mM (a) cytosine (red) and uracil (blue) and (b)
SFC (red) and SFU (blue). Arrows point to the maximal MTR . (¢,
d) Concentration dependences of MTRy, at 2 ppm and 2.4 ppm are
shown for (c) cytosine and uracil and (d) SFC and SFU, respectively.

saturation frequency. The dashed lines represent plots of MTR gy, @
measure of CEST contrast defined by MTR 5, = (S~ Aw _ Aw) /So,
in Wthh S and S are the MRI signal intensities after saturation

—Aw and +Aw, where Aw is the frequency offset from the water
proton frequency (set at 0 ppm by convention), and S, is the intensity
in the absence of a saturation pulse. The maximal MTR,, values for
cytosine and SFC were obtained at offsets of +2 ppm and +2.4 ppm,
respectively. In contrast, uracil and SFU, which do not have an NH,
group, showed only limited and non-frequency-specific MTR gy, that
is probably due to the rapidly exchanging 1- or 3-imino NH protons,
although this has not been confirmed. Figure 2c,d shows the dynamic
range of these substrate concentrations that can be detected with
CEST MRI. These findings indicate that CEST MRI is suitable for
monitoring the deamination of cytosine and SFC.

We determined the exchange rate (ko) of the amine protons of
cytosine to be 8 1 x 10” Hz by measuring MTR gy, as a function of
saturation time” (Figure Sla in the Supporhng Information). This was
in good agreement with the value of 9.3 x 10” Hz determined using an
alternatwe approach, the frequency-labeled exchange (FLEX) transfer
method'” (Figure S2). For the amine proton of SEC, ke, was found
to be 1.8 x 10° Hz (Figure S1b). For both cytosine and SFC, k.,
is on the order of magnitude of the frequency difference with
water (Aw), in the intermediate exchange range. Notably, CEST
can stlll detect such rapidly exchanging protons, such as OH
groups,” as long as some partial saturation can be achieved while the
proton is at the correct frequency. This is an advantage over
conventional MRI, where it would not be detectable.

gne 0.8up eude COuse
(a) Mamnr TK cD (bté?’ o w - I:'\’m 0.075ug cude COsss
& o
B — 0D 5 @ ﬂ‘,_/‘s/;:u:«:w
Ko - g 4 Vnwf[//q
[ =4
— 8 £ BFC+ 0,075 cnvdo COase

0

Incubation time (hnurs}
{d) MTRasym map at 2.4 ppm

Figure 3. Monitoring of recombinant CDase activity using CEST MRL
(a) Western blot using an anti-six-histidine-tag antibody of protein extracts
from E. coli engineered to express CD or HSV1-tk (TK). (b) Deamination
of cytosine and SFC (20 mM) by crude CDase extracts measured using
CEST MRI at 37 °C and 94T. Conversion was quantified as (1 —
MTR/MTR,,) X 100%, where MTR ., and MTR{,,, are the
contrasts at time t and at t = 0, respectively. (c, d) Maps and statistical
analysis (two-tailed unpaired Student’s £ test; n = 3) of 20 mM (c) cytosine
and (d) SFC incubated with CDase (0.6 ug crude protein) for 24 h.

Next, we evaluated the detection of recombinant CDase
activity with CEST MRI. The gene encoding the Escherichia coli
CDase (CodA) was cloned into an expression vector (pEXPS-
CT; Invitrogen) in a reading frame with a six-histidine C-term-
inal tag under the regulation of the T7 promoter. The gene
encoding the herpes simplex virus type-1 thymidine kinase
(HSV1-tk) was used as a control. Both enzymes were over-
expressed in E. coli (BL21), and a crude protein extract was used
to measure enzymatic activity with MRIL. As shown in Figure 3b,
with recombinant CDase, substrate conversions could be mea-
sured for both cytosine and SFC. Figure 3¢,d demonstrates that
the reduction in MTRqp, in the presence of CDase is signifi-
cantly larger than that in the presence of the control enzyme
HSV1-tk. While the conversion of cytosine was nearly complete
after 24 h, this was not the case for SFC. This can be attributed to
the lower specificity of CDase toward SFC relative to its natural
substrate cytosine.18 A slight reduction in MTR,¢m was also
observed in the extract containing recombinant HSV1-tk, possi-
bly resulting from endogenous CDase activity.

