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DNA alkylating drugs have been used as cancer chemotherapy
with variable outcomes. The establishment of predictive bio-
markers to identify patients who will effectively respond to
treatment would allow for the development of personalized
therapies. As the degree of interaction of alkylating drug with
DNA plays a key role in their mechanism of action, our hypoth-
esis is that the measurement of the DNA adducts formed by
alkylating drugs could be used to inform patient stratification.
Beginning with busulfan, we took advantage of our DNA
adductomic approach to characterize DNA adducts formed
by reacting busulfan with calf-thymus DNA. Samples collected
from six patients undergoing busulfan-based chemotherapy
prior to allogeneic hematopoietic cell transplantation were
analyzed for the presence of busulfan-derived DNA adducts.
Among the 15 adducts detected in vitro, 12 were observed in
the patient blood confirming the presence of a large profile of
DNA adducts in vivo. Two of the detected adducts were struc-
turally confirmed by comparison with synthetic standards and
quantified in patients. These data confirm our ability to
comprehensively characterize busulfan-derived DNA damage
and set the stage for the development of methods to support
personalized chemotherapy.

INTRODUCTION
Alkylating drug-based chemotherapy remains the first-line treatment
choice for many types of cancer dating back to when nitrogen
mustard was first introduced in 1940s.1,2 To achieve their therapeutic
effect, alkylating drugs must enter cancer cells and dysregulate cell cy-
cles by modifying the DNA structure.3,4 DNA damage is the desired
effect on cancer cells as it leads to cell replication blockage and sub-
sequent cell death, but it is also the cause of side effects when localized
in healthy cells. Large variations in efficacy and toxicity of alkylating
drugs have been widely observed in the clinic. Since an association be-
tween alkylating drug-based chemotherapy outcome and cancer cell
DNA modifications has been established, it is reasonable to investi-
gate the use of DNA damage products formed by alkylating drugs
for patient stratification.5 Due to the development of new analytical
technologies, it is now possible to characterize DNA damage and
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quantify the levels of specific types of DNA damage products. For
example, in the blood DNA of patients receiving platinum drugs,
the levels of DNA platinum adducts were shown to be closely associ-
ated with therapy outcome.5–8 To better understand the profile of
DNA damage caused by alkylating drugs, we have developed a
DNA adductomic method that allows us to comprehensively study
the DNA adduct formation by using high-resolution mass spectrom-
etry (HRMS).9 On the basis of this method, we report here the first
study of DNA adduct formation caused by the widely used front-
line alkylating drug busulfan (BU) (1,4-butanediol dimethanesulfo-
nate, 1; Figure 1).

BU is an alkylating agent historically used for the treatment of a va-
riety of cancers.10 BU is nowadays frequently used in combination
with other chemotherapeutic agents for pre-transplantation condi-
tioning of patients undergoing allogeneic hematopoietic cell trans-
plantation (HCT).11,12 Similar to other alkylating drugs, BU-based
therapy side effects include bone marrow suppression, myelosuppres-
sion, and hyperpigmentation.10 Although a clear benefit has been
observed using a regimen of cyclophosphamide (CY) with high-
dose oral BU in pre-transplantation conditioning,13,14 high systemic
exposure to BU has been associated with neurotoxicity and other con-
ditions.15–17 Low systemic exposure to BU, however, may result in
leukemic relapse and increased risks of graft rejection.18,19 Altogether,
these observations indicate a narrow therapeutic window for BU-
based therapy in the clinic.20

To inform the optimal dose of BU for cancer patients, efforts have
been made to monitor its concentration in plasma.21–23 However,
controversies regarding the advantage of monitoring systematic
exposure of BU have been reported due to the presence of
r Therapy: Oncolytics Vol. 28 March 2023 ª 2023 The Authors. 197
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2023.01.005
mailto:balbo006@umn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2023.01.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Study rationale and sample workflow

The study rationale (A) and the work flow (B) of adduc-

tomic analysis of DNA samples. In the in vitro conditions

with less complexity, DNA adducts are more readily

identified due to their higher concentrations. This allows

for a DNA adduct library generation that can be infor-

mative for in vivo evaluation of patient DNA samples.
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confounders.20 Indeed, many retrospective studies evaluating the as-
sociation of BU exposure to clinical outcomes were confounded by
heterogeneity in the conditioning regimens and the baseline patient
characteristics.20

In this context, BU-derived DNA adducts can be considered as clin-
ical outcome prediction biomarkers since they are the direct products
resulting from BU therapy. The evaluation of their profile could pro-
vide more accurate information on the interaction of the drug with its
target to be used to support predictive information for adjusting BU
dose. This may be even more important when BU is used in combi-
nation with other alkylating drugs due to the observed BU-related
drug-drug interactions.24 However, to the best of our knowledge,
these DNA adducts were only hypothesized to take part in BU-related
cytotoxicity and had not been fully characterized before.25 Using our
above-mentioned adductomic approach,26–28 we report here the first
comprehensive study of BU-DNA adducts formed in vitro in BU-
treated calf-thymus and bacterial DNA, along with the synthesis
and characterization of two of the major identified BU-DNA adducts.
Detection of the adducts in vivo in the blood DNA of cancer and Fan-
coni anemia patients receiving BU therapy was demonstrated, along
with the establishment of a quantitative method for use in large sam-
ple population studies.

