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Strategies for optimizing enzyme/prodrug therapy are an active Scheme 1. Synthetic Procedure for bCD—PLL 1 Conjugate
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pptimal time-window for prodrug injectiqn is therfefore of utmost Table 1. Kinetic Values of bCD and bCD—PLL 12
importance for success of these strategies. Imaging the delivery of - -

a drug-activating enzyme would be ideal to optimize the timing of Cytosine (S-Fluorocytosine)

prodrug delivery. Here we report the first drug-activating enzyme Kan keat® Keadl K specific activity

functionalized with multimodal imaging reporters to provide image- (mM) ) (MM7s  (@molmin*mg ) RS’

guided delivery of a prodrug. bCD® 0.19(3.9) 185(71) 973(18) 14458 0.018
10 0.16 (3.7) 148 (74) 925 (20) 12161)F 0.021

Cytosine deaminase converts the nontoxic prodrug 5-fluoro-
cyto'_sme (5FC)_to the anti-cancer drug 5-f|u_o_rouraC|I (5RBFU aDetermined in 50 mM Tris buffer, pH 7.5 at 25C.° Protein
and its metabolites, such as 5-fluorodeoxyuridih@bnophosphate  concentration was measured from the absorbance of bCD monegaer (
(5-FAUMP), can ultimately lead to the inhibition of DNA synthekis. = 76 mM~* cm™). € ks values were calculated using the equatien=

; : ; ; Vimaf[E]. Assays are described in SiDetermined in 0.5 mM cytosine.
In this work, bacterial cytosine deaminase (bCD) was chosen aseDetermined in 9.6 mM 5FC.Relative specificities (R.S.) were calculated

the therapeutic enzyme due to its high enzymatic stalSilRply- using the equationkfa/Km(5FC))/[KealKm(Cytosine)+ keafKm(5FC)].
L-lysine (PLL) M, = 5.6 kD) was selected as a carrier of the
imaging reporters because it is biodegradable and its extended120 000 M1 cm™1). The averag®l,, values of bCD-PLL and bCD
random coil conformation may facilitate the extravasation of the were determined as 345 and 302 kDa by size-exclusion chroma-
conjugate into the tumor interstitiufPLL was functionalized with tography (see Sl). Effluent peaks of bEPLL with identical
Gd**—DOTA and rhodamine to dynamically monitor in vivo V4V, values ¥, = elution volume;V, = void volume) were
distribution of bCD by either MRI or optical imaging. Rhodamine  observed by monitoring the absorbance at 279 (bCD) and 572 nm
can also track the enzyme in excised tissue. Biotins grafted on PLL (rhodamine) in separate experiments, which validated b2DL
allow the rapid clearance of the bGIPLL conjugate from as a covalent complex (Figure S2). A narrow molecular size
circulation by using avidin chase without affecting the extravasated distribution of bCB-PLL was detected by dynamic light scattering
material? Additionally, the conversion of 5FC to 5FU can be (DLS) with an average hydrodynamic radius of 9.4 nm (Figure S3),
detected noninvasively in vivo with’F MR spectroscop§.The which is beneficial for its extravasation into the tumioThe
resulting bCD-PLL conjugate i, > 300 kDa) is expected to  conjugation of rhodamine to PLL resulted in a slight red shift of
extravasate into the tumor interstitium but not normal tissues due the emission spectrum centered at 590 nm (Figure S5). The water
to the high permeability of tumor vasculatire. proton longitudinal relaxivities;y,, of compoundd and bCD-PLL

The synthesis of the bCBPLL 1 is outlined in Scheme 1. at 4.7 T, 25°C, were measured as 5.8 and 8.6 nid-Y/Gd* ion
Briefly, treatment of NHS esters of rhodamine, biotin, and DOTA at pH 7.4 (Figure S6). In comparison with the clinically used MRI
with PLL, respectively, gav8. After complexation with G&", a contrast agents, such as G&¢DOTA (rip = 4.3 mM s71), the
maleimide moiety was introduced to gi%e The molar equivalent substantially increased, of bCD—PLL can be attributed to the

ratios of rhodamine, biotin, and Gd-DOTA to PLL in 4 were augmentation of the rotational correlation lifetimg of Gd®*
determined as 0.8:1, 3:1, and 14:1, respectively (see Supportingchelates upon attachment to the bulky bCD hexather.
Information (SI)). A bCD cDNA vectdP was used for producing The kinetic values of bCBPLL to the substrates cytosine and

the bCD protein in large quantities from transforntestherichia 5-fluorocytosine (5FC) were assayed by monitoring the absorbance
coli cultures. A sulfhydryl group was specifically introduced to the variation of cytosineAege = —0.68 mM~1 cm~1) and 5FC [ezg7
N-terminal of the bCD protein at pH 7.0 in two steps. The coupling = —0.41 mM cm™1).11 The data were transformed into linear
betweerb and7 gave bCB-PLL 1. The ratio of the bCD hexamer  Woolf plots!? from which K, and k.5t Were obtained (Table 1).