Therefore, we tested the CDase activity in mammalian cells
that do not express endogenous CDase. A lentivirus that encodes
CDase under the CMV promoter was constructed. The lentivirus
was used to transduce three different cell lines in culture. As
shown in Figure 4a, the cell lines expressed different levels of
CDase. Human embryonic kidney (HEK293FT) cells expressed
the highest amount, 9L rat glioma expressed an intermediate
level, and C17.2 mouse neural stem cells failed to express the
enzyme at a detectable level.

For each cell type, the same number of transduced or
untransduced [wﬂd -type (WT)] cells were plated (5.6 x 10°
HEK293FT, 10° 9L, and 1.4 x 10° C17.2 cells). Fresh culture
medium containing 7 mM cytosine or 10 mM SFC was added to
the cells, and 50 uL of the culture medium was collected at different
time points up to 48 h and measured with CEST MRI in capillaries,
as described previously."® Figure 4b demonstrates a significant
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Figure 4. Detection of CDase in mammalian cells. (a) Western blot of
wild-type (WT) or CDase-transduced HEK293FT (293), 9L, and C17.2
cells stained with anti-CDase and anti-$-actin for total protein. (b)
MTRym of the supernatant of culture media of HEK293FT cells trans-
duced with CD (CD-293) or control (WT-293) collected at different time
points after incubation with 7 mM cytosine. (c, d) MTR,,m, of the culture
media 24 h after incubation with (c) 7 mM cytosine and (d) 10 mM SFC at
2.0 and 2.4 ppm, respectively. In (c) and (d), WT and CD represent
transduced and nontransduced cells respectively. * indicates p < 0.05 and **
indicates p < 0.01 (two-tailed unpaired Student’s f test).

difference in MTR gy, for transduced and nontransduced HEK-
293FT cells as early as 4 h after incubation with 7 mM cytosine.
This is in good agreement with the high expression level of
CDase by those cells. In contrast, for cells treated with 10 mM
SFC, a significant difference in MTR y,, Was observed only after
24 h (Figure S3). Figure 4b shows an initial increase in MTR 5y,
at the initial time points. We tentatively attribute this to small
changes in the ratio of enzyme to substrate, which may be the
result of a reduction in the volume of the solution due to the
sampling methods or of evaporation of minute amounts of the
medium over time. Alternatively, changes in the pH of the cell
culture medium may affect MTRqy,. Nevertheless, the experi-
mental results show a significant difference between CDase-
expressing cells and the controls, indicating the ability to monitor
enzyme activity directly. Figure 4c,d shows the difference in
MTR y, for all cell lines after 24 h of incubation with cytosine
and SFC, respectively. At this time point, the HEK293FT cells
showed a significant difference in MTR gy, for both cytosine and
SEC. The 9L cells, which exhibited an intermediate expression
level of CDase, showed a moderate reduction of MTRqp,
only for cytosine but not for SFC. The C17.2 cells, which
had undetectable CDase expression, showed no difference in
MTR 5y at this time point. (A complete time course of CEST
MR], validation with '’F-MR spectroscopy, and a cell viability
assay can be found in Figures S3—SS.)

Immunoprotected cells have been evaluated as a new therapeutic
alternative, for example, for pancreatic islet cell replacement in
diabetic patients. In this approach, cells are encapsulated with alginate
that enables passage of essential factors (e.g, nutrients and insulin)
but protects cells from attack by the body’s immune system. Several
methods for monitoring encagsulated cells after transplantation have
been successfully developed.” > Nevertheless, a noninvasive meth-
od for visualizing the viability of the transplant would be highly
beneficial. In order to evaluate the feasibility of this method in cells,
we encapsulated HEK293FT expressing CDase or nonexpressing
control cells. As shown in Figure S, upon incubation with SFC, only
the CDase-expressing cells (CD-293) showed conversion of SFC
(initial concentration of 30 mM) within the first 3 h. On the basis

Figure S. Imaging of cellular enzyme activity: CEST MRI of HEK293FT
cells transduced with CDase (CD-293) or control cells (WT-293) en-
capsulated within alginate (200—300 cells per microcapsule). (a) High-
resolution MR image (90 X 50 um, left) with corresponding microscopy
(right). Scale bars = 400 um. (b) Conversion map overlaid on T2-weighted
images, clearly showing that CD-293 cells but not WT-293 cells effectively
converted SFC to SFU with a concurrent change in CEST signal.

