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Genetic engineering of fluorescent reporters has been indis-
pensable for the decryption of biological complexity, and a 
broad palette of spectrally orthogonal, genetically encoded 

reporters is in routine use1. Nonetheless, light absorbance and scat-
tering in live tissues have blocked the application of fluorescent 
reporters to intact organs and animals, which requires that tissues 
be subjected to clarification postmortem2. Magnetic resonance 
imaging (MRI) is an attractive alternative to deep-tissue imaging in 
which noninvasive spatial maps of reporter-gene expression can be 
overlaid on high-resolution anatomical views of the same subject3–11. 
Although genetically reconstituted bacterial protein-based gas 
vesicles were shown to be applicable as polychromatic MRI report-
ers12–14, and a desired multiplexity might be achieved by combining 
different MRI methods5–7, most MRI-reporter genes are ‘monochro-
matic’. This lack of orthogonal display capability that is required for 
simultaneously mapping multiple biological features calls for new 
strategies for generating spectrally resolved pseudo-color MRI sig-
nals of well-synchronized genetically engineered reporters.

In fluorescent imaging, large-scale mutagenesis strate-
gies enable high-throughput selection to produce a desired set 
of orthogonal reporters15, but these approaches are inacces-
sible for MRI due to the low-throughput capabilities of the tech-
nique. To overcome this barrier, here we used a computational 
protein-design methodology to generate genetically engineered 
reporters for multicolor MRI (GeneREFORM) for simultaneous 
mapping of orthogonal transgenes. GeneREFORM is composed of 
MRI-detectable reporter probes (synthetic deoxyribonucleosides, 
Fig. 1a) that are coupled to computationally designed reporter 

genes (deoxyribonucleoside kinases, dNKs, Fig. 1b). The chemi-
cal exchange saturation transfer (CEST)16,17 contrast mechanism 
is used for multicolor MRI visualization of reporter probes that 
are converted by promiscuous multisubstrate dNK enzymes18–21 to 
deoxyribonucleoside-monophosphate (MP) trapping the probes 
in the cell (Fig. 1c). Using deoxyribonucleoside–dNK pairs in 
GeneREFORM is an advantage since such pairs display parallel 
enzymatic activities, similar biodistribution, comparable cellular 
transport and equivalent accumulation profiles22–24. Important for 
our purposes, relying on dNK enzymes opens the way to rational 
mutagenesis to optimize the system23,25.

Results and discussion
Dual-colored MRI-reporter probes. Two major problems preclude 
the ready use of dNKs to generate ‘multicolored’ MRI-reporter 
genes: first, these kinases are highly promiscuous, limiting their 
ability to generate truly orthogonal probes24,26; and second, they 
exhibit low-levels of heterologous expression, limiting the produc-
tion of accumulating probes. To overcome these hurdles, we used 
a structure- and evolution-based protein-design method, called 
PROSS27, to design dNK variants that exhibited higher heter-
ologous dNK expression levels without compromising enzymatic 
activity. PROSS was especially attractive for the development of 
GeneREFORM because this design method requires the experi-
mental screening of only a few (typically ≤5) designs, thus avoiding 
the screening bottleneck of MRI-based methods. Next, we ratio-
nally designed mutations within the active-site pocket to encode the 
desired substrate orthogonality.
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Imaging of gene-expression patterns in live animals is difficult to achieve with fluorescent proteins because tissues are opaque 
to visible light. Imaging of transgene expression with magnetic resonance imaging (MRI), which penetrates to deep tissues, has 
been limited by single reporter visualization capabilities. Moreover, the low-throughput capacity of MRI limits large-scale muta-
genesis strategies to improve existing reporters. Here we develop an MRI system, called GeneREFORM, comprising orthogonal 
reporters for two-color imaging of transgene expression in deep tissues. Starting from two promiscuous deoxyribonucleoside 
kinases, we computationally designed highly active, orthogonal enzymes (‘reporter genes’) that specifically phosphorylate two 
MRI-detectable synthetic deoxyribonucleosides (‘reporter probes’). Systemically administered reporter probes exclusively 
accumulate in cells expressing the designed reporter genes, and their distribution is displayed as pseudo-colored MRI maps 
based on dynamic proton exchange for noninvasive visualization of transgene expression. We envision that future extensions 
of GeneREFORM will pave the way to multiplexed deep-tissue mapping of gene expression in live animals.
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Two pairs of synthetic deoxyribonucleosides/dNKs were used 
as a putative reporter probe/reporter gene on which we performed 
computational design to enhance activity and orthogonality. 
Specifically, we evaluated the CEST–MRI pseudo-color encod-
ing of 5-methyl-dihydrothymidine and pyrrolo-deoxycytidine 
(5-MDHT and pdC, respectively Fig. 1d) that were previously 
paired with the multisubstrate dNK enzymes, herpes simplex virus 
type 1-thymidine kinase (HSV1-TK)21 and Drosophila melanogas-
ter dNK (Dm-dNK),20 respectively. The resolved z-spectra (Fig. 1e) 
with the respective MTRasym plots (Fig. 1f) showed negligible sig-
nal overlaps at Δω values of 5 ppm (for 5-MDHT) and 6 ppm (for 
pdC) enabling their mapping using MRI pseudo-colors (Fig. 1g) 
of magenta (Δω = 5 ppm) and green (Δω = 6 ppm), with improved 
spectral resolution compared to polypeptide based CEST colors16. 

