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Abstract

Identifying the interactions of small molecules with biomolecules in complex cellular
environments is a significant challenge. As one important example, despite being widely
used for decades, much is still not understood regarding the cellular targets of Pt(Il)-based
anticancer drugs. In this study we introduce a novel method for isolation of Pt(II)-bound
biomolecules using a DNA hybridization pull-down approach. Using a modified Pt reagent,
click-ligation of a DNA oligonucleotide to both a Pt(IT)-bound DNA hairpin and bovine
serum albumin (BSA) are demonstrated. Subsequent hybridization to a biotin-labeled
oligonucleotide allows for efficient isolation of Pt(II)-bound species by streptavidin
pulldown. We also find that platinated bovine serum albumin readily crosslinks to DNA in
the absence of click ligation, and that a fraction of BSA-bound Pt(II) can transfer to DNA
over time. Interestingly, in in vitro studies, fragmented mammalian DNA that is crosslinked
to BSA through Pt(II) exhibits significantly increased protection from degradation by serum

nucleases.

1. Introduction

Identifying the interactions of small molecules such as metal-ligand complexes in
complex cellular environments is a significant challenge. Because of this, drug discovery
often relies on phenotypic screening for identification of novel small molecules without
knowledge of all cellular interactions. While many potent bioactive compounds have been
developed using this approach, it lacks valuable information about the cellular targets
underpinning efficacy in addition to those contributing to off-target effects [1,2]. Thus, for
many small molecule drugs that are commonly used today, a full understanding of their

mechanism of action is not available [3]. Through understanding small molecule target



interactions, more precise cellular mechanisms can be elucidated and compounds with
increased specific activity and fewer side effects can be developed.

Pt(II)-based anticancer therapeutics such as cisplatin [4] are one such group of small
molecules. Despite their prevalent use, the clinical efficacies of cisplatin and its two FDA-
approved derivatives—carboplatin and oxaliplatin—are hindered by acquired resistance and
many side effects [5]. It is generally accepted that one major mechanism of action for these
Pt(II)-based compounds is through interactions with DNA, which lead to inhibition of
replication and ultimately cell death [6]. Additionally, interest in non-DNA targets of Pt(II)-
based drugs has increased in recent years with evidence of significant Pt(Il) interactions with
cellular RNA [9-13] and proteins [14,15]. As cisplatin has been shown to initiate apoptosis
independent of nuclear DNA [16,17], these alternative targets of Pt(Il) are hypothesized to
play important roles in Pt(Il)-induced cell death.

Ultimately, comprehensive identification of Pt-bound biomolecules obtained from
treated cells is desired. Various methods have been proposed to specifically isolate and enrich
for Pt(II)-bound molecules from unmodified components in the cell [18,19]. Two recent
reports identified Pt(I[)-DNA adducts genome-wide through pulldown of high mobility group
protein HMGBI1, which is well known to bind Pt(I[)-DNA adducts [7], or using antibodies
that recognize [(NH3):Pt]-DNA adducts [8]. These methods have provided important
identification about binding partners for a selection of Pt-DNA species. Another recent study
used high-throughput sequencing to predict major Pt-RNA adduct sites on ribosomal RNA
based on the ability of Pt-RNA adducts to inhibit reverse transcription [13]. While powerful,
this method is an indirect readout of possible Pt adducts and is challenged by the sparse
number of ‘hits’ in a vast sequence space. Methods to enrich Pt-bound species before analysis

would greatly benefit this and similar approaches.



Various methods have been proposed to specifically isolate and enrich for Pt(II)-
bound molecules from unmodified components in the cell [18,19]. One comprehensive
method of selecting and enriching Pt-bound species from a complex mixture would be to use
a Pt(II) reagent that can be easily labeled once already bound to its target. To this end, we
have synthesized a suite of azide- and alkyne-modified Pt(II) compounds that can participate
in the Cu(I) catalyzed alkyne-azide cycloaddition “click” reaction (Figure 1). These

compounds allow for labeling and enrichment of targeted cellular biomolecules post-

treatment.
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Figure 1. FDA-approved Pt(Il) based drugs (top) and the azide-modified Pt(IT) compounds used in this study
(bottom).

We have previously demonstrated the utility of our click-enabled Pt(II) compounds in
vitro and in cellulo by directly labeling Pt(II)-bound molecules with a fluorophore or biotin
[15,20-22]. Here, we expand this toolbox using a modified DNA hybridization approach [23]
to detect Pt(Il) adducts formed on biomolecules following treatment with our azide-modified
Pt(IT) compounds. In this approach, instead of directly labeling the Pt(II)-bound molecule
with biotin, a hexynyl-modified DNA oligonucleotide (hex-DNA) is first click-conjugated.
The attached hex-DNA is then hybridized to a biotin-modified DNA oligonucleotide (bio-
DNA) and the resulting complex is incubated with streptavidin beads to select Pt-bound
species. The Pt(II)-bound molecules can be released from the bead by heating above the

melting point of the hybridized DNA oligomers (Figure 2).