RESULTS
Analysis of putative BU DNA adducts formed in vitro

A top-down DNA adductomic approach was utilized for the compre-
hensive characterization of BU-derived DNA adducts in calf-thymus
DNA(CT-DNA), treated with the drug in vitro (Figure 1). The adduc-
tomic data-dependent constant neutral loss-MS3 (DDA-CNL/MS3)
method can simultaneously screen for multiple DNA adducts by tak-
ing advantage of the common structural features of DNA adducts (the
20-deoxyribose-nucleobase structure).9,26,27 In this study, the neutral
loss of the four nucleobase moieties (G, 151.0494 amu; A, 135.0545
amu; T, 126.0429 amu; and C, 111.0433 amu) and the 20-deoxyribose
moiety (116.0474 amu) were monitored and coupled with subsequent
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MS3 fragmentation triggered upon neutral
loss observation to gain additional structural
characterization.

Using the DDA-CNL/MS3 method, DNA
hydrolysates of BU-treated and untreated CT-
DNA were analyzed and compared. Data anal-
ysis was performed as previously reported, and
ions corresponding to DNA adducts present
only in the exposed sample were considered.26 Briefly, scrutiny of
the MS2 and MS3 spectra for each MS3-triggering ion confirmed
that the fragments observed resulted from a DNA adduct and were
used to exclude any MS3-triggering ions resulting from artifacts or
false-positives. Specifically, for each ion, the MS3 spectrum was scru-
tinized to (1) confirm the presence of one of the nucleobases and/or
its fragments as product ions, and (2) evaluate that the accurate mass
corresponding to the modification accounts for a realistic chemical
formula. Furthermore, the precursor extracted ion chromatogram
(EIC) was evaluated to confirm its peak-like shape and a minimum
of four sticks across the peak. Finally, the retention times of the full
scan, MS2 and MS3 spectra were evaluated to confirm that they coin-
cided. Full-scan EICs for all candidate DNA adduct ions were gener-
ated for the exposed and unexposed samples, and only ions that were
uniquely present in the exposed sample were annotated. Further
confirmation was gained by evaluation of the presence of the adducts
in both the 14N and 15N form when combining the analysis of 14N-
and 15N-DNA exposed with BU.

A total of 20 compounds matching all the criteria were identified as
putative BU-DNA adducts and listed in Table 1. The EIC for each
of them is reported in Figure S2. As illustrated in Figure 2, a putative
adduct with m/z 357.1530 shows a typical chromatogram with mass
spectrometry (MS) traces of a clear full-scan peak aligning well
with its MS2 and MS3 signals. The neutral loss of guanine observed
in the MS2 fragmentation, together with the appearance of the gua-
nine ion [Gua + H]+ in the MS3 fragmentation suggests that this pu-
tative DNA adduct is likely to be a cross-link product of the drug with
two guanine bases. We thus tentatively assign the structure of this
adduct as N7G-Bu-N7G, 6 (Figure S1).

Confirmation of the putative BU DNA adducts using 15N-labeled

DNA
15N-labeled Escherichia coli DNA is a useful tool to further confirm
the putative BU-DNA adducts listed in Table 1.29 A 1:1mixture of un-
labeled and 15N-labeled E. coli DNA exposed to BU was hydrolyzed



Table 1. DNA adducts putatively identified in BU-treated calf-thymus DNA

and the blood DNA of patients receiving BU therapy

[M + H]+ tR (min) NL
E. coli DNA
(number of15N atoms)