of the cytotoxic mechanism of SFU, it is unlikely that there is a
contribution of cell death to the change in MTR .. These findings
indicate that CDase activity can be imaged at the macrocellular level
in 3D culture. In addition, the CDase may be used not only to
monitor the transplant viability but also as a suicide gene that can be
used to eradicate transplanted cells in case of tumorigenic transfor-
mation of the transplanted cells.**

This study demonstrates that the activity of the enzyme CDase
can be monitored using CEST MRI. Previously, such detection
was possible using 'F NMR spectroscopy” and '°F NMR spectro-
scopic imaging,”® which rely on a change in chemical shift upon
conversion of SFC to SFU. One advantage of using CEST MRI is
that there is no need to use a toxic prodrug (SFC). Instead, the
CDase’s natural substrate, cytosine, can be used for imaging.
This allows repetitive measurements and the use of CDase as a
reporter gene. Another advantage is that CEST MRI can be
used to monitor multiple enzymes simultaneously as long as
their substrates have exchangeable protons that resonate
at distinct frequencies. This property is relevant for studying
gene networks, for example, in signal transduction cascade
pathways.

An additional potential application may be real-time monitor-
ing of the efliciency of therapeutic gene delivery and expression.
As CDase has already entered the clinic for cancer gene therapy,””
such real-time monitoring may aid in predicting treatment out-
comes. Since different cells or tumors may express differential
levels of CDase, different patients may respond differently. Hence,
real-time monitoring of enzymatic activity by CEST MRI could
guide personalized medicine. Nevertheless, before this method
can be fully translated, several hurdles must be overcome.
Among these is optimization of the sensitivity of the substrates.
The sensitivity in vivo depends on the expression levels of the
enzyme, the cell density, and accessibility of the substrate to the
CDase-expressing cells. Our in vitro data indicate that recom-
binant CDase from 10° mammalian cells is sufficient to reduce
MTRym, significantly upon incubation with 7 mM cytosine or
10 mM SEC. This number of cells is on the same order of
magnitude as that used in cell-mediated CDase cancer gene
therapy in vivo studies.”® The signal-to-noise ratio (SNR) of
CEST MRI is ~80, which is less than the SNR of 160 for '°F NMR
(Figures S3 and S4 and Table S1). However, for the same level of
CDase expressed by 9L cells, a relative change in MTR gy, of 12%
was observed after 48 h incubation with SFC, compared with an
8.5% change measured using '’F NMR. With cytosine as the
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substrate under the same conditions, a much higher change (i,
50%) was observed with CEST MRI. Thus, the sensitivity of CEST
MRI is comparable to that of conventional '’F NMR.>

A change of >5% in MTR g, was detected from 200—300
cells encapsulated in each 400—500 um diameter alginate bead.
As a 3D multicellular sgheroid with a diameter of 300 um
consists of 3900 cells,”” CEST MRI is expected to allow
measurement of CDase activity even when only 5—10% of the
cells express the enzyme. Taken together, these results show that
the present CEST MRI approach is expected to be sufliciently
sensitive for future preclinical or clinical applications.

In addition, CEST contrast is highly dependent on the exchange
rate,*® which can be modified using chemical modifications. This
would be aimed toward increasing MTR ., of the amine protons as
well as the imino protons. The latter can be achieved by reducing the
exchange rate at physiological pH, which may produce CEST
contrast at 5—6 ppm. This would allow reduction of the applied
B1, thereby decreasing the background from endogenous magne-
tization transfer effects as well as from direct water saturation.
Shortening the image acquisition time is also required for improving
the temporal resolution, which would allow more accurate dynamic
measurement of the enzyme activity. Moreover, the enzyme turn-
over rate for substrates can be improved using genetic manipula-
tions. The turnover rate was significantly improved when the entire
gene®" or just its active site> was subjected to directed evolution. It
is noteworthy that T2 exchange effects may cause CEST agents to
behave as T2 agents, resulting in darkening of the irnage.33 However,
this is not a problem for the current agents at the low concentrations
used and the chemical shift difference for these DIACEST agents.
Finally, the detection may be improved by controlling the levels of
the agents, for example by sustained release.**

In summary, we have demonstrated that CEST MRI, a novel
approach for producing contrast based on proton exchange, can
be used for direct real-time monitoring of CDase activity.
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