It has been shown that increasing linker length between the biotin tag and molecule of
interest greatly increases the binding capacity of streptavidin [24]. Although the standard
biotin alkyne used for click-conjugation contains a polyethylene glycol linker, conjugating
the targeted biomolecule to a DNA oligonucleotide further distances the biotin tag from the
Pt(II)-bound biomolecule (Figure 2). We predict that increasing the linker length between the
Pt(II) adduct and biotin using our DNA labeling method will also increase pull-down yield
over direct biotinylation. Additionally, this method covalently attaches a versatile DNA tag

that can be used in downstream applications following affinity purification.
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Figure 2. Affinity purification of Pt(II)-bound biomolecules by click chemistry. A. Pt(II)-bound biomolecules
are labeled with an alkyne-containing molecule (fluorophore, biotin, oligonucleotide) by the click reaction. B.
Scheme of direct biotin labeling using biotin alkyne with a PEG4 linker. Following capture by streptavidin
beads, Pt-bound and biotinylated species are eluted by heating to 90C in urea or detergent-containing buffer. C.
Scheme of DNA hybridization-based pull-down. Pt-bound species can be eluted at temperatures just above the

melting temperature of the hybridized DNA.
Here, we demonstrate successful click ligation of a hexynyl-modified DNA
oligonucleotide to azidoplatin-bound hairpin DNA or bovine serum albumin (BSA) followed

by enrichment of the Pt(II)-bound species. Over the course of these studies, we also found
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that Pt(II) adducts on BSA can form secondary crosslinks with DNA regardless of click
ligation conditions and using non-functionalized cisplatin, suggesting that the Pt-BSA
adducts are capable of forming an additional Pt-DNA bond and are perhaps initially
monofunctional. Using a biotinylated DNA oligonucleotide we are able to specifically enrich
for these Pt-protein adducts in the absence of click-modified Pt reagents. We also
demonstrate transfer of Pt(II) from BSA to a DNA hairpin, further indicating that cisplatin
that is already bound to serum albumin can react with DNA. Finally, we were interested in
the properties of DNA crosslinked through Pt(II) to a serum protein. Serum stability assays
show that DNA that is crosslinked to BSA by cisplatin is highly stable in the presence of

serum nucleases.

2. Materials and Methods
2.1 Chemicals
Azidoplatin [22], 2-ADAPPt [21], and rhodamine B-alkyne [22] were synthesized as
described previously. Cisplatin was purchased from Strem Chemicals (78-0450).
Oligonucleotides were purchased from Integrated DNA Technologies; DNA hairpin (5’-TAT

GGT ATT TTT ATA CCA TA-3’), hex-DNA (5’- /Hexynyl/TTT TTT TCT GTA GGC ACC

ATC AAT -3’), bio-DNA (5’- /Biotin/TTT TTT TTT ATT GAT GGT GCC TAC AG -3°),
nonspecific blocking oligonucleotide (block-DNA)

(5’-CAA GCA GAA GAC GGC ATA CGA GAT GTC ATG TAC TGG AGT TCA GAC
GTG TG CTC TTC CG-3’). Lyophilized bovine serum albumin was purchased from Sigma
Aldrich (A4612) and resuspended in milli-Q water to a concentration of 10 mg/mL. SYBR
Gold DNA stain (S-11494) and Dynabeads MyOne streptavidin C1 magnetic beads (11205D)

were purchased from Thermo Fisher Scientific.



2.2 Platination of DNA

Prior to platination, DNA hairpin was denatured for 5 min at 95°C followed by 30 min of
slow cooling. 40 uM hairpin DNA was incubated with 120 uM azidoplatin in the presence of
100 mM NaNOs, 10 mM phosphate buffer (pH 7.0) and 1 mM Mg(NOs), for 18 h at room
temperature. DNA platination reactions were cleaned up by ethanol precipitation and

resuspended in milli-Q water.

2.3 Click Reaction and DNA Hybridization

For the click reaction, 3 uM AzPt-treated hairpin DNA was reacted with 13 pM hex-DNA,
75 uM CuSOs, 375 pM Tris(3-hydroxypropyltriazolyl-methyl)amine (THPTA), and 150 uM
sodium ascorbate in 100 mM phosphate buffer (pH 7.0) for 2 h at 37°C with rotation.
Modified DNA was then isolated by ethanol precipitation. 100 pmol of purified hex-DNA
labeled hairpin DNA was hybridized to 100 pmol of bio-DNA by heating to 90°C for 5 min

followed by slow cooling to room temperature.