Patient
blood DNAa

224.1135 8.6 N 5 X

257.0880 8.6 dR 5 X

262.0860 18.0 C – X

264.6485 8.3 G 5 X

290.1724 8.2 G 5 X

298.1430 28.9 A 5 X

300.1401 29.0 A 5 X

302.0920 16.0 G 5 –

306.1560 6.4 dR 5 X

316.1349 34.5 G 10 –

357.1531 9.6 G 10 X

358.1276 17.7 dR 5 X

378.1330 17.9 dR – X

418.1390 15.0 dR 5 X

432.1823 28.3 dR 7 –

441.2218 8.2 G 5 X

449.1726 15.6 dR 10 X

465.2080 49.7 T – –

469.1782 15.6 dR – –

482.2170 49.9 T – –

aX indicates that adduct was detected in at least one patient.
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and purified following the same approach described for the analysis of
CT-DNA. The hydrolysate was analyzed by the same adductomic
DDA-CNL/MS3 method, with the exception that 15N-labeled deoxy-
ribonucleosides were included as monitored neutral losses. The ac-
quired MS data were processed by the same approach described
above. Only the peaks present in both 14N- and 15N-MS traces were
considered as putative BU-DNA adducts, a representative example
of which is shown in Figure 3. In this analysis, the presence of the
two co-eluting peaks with m/z 357.1534 (unlabeled) and 367.1231
(15N-labeled) agreed with the putative BU cross-link adduct 6
observed in Table 1 and Figure 2. The mass difference of 9.9703
amu (indicating 10 15N-labeled nitrogens) provides further evidence
of forming the cross-link 6, since each guanine contains five
nitrogens.

We then manually excluded any peaks from the list of Table 1 (the
column of unlabeled CT-DNA) that were not confirmed by the
14N/15N paired pattern in the BU-treated E. coli DNA. The number
of putative BU-DNA adducts thus decreased to 15, as shown in
Table 1. Insights on DNA adduct types were given by the mass differ-
ence between the 14N/15N paired peaks. As mentioned above, a mass
difference of 4.9852 amu (corresponding to the adduct with five nitro-
gen atoms), indicates that the DNA adduct is a modification on a sin-
gle Gua or Ade nucleobase (mono adduct). while a mass difference of
6.9890 or 9.9703 amu corresponds to a cross-link DNA adduct.
Therefore, a total of four cross-links and 11 mono adducts are iden-
tified to be formed from BU treatment of DNA in vitro.

Targeted analysis of putative BU DNA adducts in the blood of

patients

The presence of the putative BU-derived DNA adducts was investi-
gated in the blood DNA of patients undergoing BU treatment. Blood
samples were collected from six patients receiving BU therapy
(Table 2). Samples were taken prior to the first administration (base-
line sample) and within 24 h after the completion of the BU therapy
(exposed sample). The paired blood DNA samples were analyzed
using a targeted MS method for the 15 putative BU-DNA adducts
(Table 1) observed in vitro. Twelve of the adducts were detected in
at least one of the blood samples. Interestingly, two putative DNA ad-
ducts with m/z 357.1531 (tentatively assigned to be N7G-Bu-N7G, 6)
and 441.2218 (unknown) were present in all the six blood DNA sam-
ples of patients receiving BU therapy (Table S1). Some adducts, such
as that withm/z 224.1135 (tentatively assigned to be N7G-Bu-OH, 7)
and 449.1726 (unknown), were also detected in five out of six patients.
These results identified the BU adduct profile to be used to define the
interaction of the drug with its molecular target in patients. These
efforts led to the development of a quantitative/profilingmethod pair-
ing the quantitation of the most common BU-derived DNA modifi-
cations, adducts 6 and 7, with the profiling of all 15 detected putative
DNA adducts.

Chemical synthesis of BU-derived DNA adducts

The synthesis of adducts 6 and 7 is illustrated in Figure S1. The same
scheme was followed for the synthesis of their corresponding isotopi-
cally labeled analogs. The synthesis started with a common step in
which the N2-NH2 of [

15N5]20-deoxyguanosine (dGuo) was first pro-
tected with the dimethylformamidine group to improve the regiose-
lectivity of the alkylation reaction by 1,4-dibromobutane with 2.
This alkylation reaction requires nearly 2 weeks to complete (Fig-
ure S3) and room temperature stirring to achieve a better outcome.
Then the intermediate 3 was reacted with excess 2 to yield the
cross-link precursor 4, which was easily converted to the final com-
pound 6 via the NH4OH-catalyzed deprotection reaction. During
the cross-linking step, the bromine atom of 3 also underwent hydro-
lysis and formed the mono adduct precursor 5. This precursor was
readily converted to the mono adduct 7 by treatment with NH4OH
in MeOH. The same route was followed starting from [15N5]dGuo
to obtain the corresponding isotopically labeled analogs of 6 and 7.