In cases where expected concentration ratios are much differ-
ent to roughly 1:1 of 5-MDHT:pdC, other CEST data processing 
strategies, such as Lorentzian line fitting of the z-spectra, could be 
considered to obtain spectrally resolved pseudo-color CEST maps 
(Supplementary Fig. 1). Plotting the CEST effect of the two probes 
as a function of the applied saturation pulse (Fig. 1h) and as a func-
tion of their concentration (Fig. 1i) showed a similar trend found 
for these probes at MRI scanners operating at lower magnetic 
fields9,20. Although the 1-ppm chemical-shift difference between 
the resonances of the –NH exchangeable protons of 5-MDHT and 
pdC allows to use them for multicolor CEST–MRI when applied 
at high magnetic fields (B0 = 15.2 T), their well-resolved CEST 
peaks should be preserved on more commonly used MRI scan-
ners operating at lower B0 field strengths (Supplementary Fig. 2).
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Fig. 1 | MRI pseudocolor reporter system. a, The principle of the dual CEST contrast. Applying selective saturation pulses at the frequency of exchangeable 
protons of synthetic deoxyribonucleosides (δ1 or δ2) results in a reduction of the surrounding water signal, ΔSI. b,c, Schematic illustration of the dNK1 
and dNK2 design (b) to obtain a few variants (magenta or green) with enhanced and orthogonal conversion of the deoxyribonucleoside reporter probes 
to allow their enhanced accumulation in transgene (dNK1 or dNK2)-expressing cells (c). d, The chemical structure of pdC and 5-MDHT with their –NH 
exchangeable protons marked in green and magenta, respectively. e, Z-spectra of 4 mM 5-MDHT and pdC dissolved in PBS. f, MTRasym plots from the data 
shown in e emphasizing the spectral resolution of the obtained CEST profiles. g, MTRasym maps of pdC, 5-MDHT and PBS solutions obtained at ∆ω = 5 and 
6 ppm. h, MTRasym values of 5-MDHT and pdC solutions (8 mM) as a function of applied saturation powers (μT). i, MTRasym values as a function of 5-MDHT 
(magenta) and pdC (green) concentrations (n = 3 independent technical sample). Data were obtained using a 15.2 T MRI scanner. Data are presented as 
mean values ± s.e.m.
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These results reinforce that 5-MDHT and pdC can be used as 
deoxyribonucleoside-based reporter probes with spectrally resolved 
pseudo-color MRI characteristics.

Computation design of MRI-reporter genes. After assigning 
the CEST signals of pdC and 5-MDHT with MRI pseudo-colors, 
we used the PROSS protein-stability design algorithm to increase 
the dNKs’ cellular expression levels with the aim of improving the 
MRI contrast generated by the accumulating deoxyribonucleosides 
(Fig. 2). Capitalizing on the fluorescence of pdC, which allows us 
to evaluate its cellular trapping upon phosphorylation by dNK20,26, 
PROSS was first applied to Dm-dNK resulting in seven automati-
cally generated designs from which three were selected for experi-
mental screening in human embryonic kidney-293 (HEK-293) cells 
(designs d4, d6 and d7, encoding 7, 11 and 15 mutations, respec-
tively; Supplementary Table 1). A significant (P = 0.001) and more 
than fivefold higher expression level was found for Dm-dNK_7 (Fig. 
2a,b) compared to its respective wild-type variant. The improve-
ment in protein-expression levels can be attributed to improved sur-
face polarity, core packing and compatibility of the designed amino 
acids to the local backbone structure27.

Fluorescence-activated cell sorting (FACS) was then applied to 
evaluate the cellular accumulation of pdC in wild-type and designed 
Dm-dNK-expressing cells with an expectation that enhanced net 
uptake of the reporter probe should manifest improved sensitiv-
ity of the dNK reporter gene23,25. Representative FACS dot plots 
clearly showed that pdC accumulation was higher for all three 
examined Dm-dNK mutants compared to wild-type Dm-dNK 
(Fig. 2c), with more than tenfold enhanced accumulation of pdC 
in live Dm-dNK_7-expressing cells (Fig. 2d, P = 0.003). These data 
indicate that PROSS resulted in an improved cellular tolerability of 
Dm-dNK_7, as represented by its increased levels of cellular expres-
sion, with a larger population of cells accumulating the pdC sub-
strate after its successful conversion.

For GeneREFORM to be applicable in a complex biological 
milieu, dNK substrate orthogonality is of paramount importance. 
Therefore, we performed a round of rational single-site mutagenesis 
of the Dm-dNK_7 active site (Supplementary Table 2). Individual 
mutations at three sites were probed: Gln81 to His, Glu, Val or Ser 
were engineered to abrogate a hydrogen bond to the natural deoxy-
cytidine (dC), and Ser109 to Ala or Gly and Ala110 to Gly were engi-
neered to allow space for the bulky pyrrolo group (Supplementary 
Fig. 3). Although the design goal was to improve substrate speci-
ficity, we also observed a desirable 2–3-fold improvement in the 
net uptake of pdC in designs C and D (Gly81Val and Gly81Ser 
P = 0.007 and 0.03, respectively) relative to Dm-dNK_7 (Fig. 2e and 
Supplementary Fig. 4), thus enhancing in cellulo catalytic activity 
when compared to the wild-type Dm-dNK.

To examine the designs’ substrate specificity (to exclusively 
phosphorylate pdC), we evaluated their intracellular activity in the 
presence of their natural competitors, dC and deoxythymidine (dT), 
as well as the synthetic 5-MDHT (Supplementary Fig. 5). These 
competition experiments revealed that Dm-dNK_7C is preferable 
(over Dm-dNK_7D) showing greater orthogonality and, specifi-
cally, 15-fold higher accumulation of pdC when directly comparing 
it to wild-type Dm-dNK (Fig. 2f). The net cellular accumulation of 
the pdC-MP, which was directly evaluated by liquid chromatog-
raphy–mass spectrometry (LC–MS), can be enhanced even more 
when inducing higher expression levels of Dm-dNK_7C (Fig. 2g, 
Supplementary Fig. 6 and Supplementary Table 3), with minimal 
phosphorylation of supplied natural deoxyribonucleosides (dC and 
dT, Supplementary Table 3). Nevertheless, at very high expression 
levels of Dm-dNK_7C, other factors (for example, nucleoside trans-
porter efficiency, cellular deoxyribonucleosides availability, phos-
phorylation of competitive substrates and more) could taper the 
increase in the accumulated phosphorylated reporter probe.

To evaluate the accuracy of the design campaign, we determined 
the crystal structure of Dm-dNK_7C (Fig. 2h, Supplementary Fig. 
7 and Supplementary Table 7. Shown is a monomer unit of the 
obtained dimeric structure). Overall, the experimental structure is 
an excellent match to that of the parental enzyme (Protein Data Bank 
(PDB) 2VP4), which served as the template for the design, exhibit-
ing <0.7 Å root-mean-square deviation across the entire backbone 
relative to the wild-type structure despite 15 surface mutations 
(Supplementary Fig. 8). The desired pdC specificity was encoded, 
as designed, by eliminating a key hydrogen bond between the native 
substrate dC and Gln81 through a mutation to Val (Supplementary 
Fig. 9). Furthermore, this mutation likely also enhances pdC bind-
ing and thus catalytic efficiency by exploiting the relatively large size 
of the pyrrole ring of pdC (Fig. 2i). Thus, Dm-dNK_7C was found 
to be the optimal design for pdC conversion, showing increased 
activity (15-fold higher than the wild-type Dm-dNK, Fig. 2f), the 
desired orthogonality (its activity is not hampered by 5-MDHT, dC 
or dT, Supplementary Table 3) and an atomically accurate design 
(Supplementary Fig. 8).