2.4 Streptavidin pull-down of hybridized DNA

Dynabeads MyOne streptavidin C1 magnetic beads were washed and prepped according to
manufacturer’s instructions. To reduce nonspecific binding of DNA, a blocking step was
performed prior to adding the click reaction products. For this purpose, 1 nmole of block-
DNA in a volume equal to the click reaction volume was added to beads and incubated for 20
min at room temperature with rotation. Beads were washed three times with 1X bind and
wash buffer (10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 2 M NaNQO3). Hybridized DNA was
then added to streptavidin-coated beads and allowed to bind for 18h overnight with rotation at
4°C. Following binding, beads were washed in 1X bind and wash buffer seven times with

decreasing concentrations of NaNO3 (1 M NaNOs to 100 uM NaNQO3). For elution of the



bound DNA, beads were resuspended in sodium citrate buffer (0.15 M NaCl, 0.015 M
NazCe¢Hs07, pH = 7.0) and heated to 95°C for 5 min. Eluate was collected and purified by
ethanol precipitation prior to analysis by denaturing urea polyacrylamide gel electrophoresis
(dPAGE )(20% 19:1 acrylamide:bisacrylamide). DNA was visualized in-gel by SYBR Gold

staining.

2.5 Bovine Serum Albumin Platination Reactions

Fresh 5 mM solutions of AzPt, 2-ADAPPt, and cisplatin were prepared in milli-Q water. 1
mM bovine serum albumin was incubated with 1, 2, or 5 mM AzPt, 2-ADAPPt, or cisplatin
for 18 h at room temperature in the presence of 10 mM Na,PO4 (pH 7.4) and 1 mM
Mg(NO3).. Excess Pt(II) was removed by Sephadex G-25 medium (GE Life Sciences,

17003301) in laboratory prepared spin columns (Thermo Fisher, 89868).

2.6 DNA Crosslinking with BSA

50 uM BSA that had been treated with 1, 2, or 5 molar equivalents of AzPt, 2-ADAPPt, or
cisplatin was incubated with 250 uM 5° hex-DNA in milli-Q water for 1 h at room
temperature. For DNA hairpin crosslinking experiments, 250 uM hairpin DNA was used.
Samples were then resolved by dPAGE using a stacking gel (10% stacking/20% resolving).
Gels were first stained with SYBR Gold and imaged using an Alphalmager system, then

stained using coomassie brilliant blue.

2.7 Biotin Labeling and Pull Down of DNA-BSA Crosslinks
50 uM BSA that had been treated with 5 molar equivalents of cisplatin was incubated with
250 uM 5’ biotin-modified DNA in milli-Q water for 1 h at room temperature. Reactions

were then cleaned up by Sephadex G-25 medium spin columns. 10 pL of the BSA-DNA (half



reaction) was brought to 30 uL in PBS and added to 30 pL agarose streptavidin beads. Beads
were incubated at 4°C overnight with rotation. Unbound protein was collected, beads were
washed 5 times with PBS, and protein was eluted using 2% SDS loading buffer. The unbound
fraction (“flow through”) and elution were resolved by dPAGE. 10 pL of biotin-labeled BSA
that was not incubated with streptavidin beads was used as “input.” Gels were first stained
with SYBR Gold and imaged using an Alphalmager system, then stained for protein using

coomassie brilliant blue.

2.8 Pt(1l) transfer from BSA to DNA

50 uM of BSA that had been treated with either 1 or 5 molar equivalents of cisplatin (as
described above) was incubated with 50 uM hairpin DNA oligonucleotide for 1, 6, 24, and 48
h at 37°C. Following incubation for the indicated time periods, formamide was added to stop
the reaction. To confirm that Pt(Il) transfer was not due to inadequate removal of Pt(II)
following BSA platination reactions, BSA treated with 1, 2, or 5 molar equivalents of
cisplatin that had already been cleaned up by G-25 sephadex spin columns was further
purified using Amicon 3 kDa MWCO centrifuge filtration units (Sigma Aldrich, Z677094).
As any remaining cisplatin is not large enough to be retained by the filter, eluate was
collected as it would contain any free cisplatin. BSA and cisplatin-bound BSA is retained by
the filter and was collected as purified BSA. Following filtration, both eluate and purified
BSA were adjusted to their original volumes with milli-Q water. As above, 50 pM hairpin
DNA was incubated with either 50 uM unfiltered platinated BSA, 50 uM purified platinated
BSA, or an equal volume of eluate. A single incubation time point of 24 h was collected and
formamide added to stop the reaction. All samples were separated by dPAGE and gel was

first stained with SYBR Gold followed by coomassie brilliant blue.