to PLL in 1 was determined as 1:1.1 by measuring the absorbanceThe bCD-PLL exhibited similarKy, values to both substrates as
of bCD subunits€z79= 76 000 M1 cm™*) and rhodamineet;, = bCD, indicating that conjugation of bCD to PLL did not compro-
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Figure 1. (A) In vitro cytotoxicity of bCD, PLL, and bCB-PLL in a human
breast cancer cell line, MDA-MB-231, acquired from an MTT assay at a
dose of 4.3:M that will be used for in vivo studies. Standard deviations
are shown with error bars1(= 4); xx indicates statistical significance at
levels ofp < 0.01 for the PLL or bCD versus control. (B) Internalization
of bCD—PLL within MDA-MB-231 cells after treatment with bCBPLL
(100 ng/mL) for 30 min. Rhodamine fluorescence is shown in red, and
nuclei counterstained with DAPI are displayed in blue.
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Figure 2. (A) Relative cell viability of MDA-MB-231 cells after incubation
with therapeutic enzyme (0.18M) for 0—72 h following additional 5 day
treatment with prodrug 5FC (1.5 mg/mL). (B) Dynamic enzymatic activity
of bCD and bCD-PLL in fresh mouse serum at 3€. Enzymatic activity
was measured in 0.5 mM cytosine, Tris-HCI (50 mM), pH 7.5,°25
Standard deviations are shown with error bars=(4).
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mise its enzymatic activity. In fact, compared to bCD, b&PLL
demonstrated a slightly increased preference to 5FC relative to
cytosine with highek:,;andk.o/Kn, values. The relative enzymatic
specificity*! of bCD—PLL to 5FC was determined to be 0.021,
while the value was 0.018 for bCD.

The cytotoxicity of bCD-PLL in a human breast cancer cell
line, MDA-MB-231, was studied using an MTT ass&yThe

concentrations used were derived from estimates to generate 165 @)

mg/kg of 5FU typically used to treat experimental tumors in Vito.
Both PLL and bCD exhibited moderate toxicity with a relative cell
viability of 84 and 82% after 5 days incubation (Figure 1A), whereas
no obvious cytotoxicity was detected for b€PLL. Fluorescence
microscopy showed that bCEPLL can be internalized by MDA-
MB-231 cells efficiently even after a 30 min treatment (Figure 1B).
The PLL moiety may facilitate the cell uptake of bEPLL through
polycation-mediated endocytosfs.

The enzymatic stability of bCBPLL was tested on cultured
tumor cells. Briefly, MDA-MB-231 cells were incubated with
various concentrations (0.33.3 uM) of bCD—PLL for 0, 2, 8,

24, 48, and 72 h before the addition of 5FC. At the end of 5 days
of prodrug treatment, the relative cell viabilities were evaluated
(Figure S8). The bCBPLL remained capable of converting
sufficient 5FC to 5FU to cause 90% cell death at all concentrations
(0.13-4.3 uM) and incubation periods (072 h). However, bCD
exhibited enzymatic stability lower than that of bCD-PLL as
indicated by the increased cell viability observed at the longer time
points with low bCD concentrations (Figure 2A). The enzymatic
stability of bCD-PLL was further studied in fresh mouse serum
at 37°C (Figure 2B). Significantly, while bCD lost about 60% of
its cytosine metabolizing capability in the initial 20 h incubation,

the activity of bCD-PLL remained nearly unaffected throughout
the remaining 4 day incubation. We hypothesize that, like poly-
(ethylene glycol) (PEGY® the attached polylysine in bCGEPLL

may produce a steric exclusion space that prevents the proteolysis
of bCD by proteases such as cathepsins and matrix metallopro-
teinases (MMPs) that are overexpressed in highly invasive cancer
cell lines, such as MDA-MB-23%"

In summary, we have developed a novel cancer therapeutic
enzyme labeled with multimodal imaging reporters demonstrating
high relaxivity, low cytotoxicity, improved enzymatic specificity
to prodrug, efficient cell uptake, and high enzymatic stability in
serum as well as in breast cancer cell culture. This conjugate is the
first prototype for noninvasive image-guided enzyme/prodrug cancer
therapy. In vivo studies of this conjugate in tumor xenograft models
are currently underway.
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