Adopting the same rationale used in designing Dm-dNK_7C 
(Fig. 2a–i), three PROSS-HSV1-TK designs (h3, h6 and h7 in 
Supplementary Table 4) were expressed in HEK-293 cells (Fig. 2j). 
HSV1-TK_7, exhibiting 20 mutations, showed a more than sixfold 
increase in expression levels compared to the wild-type HSV1-TK 
(Fig. 2k, P = 0.046). To further improve the specificity and orthogo-
nality of HSV1-TK_7 for 5-MDHT, single-point mutagenesis was 
performed in the protein active site (Supplementary Table 5). Note 
that 5-MDHT is not fluorescent and PROSS-designed HSV1-TKs 
were evaluated using nuclear magnetic resonance (NMR), which 
is only applicable for very low-throughput practices (compared 
to FACS-based evaluation, Fig. 2c–f). NMR studies of the intra-
cellular content of cells expressing HSV1-TK mutants incubated 
with 5-MDHT were performed to evaluate its cellular accumula-
tion (Supplementary Fig. 10) revealing more than tenfold enhanced 
activity (Fig. 2l, P = 0.03) in cells expressing HSV1-TK_7B 
(Tyr87Phe) when compared to nontransfected cells. Here too, much 
higher net intracellular accumulation of 5-MDHT-MP, which was 
evaluated directly by LC–MS, could be achieved at higher levels of 
expression of HSV1-TK_7B (Fig. 2m) with undetectable levels of 
pdC-MP (by both FACS and LC–MS, Supplementary Fig. 6 and 
Supplementary Table 6) reflecting the design’s orthogonality. In 
contrast to Dm-dNK-7C, however, higher levels of HSV1-TK_7B 
could also convert dC and dT when supplied at high concentra-
tions (0.5 mM, Supplementary Table 6). Such an improvement 
in 5-MDHT conversion efficiency and obtained orthogonality 
(Supplementary Fig. 11 and Supplementary Table 6) can be attrib-
uted to the combination of protein surface optimization (PROSS, 
Figs. 2j,k) and the single-site mutation, Tyr87Phe (Fig. 2o), which 
allows better accommodation of the bulkier 5-MDHT (Fig. 2l and 
Supplementary Figs. 12 and 13). Thus, to establish GeneREFORM, 
we screened only 16 mutants (Dm-dNK + HSV1-TK) yet obtained 
two highly active and highly orthogonal pairs (pdC/Dm-dNK_7C 
and 5-MDHT/HSV1-TK_7B).

Dual-color MRI mapping of transgenes expression. Next, we 
evaluated the ability to use GeneREFORM to map the simultaneous 
expression of transgenes with MRI (Fig. 3). The reporter genes were 
first fused to fluorescent reporters to obtain HSV1-TK_7B-mCherry 
or Dm-dNK_7C-green fluorescent protein (GFP) and stably 
expressed in Chinese hamster ovary (CHO) cancer cells. Examining 
the biological tolerance of the obtained stable CHOHSV1-TK_7B-mCherry 
and CHODm-dNK_7C-GFP cell lines (Fig. 3a), which orthogonally accu-
mulate pdC or 5-MDHT (Fig. 3b), did not show a notable effect of 
the dNKs’ expression as well as of the subsequent incubation with 
the synthetic deoxyribonucleosides on cell viability (Supplementary 
Fig. 14). Nevertheless, further studies may be needed to examine the 
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Phe87. Quantitative comparisons of western blots (b and k) were performed on samples derived from the same experiment and were processed in parallel. 
Data are presented as mean values ± s.e.m. Statistics: two-tailed unpaired Student’s t-test with *P < 0.05 and **P < 0.01, ***P < 0.005. a.u., arbitrary units.
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tolerance of other biological systems to GeneREFORM in extended 
timeframes. Each cell type was then incubated with a mixture of pdC 
and 5-MDHT followed by examination of the CEST–MRI character-
istics of the intracellular content. A clear and significant difference 

was obtained in the CEST maps of lysates of CHOHSV1-TK_7B-mCherry 
and CHODm-dNK_7C-GFP (Fig. 3c,d) at the expected chemical-shift off-
sets, which were assigned to magenta (Δω = 5 ppm, P  = 0.049) and 
green (Δω = 6 ppm, P  = 0.03) CEST pseudo-colors.
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accumulation in CHODm-dNK_7C, determined by LC–MS, n = 3 technical replicates P = 0.002) in CHO cells stably express HSV1-TK_7B-mCherry (h7B) or 
Dm-dNK_7C-GFP (d7C). c, 1H-MRI, and CEST maps (∆ω = 5 and 6 ppm) of lysates of cells incubated with mixture of pdC and 5-MDHT. d, Quantification 
of the MTRasym values obtained at ∆ω = 5 and 6 ppm for CHOHSV1-TK_7B-mCherry and CHODm-dNK_7C-GFP (n = 3 technical replicates, P = 0.049 at 6 ppm and, P = 0.03 
at 5 ppm). e, Schematic illustration of the performed in vivo study. f,j, The pseudo-colored CEST maps of implanted tumors (f) and AAV-infected brain (j) 
represented as ∆MTRasym maps (MTRasym

postinjection − MTRasym
pre-injection) obtained at ∆ω = 5 ppm (magenta) and ∆ω = 6 ppm (green) overlayed on anatomical 