2.9 Click Reaction of DNA Crosslinked BSA with a Fluorophore

Pt(II)-bound BSA that had been crosslinked to hex-DNA (as described above) was reacted
with 50 uM rhodamine B-alkyne, 125 uM CuSOs, 500 uM THPTA, and 2.5 mM nmol
sodium ascorbate for 1 h at room temperature. Reactions were then cleaned up by Sephadex
G-25 medium in spin columns and eluent resolved by dPAGE. Rhodamine B-alkyne labeling
was first imaged using an Alphalmager system, followed by staining with SYBR Gold and

coomassie brilliant blue.

2.10 DNA extraction and shearing

MDA-MB-468 cells were grown to confluency in drug-free RPMI media supplemented with
10% fetal bovine serum. Cells were detatched, pelleted, and washed in 1x PBS. Cells were
then lysed by incubating at 50°C for 1 h in lysis buffer (100 mM NaCl, 10 mM Tris pH 8.0,
EDTA pH 8.0, 0.5% SDS) containing proteinase K. DNA was extracted from lysate by
addition of 1 volume phenol:chloroform:isoamyl alcohol. Following ethanol precipitation,
DNA was resuspended in milliQ water. DNA was sheared using a Covaris ME220 focused
ultrasonicator set for 150 bp fragments. Sheared DNA was next separated on a 2% agarose
gel, and DNA of ~150 bp was gel purified using the GenelJet gel extraction kit (Thermo

Fisher). Final concentration of purified DNA was determined by Nanodrop.

2.11 Serum stability of DNA-BSA crosslinks

50 uM BSA that had been treated with 5 molar equivalents of cisplatin (as described above)
was incubated with 50 uM hairpin DNA for 1 h at 37°C. For sheared cell DNA experiments,
cisplatin treated BSA was incubated with 5 uM sheared DNA for 24 h at 37°C. Following
crosslinking, fetal bovine serum (FBS, ThermoFisher) was added to a final concentration of

20%. An aliquot was immediately taken and formamide added as the “0 h” time point.
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Subsequent aliquots were collected at indicated time points. Half of the serum digest reaction
was resolved on a denaturing polyacrylamide stacking gel. Crosslinked DNA was stained by
SYBR Gold and imaged using an Alphalmager system. Protein was visualized by coomassie
staining. For hairpin DNA experiments, the resolving gel containing free DNA was stained
by methylene blue, stacking gel was stained with SYBR Gold and coomassie. Band
intensities of SYBR Gold stained DNA-BSA crosslinks and methylene blue stained free
DNA were determined using GelAnalyzer (gelanalyzer.com) software. Percent DNA was
calculated for DNA-BSA crosslinks and free DNA separately, using the Oh time point for

normalization.

3. Results and Discussion

3.1 DNA oligonucleotide conjugation to AzPt-bound DNA hairpin
We have previously used azidoplatin (AzPt, Figure 1) for click ligation of

fluorophores to DNA hairpins [20-22]. Here, we first wanted to confirm that we could also
successfully label AzPt-bound DNA with a hexynyl-functionalized DNA oligonucleotide
(hex-DNA). We first treated the DNA hairpin (HP) with azide-functionalized AzPt, and then
performed the click reaction with hex-DNA. Analysis by dPAGE clearly shows that a click-
functionalized oligonucleotide can attach to DNA platinated with a click-modified platinum
reagent (Figure 3). We observe a shift in molecular weight following the click reaction as
evidenced by the appearance of an extra, high molecular weight band in the sample
containing the Cu(I) catalyst. Successful click-ligation of hex-DNA to AzPt-bound DNA is
expected to approximately double the size of the molecules. A control reaction that lacks the
Cu(I) catalyst shows little intensity for the click-ligated band, confirming that this interaction

is mediated by the click reaction. Attaching two DNA strands together through a click-
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enabled platinum reagent is a novel result and suggests success for the ensuing hybridization

pull-down approach.

Figure 3. A. Reaction scheme showing click ligation of hex-DNA to AzPt-bound DNA HP. B. Successful click
reaction between AzPt-HP and hex-DNA. Gel displays the successful click reaction between a platinated DNA
strand (AzPt-HP) and a click-functionalized DNA strand (hex-DNA). Lanes are as follows: (1) Hex-DNA; (2)
HP; (3) HP treated with AzPt (upper band is AzPt-HP); (4-5) (-) Cu control and (+) Cu click reaction between
AzPt-HP and hex-DNA.

3.2 Enrichment of AzPt-bound DNA hairpin using hybridization-based pull-
downAfter successfully click-ligating hex-DNA to AzPt-HP, we next tested whether we
could isolate platinated DNA via hybridization-based streptavidin pull-down (Figure 4).
Platinated DNA that had been click-conjugated with hex-DNA was hybridized to a
biotinylated DNA oligonucleotide (bio-DNA) of a complementary sequence. The hybridized
sample was incubated with streptavidin beads to allow capture of biotinylated DNA.
Following isolation by centrifugation, elution was performed by heating above the

hybridization temperature. Samples were taken from each step for analysis.
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Figure 4. Workflow for isolation of AzPt-bound hairpin DNA. Platinated DNA is click-ligated to hex-DNA,
which is then hybridized to biotinylated bio-DNA and isolated using streptavidin-coated magnetic beads.
Elution at elevated temperatures releases the desired platinated molecule.

dPAGE analysis shows that this procedure effectively isolates platinated, clicked
DNA from a complex mixture of DNA species (Figure 5). Comparison of eluted product
(lane 6) with flow-through (lane 4) shows significant enrichment of the high molecular
weight click product Hex-AzPt-HP over unclicked or unplatinated HP DNA. Significant
levels of bio-DNA are also eluted, indicating that the temperature used for elution results in
release of both hybridized hex-DNA and bio-DNA components. Of note, in this procedure,
the beads were first incubated with non-biotinylated ‘blocking DNA’ to reduce nonspecific
DNA-bead interactions. A very faint band above the click product in the elution lane is
identifiable as a small amount of blocking DNA that is also released from the beads upon
heating. Also observed is a low level of unplatinated, unclicked hex-DNA that is carried
through in the procedure. In applying this procedure to identify novel platinated species, both

of these known sequences could be easily removed in downstream analyses.
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3.3 AzPt-treated BSA associated with hex-DNA independent of the click reaction

We are interested in using click-enabled Pt(II) compounds to identify interactions
with proteins in addition to nucleic acids. Recent work reported successful identification of
Pt(II)-bound proteins in AzPt-treated Saccharomyces cerevisiae using biotin-streptavidin
pull-down and proteomics analysis, identifying 152 proteins that appear to be targeted by
Pt(II) [15]. We wanted to test the efficiency of the new DNA hybridization strategy for Pt(II)-
protein labeling. To accomplish this, we performed in vitro experiments using bovine serum
albumin (BSA), a model protein that has been previously used to study serum protein-Pt(II)

interactions [21,25,26].
4 5 6

1 2 3

Figure 5. Hybridization-based pull-down is effective in enriching for Hex-AzPt-HP. Lanes are as follows: (1)
Block-DNA; (2) Hex-DNA; (3) Bio-DNA; (4) Supernatant; (5) Wash 1; (6) Elution; (7) HP + AzaPt-HP (8) HP.

Samples were separated by dPAGE and DNA stained by SYBR Gold fluorescence.
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We first demonstrated that, as with the DNA substrate discussed above, AzPt-treated
BSA could be click-ligated to hex-DNA. The reaction was monitored following separation by
dPAGE and staining with either Coomassie or SYBR Gold to detect protein or DNA,
respectively. Multiple BSA bands are observed in-gel, with monomeric BSA migrating the
fastest, and slower migrating aggregates above. Covalent attachment of hex-DNA to BSA is
indeed observed as bands that appear with both SYBR Gold and coomassie stain (Figure 6).
Surprisingly, however, this interaction was not dependent on the click reaction, as control
reactions that did not contain Cu(I) catalyst also showed association of the DNA
oligonucleotide and BSA. Association between DNA and BSA was not observed in the
absence of the Pt compound (see below). These results indicate a Pt(II)-mediated association
of DNA and protein that is independent of click ligation.

5eq. AzPt

Hex-DNA (eq) 1 1 0
Cu (M)

SYBR Gold

Coomassie

Figure 6. AzPt-treated BSA crosslinks Hex-DNA independent of the click reaction. dPAGE analysis of BSA
treated with 5 eq. AzPt reacted with 1 eq. Hex-DNA and all click reactants or without the Cu catalyst. DNA
was stained by SYBR Gold (top) followed by protein staining with coomassie (bottom). Association of AzPt-
BSA with Hex-DNA is observed with and without the Cu catalyst. Lower band is BSA monomer, higher bands

are likely aggregates.
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Cisplatin and AzPt can form bifunctional adducts with ligands on biomolecules
through loss of both chloride ligands. Cisplatin is also able to form monofunctional adducts
wherein one labile Pt(II) ligand remains unsubstituted. Previous studies have predicted that
cisplatin forms monofunctional adducts on serum albumin in addition to the more frequently
reported bifunctional adducts [27,28]. We therefore hypothesized that AzPt may be forming
monofunctional Pt(Il) adducts on BSA, leaving an unsubstituted site on Pt(II) that is able to
react with guanine or adenine on the DNA, effectively crosslinking the protein and DNA.
This behavior has been observed before, as a monofunctional adduct on ubiquitin is able to

crosslink to 5’ guanosine monophosphate [29]. Pt(II) drugs have also previously been shown