MRI. g,k, The corresponding fluorescent images of brain sections of the same scanned mice: tumor (g) and AAV infection (k), showing the expression of 
Dm-dNK_7C-GFP (green) and HSV1-TK_7B-mCherry (magenta). h, Averaged ∆MTRasym plots detected from the regions of interest of CHOHSV1-TK_7B-mCherry 
and CHODm-dNK_7C-GFP (n = 6 independent animals with bilateral tumors, CHOHSV1-TK_7B-mCherry and CHODm-dNK_7C-GFP. Three mice injected with a mixture of 
5-MDHT and pdC, two injected with pdC only and one injected with 5-MDHT only). l, Averaged ∆MTRasym plots detected from the regions of interest of 
AAVHSV1-TK_7B-mCherry or AAVDm-dNK_7C-GFP (n = 8 independent animals all injected with the probes mixture). i,m, Quantification of the ∆MTRasym values (∆ω = 5 
and 6 ppm) obtained for the tumor model (i) (P = 0.03 at 6 ppm and, P = 0.002 at 5 ppm) and AAV model (m) (n = 8 biologically independent animals, 
P = 0.001 at 6 ppm and P = 0.0002 at 5 ppm). Adjustments of individual color channels in the fluorescent images (GFP or mCherry) were individually 
performed. Data are presented as mean values ± s.e.m. The boxplots in d, i and m show the median MTRasym value, first and third quartiles as a box, and the 
whiskers indicate minimum and maximum obtained values. Statistics: unpaired two-tailed Student’s t-test with *P < 0.05, **P < 0.01, ***P < 0.005.
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We next evaluated the in vivo performance of GeneREFORM by 
applying it in two animal models (schematically represented in Fig. 
3e). First, 7 days after intracranial injection of CHODm-dNK_7C-GFP and 
CHOHSV1-TK_7B-mCherry cells, two CEST–MRI datasets were acquired 
before and after intravenous administration of a solution contain-
ing a mixture of 5-MDHT and pdC. Subtracting the MTRasym maps 
(at ∆ω = 5 and ∆ω = 6 ppm) obtained 1 h after the injection of the 
probes mixture from those obtained before the injection resulted 
in a pseudo-colored CEST map (1 mm thickness), which was then 
overlayed on anatomical MRI (Fig. 3f). A fluorescent image of 
40-μm cryogenic section of the brain of the same scanned mouse 
(Fig. 3g) shows the good correlation between the fluorescent sig-
nals of the expressed reporter genes and the MRI pseudo-colors of 
GeneREFORM. Moreover, intravenous injection of a single probe, 
either 5-MDHT or pdC, showed accumulation only in one of the 
two tumors, CHOHSV1-TK_7B-mCherry or CHODm-dNK_7C-GFP, respectively, 
underlying, yet again, the specificity of the designed GeneREFORM 
platform (Supplementary Fig. 15). The colored CEST signals are 
shown mostly in the expected tumor region but false-positive CEST 
contrast may be found in some nontumoral regions. This could be 
attributed to the fact that pseudo-color CEST maps are generated 
from two datasets (before and after probes injection), which are 
very sensitive to prolonged acquisition times that may be accompa-
nied by motion artifacts and compromised signal-to-noise ratio. If 
applied in organs other than the brain, where the subject’s motion 
is expected to affect the quality of the data, respiratory and elec-
trocardiogram gating should be used28 and faster CEST schemes29 
as well as advanced postprocessing protocols30 might be considered 
to reduce uncertainty and improve GeneREFORM performances in 
the future. Nevertheless, exclusively for GeneREFORM and in con-
trast to other MRI-based approaches, the two artificial colors are 
spectrally resolved showing typical CEST-profile separations (Fig. 
3h and Supplementary Fig. 16) with minimum overlap signals at 
the expected frequencies (∆ω = 6 ppm and ∆ω = 5 ppm) of accu-
mulated synthetic deoxyribonucleosides even after their systemic 
administration as a mixture (Fig. 3i, P = 0.03 at ∆ω = 6 ppm and 
P = 0.002 at ∆ω = 5 ppm). These data confirm that GeneREFORM 
can be applied in vivo to differentiate between two populations of 
cells expressing different dNKs in a tumor model that is commonly 
used to demonstrate engineered reporters (Supplementary Table 8) 
with high density of transgenic cells (45,000–65,000 dNK-expressing 
cells per MRI voxel, Supplementary Fig. 17) and probe accessibility 
(through leaky vessels in tumor tissues).

Finally, we extended GeneREFORM to a nontumor setting, 
where the engineered dNKs are delivered to the mouse brain using 
a viral vector. Such a setting is expected to exhibit a lower num-
ber of transgenic cells per MRI voxel and lower probe accessibility 
due to the blood–brain barrier and heterogenous tissue distribu-
tion. To this end, adeno-associated virus (AAV) vectors carrying 
either Dm-dNK_7C-GFP or HSV1-TK_7B-mCherry were first con-
structed. Two weeks after intracranial injection of AAVDm-dNK_7C-GFP 
and AAVHSV1-TK_7B-mCherry a baseline CEST dataset was acquired fol-
lowed by a continuous infusion of the reporter probes mixture and 
a subsequent CEST acquisition. Note that in contrast to the bolus 
injection of the probe mixture into the tumor model (Fig. 3f–i, 
150 mg kg−1), continuous infusion of the pdC and 5-MDHT mixture 
(300 mg kg−1 in total) was required here for the sufficient accumula-
tion of each of the probes in the cells expressing their paired trans-
gene. The obtained pseudo-color ΔMTRasym map (1 mm thickness) 
with a fluorescent image of a brain section from a corresponding 
region (40 µm thickness) reflects the applicability of GeneREFORM 
in a nontumor model (Fig. 3j–m). Although smaller regions of 
positive CEST signals were found when compared to the fluores-
cence signals, quantifying the density of HSV1-TK_7B-mCherry 
and Dm-dNK_7C-GFP expressing cells in these regions revealed 
a range of only 5,500–6,500 dNK-positive cells at each MRI 

voxel (Supplementary Fig. 18), thus reflecting the sensitivity 
of GeneREFORM when comparing it to other MRI reporters 
(Supplementary Table 8). These relatively high ΔMTRasym values 
(for roughly 6,000 dNK-positive cells per MRI voxel), compared to 
the CHO tumor model, might be related to the different expression 
levels in the two models (Supplementary Fig. 19), the different strat-
egy of probe delivery (infusion versus bolus injection) or the vari-
able levels of cellular nucleoside transporters in different organs. 
Here again, although continuous probe infusion was required to 
obtain pseudo-colored maps (Fig. 3j and Supplementary Fig. 20), 
the uniqueness of GeneREFORM is reflected by the well-resolved 
CEST peaks of pdC and 5-MDHT (Fig. 3l and Supplementary Fig. 
21) although they were delivered systemically at equal concentra-
tions and accumulated only in regions expressing Dm-dNK_7C and 
HSV1-TK_7B, respectively (Fig. 3m, P = 0.001 at ∆ω = 6 ppm and 
P = 0.0002 at ∆ω = 5 ppm). These frequency-resolved datasets (Figs. 
1f and 3h,l) make CEST-based multiplexed imaging a one-of-a-kind 
approach with a frequency encodability and spectral features that 
are lacking in relaxation, susceptibility and diffusion-based contrast 
mechanisms (Supplementary Table 8).