A

No

Pt leq Seq 1leq 3 1eq. Seq

Figure 7. DNA-BSA crosslinking is observed with multiple Pt(II) compounds. A Scheme of reaction. BSA was
first treated with cisplatin or an azide-modified Pt compound for 18h, then incubated with hex-DNA or HP
DNA for 1h. dPAGE analysis of (B) hex-DNA and (C) HP DNA crosslinks to platinated BSA.. DNA was
stained using SYBR Gold (top), and protein stained by Coomassie (bottom). No DNA co-migrates with

untreated ‘no-Pt’ BSA, whereas DNA co-migrates with BSA treated with all three Pt(I) compounds.
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to participate in DNA-protein crosslinking in vitro and in cells [30-34]. To further test this
behavior, we compared DNA-protein crosslinking in azide-free cisplatin as well as both
click-modified reagents, 2-ADAPPt and AzPt. We also tested the influence of the hexynyl
moiety on DNA. The results (Figure 7) demonstrate that DNA-protein crosslinking occurs
readily with cisplatin, and with unmodified DNA lacking a hexynyl modification.

We next tested whether we could perform Pt-mediated crosslinking to a biotin-
modified DNA oligonucleotide and then enrich for Pt-protein species with streptavidin pull-
down. To do this, we treated BSA with 5 molar equivalents of cisplatin followed by
incubation of Pt(II)-treated BSA with bio-DNA, and subsequent streptavidin-bead pulldown.
Pt-BSA that is crosslinked to bio-DNA is indeed bound and eluted from beads (Figure 8),
whereas BSA incubated with the biotinylated oligonucleotide in the absence of cisplatin is
not retained. Some Pt-BSA crosslinked with DNA is also observed in the flow-through,

indicating incomplete binding to the streptavidin beads under these conditions.

Enrichment by
streptavidin beads

SYBR Gold

Coomassie

Figure 8. Biotin-streptavidin pull-down of BSA-Pt-DNA crosslinks. A. Scheme of reaction. BSA was treated
with 5 eq. of cisplatin for 18h, then incubated with bio-DNA for 1 h. BSA-Pt-DNA crosslinks were enriched for
using streptavidin coated beads. B. dPAGE analysis shows unbound protein from the beads was collected as
flow through (FT), and bound protein in the elution. DNA was stained by SYBR Gold and protein was stained

by coomassie.
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3.4 Transfer of Pt(Il) from BSA to DNA

To learn more about the properties of DNA-Pt-BSA crosslinked species, we tested the
stability of crosslinks over an extended incubation time. To do this, BSA was pre-treated with
either 1 or 5 molar equivalents of cisplatin and excess cisplatin removed. Then, 1 molar
equivalent of DNA hairpin was incubated with the cisplatin-BSA samples and the mixture
analyzed at various time points. dPAGE analysis showing only DNA species as stained by
SYBR Gold reveals the expected appearance of DNA-bound BSA as well as free HP DNA.
Interestingly, over time an additional band just above the free DNA hairpin appears in
samples incubated with cisplatin-treated BSA (Figure 9). This band migrates similarly to
cisplatin-bound hairpin DNA, indicating that the hairpin DNA is being platinated during the
extended incubation. As the only source of Pt(II) in the solution is already bound to BSA, this
suggests that Pt(II) bound to BSA is being transferred from the protein to the hairpin DNA.
This result is most evident for BSA treated with 5 molar equivalents of cisplatin, with the Pt-
DNA band appearing after 6 h of incubation and growing in intensity by 24 h. The amount of
Pt(II) bound to BSA appears to influence Pt(Il) transfer, as BSA treated with only 1 molar
equivalent of cisplatin shows only a very faint band corresponding to Pt(I)-bound DNA after
24h of incubation.

We performed the same experiment using our click-enabled Pt(II) compound 2-
ADAPPt with post-treatment fluorescent labeling to confirm that the shifted band was indeed

due to Pt(Il) binding (Supplemental Information). Additional experiments also confirmed that
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the transfer of Pt from protein to DNA was not due to free cisplatin that had not been
removed following BSA platination reactions (Supplemental Information).

Intermolecular transfer of Pt(II) from protein to DNA has only been described a
handful of times. Experiments using a monofunctional [Pt(diethylenetriamine)CI]" compound
demonstrated exchange of free methionine for free guanosine 5’-monophosphate [35] as well
as the dinucleotide d(GpG) [36]. This exchange of methionine for 5’-GMP was also shown to
take place with methionine reacted with cisplatin [36]. On a macromolecule scale, Pinato et
al. observed Pt(II) transfer to a fluorescein-labeled DNA oligonucleotide from bovine a-
lactalbumin that had been treated with a transplatin derivative [37]. To the authors’
knowledge, this is the first report of cisplatin transfer from serum albumin to DNA.

This finding has biological significance as it indicates that following binding to serum
albumin, some Pt(II) is still reactive towards DNA. Many reports have found that a
significant amount of platinum derived from intravenously-administered cisplatin is found in
the blood serum, most likely due to binding with abundant serum proteins. Some suggest that
one day following treatment, up to 90% of cisplatin-derived Pt(I) is bound to proteins in

serum from treated patients [38,39]. It has been hypothesized that binding of cisplatin-derived
BSA only 1 eq CisPt 9 eq. CisPt CisPt-

1h 6 24h 48h 1h 6h 24h 48h 1h 6h 24h 48h HP

+— BSA-PLHP

: . _ ‘ R N P
T L X, Qﬂﬁﬁq.ﬁ”"

Figure 9. Transfer of Pt(I) from cisplatin-treated BSA to DNA hairpin. BSA treated with 1 or 5 molar
equivalents was incubated with 1 molar equivalent of DNA hairpin for up to 24 h. DNA was stained by SYBR
Gold. Highest bands in fluorescent image represent DNA crosslinked to BSA by cisplatin. More intense low
band represent free DNA hairpin, and lighter band just above represents Pt-bound DNA as confirmed by DNA
hairpin (treated with 1 eq cisplatin) size control in final lane. Shown are upper and lower portions of gel; full gel

can be found in Appendix A.
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Pt(II) species to serum albumin may essentially deactivate the drug, sequestering it from
reaching the cell to exert its cytotoxic effect [40,41]. However, other research has found that
patients with decreased levels of serum albumin tend to respond poorly to cisplatin treatment
[42,43], indicating that the protein may aid in delivering cisplatin to cells. Additionally,
delivery of cisplatin pre-bound to serum albumin alleviated nephrotoxicity in a patient with
head and neck carcinoma [44]. This ligand exchange from protein to DNA further supports

the hypothesis that serum albumin may act as a more active drug reservoir [42,44-45].

3.5 Stability of DNA crosslinked to BSA by cisplatin in the presence of serum nucleases

We next set out to investigate the stability of DNA exposed to serum nucleases while
crosslinked to BSA. There has been much interest in using serum albumin as a carrier for
nucleic acid delivery to cells, as free nucleic acids are prone to nuclease degradation in the
serum [46-48]. A recent report found dendritic alkyl chains conjugated to DNA for binding to
human serum albumin significantly increased stability in serum [49]. We therefore set out to
test if DNA crosslinked to BSA by cisplatin had similar enhanced serum stability. To do this,
hairpin DNA was first crosslinked to cisplatin-treated BSA for 1 h. Fetal bovine serum was
next added to the reaction, and aliquots were removed at time points up to 24 h. Stability of
the crosslinked and free DNA were observed by dPAGE analysis (Figure 10A). Free hairpin
DNA is quickly degraded, and full disappearance of the HP DNA band occurs by 24 h. The
half-life of free hairpin DNA is approximately 4.5 h, which is slightly longer than reported
half-lives for DNA oligonucleotides of similar lengths which range from 10 min to over 2 h
[49-51]. This may be due to the stable hairpin structure formed by the hairpin DNA which
can influence its susceptibility to nuclease degradation [52-54]. Interestingly, however, DNA

that is crosslinked to BSA has much greater stability over this timeframe, with loss of only
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20% by the 24 h timepoint based on SYBR Gold intensity analysis of the HP DNA-Pt-BSA

bands.
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Figure 10. DNA-Pt-BSA crosslinks are stable in the presence of serum nucleases. BSA pre-treated with 5 molar
equivalents of cisplatin was incubated with (A) hairpin DNA for 1 h or (B) ~150 nt fragmented DNA from
MDA-MB-468 cells, after which fetal bovine serum was added to the reaction. DNA crosslinked to BSA was
detected by SYBR Gold staining, and protein stained for by Coomassie. For DNA hairpin experiments,
methylene blue was used to stain for free DNA as the DNA concentration was too high for quantitative SYBR

Gold staining. (C) Band intensity was used for quantification, and % DNA reported relative to the 0 h time point