In summary, we demonstrated the development and implemen-
tation of a genetically encoded reporter system GeneREFORM 
that is not based on luminescence and enables mapping transgene 
expression in a pseudo-multicolor fashion, noninvasively. We 
envision that the ability to map several transgenes that are simul-
taneously expressed using MRI could be combined with other 
capabilities of this technique, such as mapping connectivity31, 
hemodynamic-related functionality32, neurotransmitter signal-
ing33 and metabolic pathways34 as a single platform with which to 
study biological complexity at anatomical, cellular and molecular 
levels. Our work demonstrates that computational protein-design 
methods can be applied to systems that are recalcitrant to con-
ventional high-throughput screening to generate highly desir-
able properties. This strategy can be applied to further enrich the 
GeneREFORM palette with additional ‘colors’ thereby extending 
the ‘multicolor’ imaging toolbox to thus far inaccessible deep tis-
sues in live subjects.
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Methods
Reporter probes. pdC (Berry and Associates, Inc., catalog no. PYA11090-B010), 
dC (Chem-Impex, catalog no. 01945) and dT (Chem-Impex, catalog no. 00306) 
were commercially available. 5-MDHT was synthesized as previously described21.

Computational model for dNK mutations. The PROSS jobs for Dm-dNK and 
HSV1-TK were submitted online on the webserver (http://pross.weizmann.ac.il), 
using the PDB file 2VP4 (chain A) for Dm-dNK and 1KI7 (chain A) for HSV1-TK. 
The constructs for experimental characterization were chosen so they would have a 
reasonably high number of mutations and would be sufficiently different from one 
another. Models of PROSS stabilized variants were obtained from the webserver. 
The ligands were put into these models by substrate overlay (pair fitting in PyMol 
v.2.4.0 software) with the substrate present in the crystal structures (DCP in the 
case of Dm-dNK and ID2 in the case of HSV1-TK).

Cloning. pcDNA3.1. Dm-dNK (NCBI Gene ID: 42273) and HSV1-TK (NCBI 
Gene ID: 2703374) genes and PROSS designs were obtained from TWIST 
Bioscience Ltd. The DNA fragments were subcloned into pcDNA3.1 (Thermo 
Fisher Scientific, catalog no. V790-20) under the cytomegalovirus promoter 
and a fused V5-tag. A second cycle of single-site mutations in the active site of 
HSV1-TK_7 and Dm-dNK_7 was obtained using a PCR-guided protocol with a 
dedicated experimental kit KAPA HiFi HotStart ReadyMix PCR Kit (Hoffmann-La 
Roche Ltd, catalog no. 07958927001) and appropriate designed primers for 
mutation insertion. After identifying the preferred mutants, their genes were 
fused to the genes encoding the fluorescent proteins GFP and mCherry, to obtain 
pcDNA3.1-Dm-dNK_7C-GFP and pcDNA3.1- HSV1-TK_7B-mCherry.

pcDNA4/TO. Dm-dNK_7C-GFP and HSV1-TK_7B_mCherry were subcloned 
into expression vector pcDNA4/TO (T-Rex, Thermo Fisher Scientific, catalog no. 
V102020) downstream of a doxycycline-regulated cytomegalovirus promoter.

AAV (AAV2/8). The genes encoding Dm-dNK_7C-GFP and HSV1-TK_mCherry 
were cloned into the AAV2/8 viral vector under the CAG promotor by the 
Neurophotonics Centre (Quebec, Canada) and the constructs AAVDm-dNK_7C-GFP and 
AAVHSV1-TK_mCherry were obtained at a titer of 5.9 × 1013 GC per ml and 2.1 × 1013 GC 
per ml, respectively.

Cells. HEK-293 cells were originally purchased from ATCC, catalog no. CRL-
1573 lot no. 1353700 and provided by the tissue culture cell repository unit at the 
Weizmann Institute of Science. CHO cells were purchased from ATCC, catalog no. 
CCL-K1).

Transient cell transfection. HEK-293 cells were transiently transfected using the 
JetPEI transfection reagent (Polyplus transfection, catalog no. 101-10N) according 
to the manufacturer instructions, with the various HSV1-TK- and Dm-dNK- 
mutated genes cloned in the pcDNA3.1 expression plasmid. Twenty-four hours 
posttransfection, the cells were used for substrate accumulation studies, using 
FACS, NMR or LC–MS.

Stable cell-line generation. Cells were transfected with either 
pcDNA3.1-Dm-dNK_7C-GFP or pcDNA3.1- HSV1-TK_7B-mCherry. Forty-eight 
hours posttransfection, GFP and mCherry positive cells were sorted using a 
FACS Aria cell sorter (BD Biosciences). Sorted cells were subsequently cultured 
for additional cycles of selection in the presence of geneticin (G418 Sulfate 
salt, Thermo Fisher Scientific, catalog no. 11811023) at cell-type-appropriate 
concentrations (300–700 ng μl−1) to reach at least 90% positive cells expressing 
Dm-dNK_7C-GFP or HSV1-TK_7B-mCherry.

Doxycycline-induced expression. HEK-293 cells were transiently transfected, 
using the JetPEI transfection reagent (Polyplus transfection, catalog no. 101-
10N), with a pcDNA4/TO vector encoding to either Dm-dNK_7C-GFP or 
HSV1-TK_7B_mCherry together with the regulatory plasmid pcDNA6/TR, 
to control the expression of the reporters under doxycycline. Twenty-four 
hours posttransfection, the expression of the dNK transgenes was induced by 
doxycycline (0.001, 0.01 and 0.1 µg ml−1) for 24 h in a cell-culture medium. The 
protein expression of Dm-dNK_7C-GFP and HSV1-TK_mCherry under various 
doxycycline concentrations was validated by both fluorescent microscopy or flow 
cytometry. Protein-expression levels were quantified by western blot analysis using 
Recombinant multi tag Protein (Biolegend, catalog no. 931301).

Western blot analysis. Cells expressing Dm-dNK and HSV1-TK and their mutants 
were lysed using the RIPA lysis buffer (Merck, catalog no. R0278) according to 
the manufacturer’s instructions. Protein extracts were run on SDS–PAGE and 
then transferred to a nitrocellulose membrane for western blot analysis. Western 
blot analyses were performed using anti-V5 antibody (Thermo Fisher Scientific, 
1:5,000, catalog no. R960-25) for protein-expression validation and with cellular 
house-keeping proteins, either anti-β-actin or anti-tubulin antibodies (Santa 
Cruz Biotechnology Inc., 1:10,000, catalog no sc-69879, catalog no sc-5286). 
HRP conjugated secondary antibodies (goat antimouse: 1:10,000, catalog no. 

sc-516102) and signal was revealed by enhanced chemiluminescence substrate 
EZ-ECL Kit (Biological industries, catalog no. 20-500-120). Binding specificity of 
all of the antibodies were validated and stated on the manufacturers’ websites. The 
relative expression level of the studied samples was calculated by analyzing the 
chemiluminescent signal detected with the ChemiDoc Imaging System (Bio-Rad). 
Western blot data analysis was carried out using FIJI software35. The signals of the 
expressed transgenes were normalized to those of β-actin or tubulin protein in 
each sample.

Cloning expression and purification of HSV1-TK_7B and Dm-dNK_7C. 
Dm-dNK_7C (1-224 AA) PROSS variant, harboring 16 mutations was cloned 
into the expression vector pET28-bdSumo. pET28-bdSumo was constructed 
by transferring the His14-bdSUMO cassette from the expression vector 
(designated K151) generously obtained from D. Görlich from the Max-Planck 
Institute, Göttingen, Germany36 into the expression vector pET28-TevH37. 
Cloning of Dm-dNK_7C was performed using the restriction-free method38. 
For its expression, a 7.5 l of culture of BL21(DE3) was induced with 200 µM 
isopropyl-β-d-thiogalactoside and grown at 15 °C overnight. The culture 
was harvested and lysed by a cool cell disrupter (Constant Systems) in lysis 
buffer (20 mM Tris pH 7.5, 1 mM DTT, 5 mM MgCl2, 8% glycerol) containing 
200,000 units per 100 ml of lysozyme, 20 µg ml−1 DNaseI, 1 mM MgCl2, 1 mM 
phenylmethylsulfonyl fluoride and protease inhibitor cocktail. After clarification of 
the soup by centrifugation, 1% Triton X-100 was added to the lysate and incubated 
for 15 min before incubation with 5 ml washed Ni beads (Adar Biotech) for 1 h at 
4 °C. After removing the soup, the beads were washed four times with 50 ml of lysis 
buffer containing 3 mM ATP. Dm-dNK_7C (without tags) eluted from the beads 
by incubation with 5 ml of cleavage buffer (20 mM Tris pH 7.5, 1 mM DTT, 5 mM 
MgCl2, 8% glycerol and 0.4 mg bdSumo protease) for 2 h at room temperature. 
The soup containing the cleaved Dm-dNK_7C was removed and an additional 
5 ml of cleavage buffer was added to the beads for 2 h at room temperature. The 
two elutions were combined, concentrated and applied to a size exclusion column 
(HiLoad_16/60_Superdex75 prep-grade, GE Healthcare) equilibrated with 20 mM 
Tris pH 7.5, 1 mM DTT, 5 mM MgCl2, 8% glycerol. Pure Dm-dNK_7C that 
migrated as a single peak at 65 ml was concentrated to 12 mg ml−1 and was flash 
frozen in aliquots using liquid nitrogen and stored at −80 °C. For crystallization 
experiments, pdC was added to the concentrated protein at a final concentration 
of 5 mM.

FACS in vitro studies. Twenty-four hours following cell transfection with 
wild-type or mutated Dm-dNK or HSV1-TK genes, 1 million cells were incubated 
(37 °C, 5% CO2) for 3 h with 300 µl of culture media containing 1 mM pdC. 
For competition experiments, a mixture of pdC (1 mM), 5-MDHT (1 mM), dC 
(0.5 mM) and dT (0.5 mM) was used for incubation. Cells were then washed 
twice with cold phosphate-buffered saline (PBS), resuspended shortly using 50 μl 
of a trypsin A solution (Biological industries, catalog no. 03-050-1B) and then 
transferred into a PBS solution containing 1% fetal bovine serum. Before the 
FACS analysis, cells were filtered through a 40-μm filter to remove cell clumps 
and debris into dedicated FACS tubes. The accumulation of pdC in the examined 
cells was detected using a ultraviolet-fluorescent laser setup of λexcitation = 355 nm 
and λemission = 460 nm. All FACS studies were acquired using a LSRII cell analyzer 
flow cytometer (BD Biosciences) running BD FACSDIVA v.8.0.1 software (BD 
Biosciences). All data were processed using FlowJo Software v.10 (Tree Star).

LC–MS analysis of deoxyribonucleosides-MP. Twenty-four hours following 
cell transfection, 1 million cells were incubated with a mixture of pdC (1 mM), 
5-MDHT (1 mM), dC (0.5 mM) and dT (0.5 mM) for 3 h. Cells were then washed 
and lysed and the deoxyribonucleoside-MP content, that is dC-MP, dT-MP, 
pdC-MP and 5-MDHT-MP, was analyzed using LC–tandem MS, following sample 
preparation as previously described39. An Acquity I-class ultra-performance 
liquid chromatography system (Waters) and Xevo TQ-S triple quadrupole mass 
spectrometer (Waters) equipped with an electrospray ion source and operating 
in the positive ion mode was used for the analysis of deoxyribonucleosides-MP 
content. MassLynx and TargetLynx software (v.4.2, Waters) were used to acquire 
and analyze the data. Briefly, dC-MP, dT-MP and 5-MDHT-MP were detected 
using multiple reaction monitoring with the following parameters: 308.1 > 80.9 
and 308.1 > 111.8 m/z (collision energy 26 and 12 eV, respectively) for dC-MP; 
322.9 > 80.8 and 322.9 > 207.1 m/z (collision energy 18 and 6 eV, respectively) 
for dT-MP; and 339.1 > 81.0 and 339.1 > 223.0 m/z (collision energy 11 and 6 eV, 
respectively) for 5-MDHT-MP. The absolute concentrations of dC-MP and dT-MP 
were determined using relevant standard curves and adenosine-15N5 5′-MP as 
the internal standard (Sigma Aldrich, catalog no. 662658), with 353.1 > 97.0 
and 353.1 > 141.1 m/z (collision energy 28 and 20 eV, respectively). The relative 
concentration of 5-MDHT-MP was analyzed using the proper mass peak area. The 
relative concentration of pdC-MP was evaluated using the peak area absorption 
based on the compound’s absorbance wavelength, 338 nm.