The hairpin DNA is a small oligonucleotide of 20 nucleotides. We were interested in
testing whether this protective effect also occurs with longer DNA sequences. It is well
established that free DNA can be found circulating in serum, and these circulating DNAs are
found at a significantly higher concentration in serum from cancer patients [55]. Because of
this, circulating tumor DNAs (ctDNA) are being investigated as a potential biomarker for
many cancers [56]. While source and biological function of ctDNA is still unclear, the

average length of ctDNA is known to be around 150 bp as nucleosomes or naked DNA and
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likely originates from apoptotic cleavage of cellular DNA [57,58]. Half-lives of ctDNA in the
bloodstream are reported to be 1.5-2.5 h [56,59].We decided to use this as a biologically
relevant size for DNA that might be found in serum. For these experiments, DNA extracted
from the triple negative breast cancer cell line MDA-MB-468 was fragmented to
approximately 150 bp. Although the fragmented DNA represents a variety of sequences,
robust crosslinking with Pt-BSA is observed as an almost complete depletion of free DNA
when incubated with cisplatin-treated BSA (Figure 10B). Analysis of the BSA-Pt-DNA
samples upon 24 hr incubation in serum reveals a nearly complete loss of non-crosslinked
DNA with an approximate half-life of 2 h, but significant nuclease protection of DNA bound
to BSA with over 80% remaining over the same timeframe. It is possible that exonucleases
digest the ends of crosslinked DNA, but if this is occurring we predict it to be a relatively
small amount based on the less than 20% loss in DNA staining over the timecourse of the
experiment.

Taken together, these results indicate that BSA crosslinking mediated by Pt compounds
can significantly increase stability of longer DNA sequences in serum. Analysis of DNA-
protein crosslinks in cisplatin treated cells [34] has shown evidence of DNA crosslinking to
histone proteins following treatment. As protein-DNA crosslinking appears to protect bound
DNA from serum nucleases, it would be interesting to investigate whether protein-DNA
crosslinks influence stability of ctDNA. In accordance with other reports investigating
oligonucleotide stability in serum [49-51,54,60], these experiments were performed at a pH
of 7.4 using fetal bovine serum. It should be noted, however, that the slightly acidic tumor
microenvironment of approximately pH 6.5-6.9 [61] may influence nuclease activity. As the
major serum nuclease, DNase I [62], is reported to have optimal activity at pH 5.5-7.5
[63,64], the effect on nuclease degradation of oligonucleotides is likely to be minor.

4. Conclusions

22



We have demonstrated the ability to attach a DNA oligonucleotide to either a DNA or
protein substrate treated with a clickable Pt reagent and have used this tag to isolate Pt(II)-
bound biomolecules. This methodology can be applied to biological samples, for example in
tagging and isolating Pt(II)-bound DNA from treated cancer cells.

We also discovered that BSA treated with bifunctional Pt(II) reagents becomes
crosslinked to DNA in a Pt-dependent reaction. It is presumed that this occurs through a Pt-
BSA adduct that retains one more labile Pt ligand, allowing for additional coordination of a
DNA nucleobase. Further studies are necessary to identify the species responsible for this
crosslinking. It can be difficult to distinguish the mode of Pt(II) binding using techniques
such as mass spectrometry, as treatment of samples post-binding sometimes perturbs the
Pt(II) complex causing loss of ligands [65,28]. It is possible that the method described here
can select for monofunctional Pt-protein adducts. Using these methods upstream of other
analytical techniques such as mass spectrometry can help deconvolute analysis, providing
more confident assignments of Pt(I) binding sites and their mode of binding on serum
albumin and other proteins.

We also investigated the properties of DNA-Pt-BSA crosslinks with respect to Pt
transfer and protection of DNA in the presence of serum nucleases. A fraction of Pt(I) that is
bound to BSA can transfer to free DNA, supporting hypotheses that serum albumin may act
as a Pt(II) reservoir [42,44].

The amount of Pt(II) bound to BSA also appears to influence the transfer of Pt(II) to
DNA, as evidenced by increased DNA hairpin platination in samples containing BSA that
had been treated with higher equivalents of cisplatin. We hypothesize that Pt(II) might be
binding more stable sites initially, such as Cys34 [26], while higher concentrations of

cisplatin allow for adduct formation at sites that may be more prone to ligand exchange.
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While we observe Pt(II) transfer from BSA to DNA, it appears to be a relatively small
amount as a majority of the DNA remains crosslinked to BSA following a 48 h incubation.
We observed that DNA crosslinked to BSA is protected from nuclease degradation,
and this protection is observed for small 20 nucleotide hairpin DNA as well as 150 bp
fragmented cellular DNA. The latter size range is of interest, as it is representative of the
average length of circulating tumor DNAs [57]. Increased serum stability of serum albumin-
bound DNA could have further applications for the conjugation of nucleic acids to serum
albumin for delivery. Additionally, these data indicate that DNA-protein crosslinks formed

by Pt(Il) increase intactness/stability of the DNA, which may aid in their detection.
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