CEST–MRI of deoxyribonucleoside solutions. 5-MDHT and pdC were dissolved 
to obtain a range of concentrations (1–8 mM) in PBS (pH 7.2) and placed in 1-mm 
diameter capillaries located in a horizontal 15.2 T MRI scanner (Biospec, Bruker) 
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running ParaVision v.6.0.1 software. Once the sample’s temperature was stabilized 
at 37 °C, 1H-magnetic resonance images were obtained using a rapid acquisition 
with relaxation enhancement (RARE) pulse sequence (TR/TE = 6,000/20 ms, 
RARE factor 8, 1-mm slice thickness, field of view (FOV) = 16 × 16 mm2, matrix 
size 256 × 256, resolution 0.06 × 0.06 mm2, number of averages (NA) = 2). A 
RARE sequence (TR/TE = 6,000/20 ms, RARE factor 8, 1-mm slice thickness, 
FOV = 20 × 20 mm2, matrix size 64 × 64, resolution 0.3 × 0.3 mm2, NA = 2), 
including a CEST module with a B1 saturation pulse applied for 4,000 ms at 
different saturation powers (1.2, 2.4, 3.6, 4.7 or 7.2 μT) with a sweep range from 
−10 to +10 ppm was used to acquire CEST-weighted images. Voxel-based B0 
correction was performed as described before40, using data obtained with the same 
parameters used for CEST except for TR = 1,500 ms and B1/tsat = 0.5 μT per 500 ms, 
with a sweep range from −1 to +1 ppm. CEST data processing was performed 
as previously described41, using custom-written scripts in MATLAB (R2014a, 
Mathworks), which are available through http://godzilla.kennedykrieger.org/CEST/ 
and as previously described9,20.

Lorentzian line shape fitting of CEST–MRI data of deoxyribonucleoside 
solutions. Substrate peaks in the Z-spectra were quantified using 
multiple-Lorentzian line shape fitting42, using the L-BFGS-B function minimization 
algorithm in Python v.2.7 (ref. 43). To distinguish between pdC and 5-MDHT 
signals, the frequency offset of the CEST signal was allowed to vary between 4.5 
and 6.5 ppm. Peaks with a fitted frequency less than 5.4 ppm were attributed to 
5-MDHT and peaks with a fitted frequency greater than 5.4 ppm were attributed 
to pdC. The peak amplitudes were then plotted based on a voxel-by-voxel basis 
(Supplementary Fig. 1).

Simulating CEST–MRI of pdC and 5-MDHT at different field strengths. CEST 
signals at different field strengths were simulated using the Bloch–McConnell 
equations44. The CEST parameters in the simulations matched the experimental 
parameters (3.6 μT, 4 s continuous wave saturation). The water, pdC and 5-MDHT 
parameters were as follows. Water T1 3.6 s; T2 2.2 s; kex 1 s−1; ω 0 ppm; [H] 
111,200 mM. pdC (–OH): T1 3.6 s; T2 1.0 s; kex 2,000 s−1; ω 1.0 ppm; [H] 20 mM. pdC 
(–NH) T1 3.6 s; T2 1.0 s; kex 900 s−1; ω 5.8 ppm; [H] 10 mM. 5-MDHT (–OH) T1 3.6 s; 
T2 1.0 s; kex 2,000 s−1; ω 1.0 ppm; [H] 20 mM. 5-MDHT (–NH): T1 3.6 s; T2 1.0 s; kex 
1,700 s−1; ω 5.0 ppm; [H] 10 mM.

NMR studies for the assessment of 5-MDHT accumulation. Twenty million 
HEK-293 cells transiently transfected with HSV1-TK variants (7, 7A, 7B or 7 C) 
and nontransfected cells were incubated in a cell-culture media containing 2 mM 
5-MDHT and then lysed as described elsewhere45. The intracellular content was 
dissolved in PBS and transferred to 5-mm NMR tubes, followed by high-resolution 
1H-NMR spectroscopy, acquired using a vertical 500 MHz NMR spectrometer 
(Bruker). 1H-NMR spectra of the extracts were recorded with a water-suppression 
pulse sequence to detect the soluble metabolites (100 scans per spectrum). The 
signal integrals of the typical functional groups of 5-MDHT (methyl groups 
–(CH3)2 at 1.22 ppm and of the CH on the C1′ position of the sugar moiety at 
6.29 ppm) were determined and relatively quantified.

In vitro CEST–MRI of pdC and 5-MDHT cellular accumulation. Twenty million 
CHO cells stably expressing either HSV1-TK_7B-mCherry or Dm-dNK_7C-GFP 
and nontransfected cells were incubated in cell-culture media containing a 2 mM 
mixture solution of 5-MDHT and pdC. Following 3 h of incubation (37 °C, 5% 
CO2), the cells were lysed using a dual-phase extraction methodology described 
elsewhere45. The dry content was dissolved in PBS, pH 7.2, and transferred to 1 mm 
diameter capillaries for MRI studies acquired on a 15.2 T MRI scanner (Biospec, 
Bruker) running ParaVision v.6.0.1 software, following the same protocol described 
above for the CEST acquisition for of 5-MDHT and pdC solutions.

Animal care. All experiments involving animals were performed following the 
described experimental protocol approved by the Weizmann Institute of Sciences 
Animal Care and Use Committee (IACUC approval number 11850319-2). All 
animals were kept in a daily controlled room at the Weizmann Institute of Sciences 
animal facility with a surrounding relative humidity level of 50 ± 10% and a 
temperature of 22 ± 1 °C, with a 12/12 cycle of dark and light phases.

CHO tumor inoculations. For the intracranial tumor xenograft model, stable 
CHO cell lines expressing either HSV1-TK_7B-mCherry or Dm-dNK_7C-GFP 
were intracranially inoculated (2 × 105 cells per 2 μl of serum-free medium) into 
the striatum (coordinates 1 mm posterior to Bregman, 2.0 mm lateral to the 
midline and 3.0 mm ventral to the surface of the skull) of 8-week-old female 
immunodeficient Hsd:Athymic Nude-Foxn1nu mice (Envigo), which generated 
intracranial tumors in both hemispheres.

AAV inoculations. AAVDm-dNK_7C-GFP (5.9 × 1013 GC per ml) and AAVHSV1-TK_7B_mCherry 
(2.1 × 1013 GC per ml) were intracranially injected (2 μl in PBS) into two different 
hemispheres of the brain of 8-week-old female SJL/JCrHsd (Envigo) mice at the 
following coordinates: 1.5 mm posterior to Bregman, 1.5 mm lateral to the midline 
and 3.0 mm ventral to the surface of the skull.

In vivo MRI. All in vivo experiments were performed on anesthetized mice (1.5% 
isoflurane) that were placed in a horizontal 15.2 T preclinical MRI scanner (Biospec, 
Bruker) equipped with a 23 mm volume radiofrequency coil running ParaVision 
v.6.0.1 software. Mice were monitored for their breathing throughout the MRI 
session, using a dedicated respiratory monitor setup. All CEST datasets were 
acquired following conventional anatomical magnetic resonance images, to assist 
with locating the mice in the center of the magnet. Anatomical images of the mouse 
brain were acquired using a RARE pulse sequence (TR/TE = 6,000/20 ms, RARE 
factor 8, 1 mm slice thickness, FOV = 21 × 21 mm2, matrix size 256 × 128, resolution 
0.08 × 0.16 mm2, NA = 2). CEST-weighted images were acquired with a modified 
RARE pulse sequence (TR/TE = 6,000/20 ms, RARE factor 16, NA = 1) using a 
3.6 μT per 4,000 ms saturation pulse swept from −10 to 10 ppm around the water 
resonance. Pixel-based B0 correction was performed using a set of experiments 
acquired with the same parameters used for acquiring the CEST data except for 
the followings: TR = 1,500 ms, and a saturation pulse (B1/tsat = 0.5 μT per 500 ms) 
swept from −1 to 1 ppm. CEST data were processed using custom-written scripts 
in MATLAB (R2014a, Mathworks), which are available through http://godzilla.
kennedykrieger.org/CEST/ and as previously described9,20. ∆MTRasym was defined as 
(MTRasym (postinjection)) − (MTRasym (preinjection)). ∆MTRasym maps at saturation 
frequencies of 5 and 6 ppm were displayed as magenta and green artificial colors 
of the accumulated 5-MDHT (in HSV1-TK_7B expressing cells) and pdC (in 
Dm-dNK_7C expressing cells), respectively. Image processing FIJI software35 was 
used to overlay the two ∆MTRasym maps on an anatomical 1H-magnetic resonance 
image for spatial display of the detected CEST signal in a multicolor manner.

In vivo CEST–MRI of brain tumors. Seven days after cell transplantation, 
full CEST datasets were acquired for each animal before and 1 h following the 
intravenous injection of a solution containing a mixture of 5-MDHT and pdC 
(200 μl in saline, 150 mg kg−1). CEST-weighted images were acquired with 1 mm 
slice thickness, a FOV = 16 × 16 mm2 and a matrix size 64 × 64, yielding a spatial 
resolution of 0.25 × 0.25 mm2.

In vivo CEST–MRI of AAV model. Fourteen days after AAV injection, full CEST 
datasets were acquired for each animal before and after the intravenous delivery 
of a solution containing a mixture of 5-MDHT and pdC. The injection entailed 
a bolus of 100 µl (75 mg kg−1) probe mixture followed by a continuous infusion 
(5 µl min−1) of the probe mixture over 1 h (225 mg kg−1). CEST-weighted images 
were acquired with a 1-mm slice thickness, a FOV of 17 × 17 mm2 and a matrix size 
of 64 × 64, yielding a spatial resolution of 0.27 × 0.27 mm2.

Fluorescence microscopy of brain sections. Following in vivo MRI studies, 
mice were anesthetized (75 mg kg−1 ketamine, 1 mg kg−1 dexmedetomidine in 
0.9% saline) and perfused transcardially with 10 mM PBS. Mice brains were 
then carefully removed and fixed with a 2.5% paraformaldehyde (Santa Cruz 
Biotechnology, catalog no. sc-281692) solution (wt/vol) for 24 h, followed by 
their submersion in a 30% (wt./vol.) sucrose solution (in PBS) for 24–48 h for 
cryogenic preservation. Brains were washed with PBS to remove any sucrose 
solution excess, and immediately frozen on dry ice and preserved at −80 °C. 
Excised brains were cut into 40-μm-thick slices using dedicated cryotome. The 
appropriate slices were mounted on microscope slides and imaged using an 
inverted Leica DMI8 wide-field fluorescent microscope. Consecutive tile stitching 
with a 10% spatial overlap, according to Leica image analysis software, was 
generated to obtain complete coverage of the brain slices’ FOV. All fluorescent 
images were analyzed and processed using FIJI software35. HSV1-TK_7B-mCherry 
and Dm-dNK_7C-GFP expression levels in the brains of the examined mice 
were imaged using λexcitation = 590 nm, λemission = 610 nm for mCherry detection; 
λexcitation = 400 nm, λemission = 510 nm for GFP detection.

Data analysis and graphic presentation. All the graphical data presented in the 
paper were analyzed and generated using Prism v.7 software (Graphpad).

Statistical analysis. All numerical results are presented in the form of mean ± s.e.m. 
and unpaired Student’s t-test was used for statistical comparison and significance 
evaluations (as noted in the figure captions). All statistical evaluations were 
performed using two-tailed analysis unless noted differently in the figure caption.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The datasets generated in this study are available at https://doi.org/10.5281/
zenodo.5594956. Source data are provided with this paper.

Code availability
The PROSS-design algorithm is available for noncommercial use through a 
webserver online (http://pross.weizmann.ac.il). The MATLAB scripts used for 
processing the CEST data are available at http://godzilla.kennedykrieger.org/
CEST/. The Python code and the relevant data used for CEST simulations can be 
found at https://github.com/nirbhayyadav/NBT-RA51532A.
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