Characterization of BU-derived DNA adducts

One critical aspect of the characterization of BU-derived DNA ad-
ducts 6 and 7 is to confirm the regioselective attack of the Gua-N7 po-
sition in the alkylation steps of Figure S1. During the first alkylation
step, compound 3 was formed as the major product (Figure S3). As
shown by Figure S4, the heteronuclear multiple bond correlations
(HMBCs) between the methylene group (H10) and the 5- and
8-carbons of the guanine base clearly demonstrate that the alkylation
reaction is Gua-N7 selective under the mild conditions used. No such
Molecular Therapy: Oncolytics Vol. 28 March 2023 199
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Figure 2. MS traces of EIC of m/z 357.1530 and its MS2 and MS3 fragmentation pattern in BU-treated CT-DNA
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correlation is observed between the same methylene group and the
4-carbon of the guanine base. The full NMR characterization of com-
pound 3 is also presented in Figure S4. The chemical structure of 7 is
thus the Gua-N7 alkylation product since the hydrolysis step and the
deprotection step will not change the alkylation position.

For the structural assignment of the cross-link adduct 6, additional
HMBC evidence was needed for the second alkylation reaction by
the intermediate 3 with 2. As shown in Figure S5, correlations similar
to those described for compound 3, between the methylene group
(H10) and the Gua C5 and C8, were clearly observed. No signal was
observed between the samemethylene group and Gua C4 further sup-
porting the structure of intermediate 4. The full NMR characteriza-
tion of this intermediate can also be found in the Figure S5. Similarly,
the regioselectivity of the final cross-link 6 remains the same after the
deprotection reaction from compound 4.

The MS study of the synthesized standards provided convincing evi-
dence for their structural assignments. MS fragmentation patterns of
6 and 7 both agreed with likely pathways. As shown in Figure 4, the
major product ion of the cross-link adduct 6 ism/z 206.1033, which is
the fragment ion resulting from the loss of a guanine; the major prod-
uct ion of the mono adduct 7 is m/z 224.1138, which is the fragment
ion resulting from the loss of the alkyl modification. The isotope-
labeled chemical standards [15N5]6 and [15N5]7 eluted at the same
200 Molecular Therapy: Oncolytics Vol. 28 March 2023
high-pressure liquid chromatography (HPLC) retention time
compared with the unlabeled adducts 6 and 7 in the BU-exposed
CT-DNA (Figure 5). Their MS2 fragmentation patterns were also
identical to the unlabeled standards, with the most abundant product
ions being m/z 211.0876 and 157.0412, respectively.

Quantification of N7G-Bu-N7G and N7G-Bu-OH in blood DNA of

patients undergoing BU-based chemotherapy

The targeted HPLC-NSI-HRMS/MS method was used for the quan-
titation of the cross-link adduct 6 and the mono adduct 7 in the blood
DNA of BU-exposed patients (Figure 6). The limit of detection (LOD)
and limit of quantitation (LOQ) for adduct 6 were 0.015 and 0.05
fmol on-column, respectively; the LOD and LOQ for adduct 7 were
0.025 and 0.25 fmol on-column, respectively. Standard curves for
both compounds were established by analyzing solutions containing
a fixed amount of isotope-labeled adducts (6, 7.5 fmol; 7, 5 fmol)
mixed with increasing amounts of the unlabeled standards, followed
by regression analysis of the calculated and experimentally deter-
mined relative response ratios (Figure 6). Solvent blanks were period-
ically injected to detect potential analyte carry-over. The concentra-
tion ranges for the calibration curves and validation experiments
were chosen to cover the range of the levels of adducts found in hu-
man DNA samples. The calibration curves showed good linearity
within the concentration ranges (R2 = 0.99 for 6 and 0.98 for 7).
The assay accuracy was determined as a percentage of the added



Figure 3. 15N-DNA data for supporting DNA adducts characterization

(A) EIC of one detected adduct withm/z 357.1530, its 15N-versionm/z 367.1234, and the corresponding MS2 scan events. (B) MS2 spectra of the ionm/z 357.1530 and the

hypothesized structure. (C) MS2 spectra of the ion m/z 367.1233 and the hypothesized structure (ion m/z 202.1071 is not related to the molecule of interest).
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amount of adducts to 20 mg of CT-DNA. The adducts were detected
with excellent accuracies of 94% and 101.48% (n = 6) for 6 and 7,
respectively. Good linearity was also observed across the tested con-
centration ranges in the accuracy study. The precision of this assay
was also satisfactory, with 6.9% for 6 and 7.6% for 7 by calculating
the average of the coefficient of variation (CV) at each concentration
of the curve. The total recoveries averaged 81% and 64% for 6 and 7
respectively.

As shown by Table 2, both the cross-link 6 and the mono adduct 7
were readily detected in most patients. The mono adduct 7 occurred
in much higher abundance than the cross-link adduct 6. The concen-
tration of 7 was 6.8–20.6 times higher than that of 6 in each patient
except for patient 4. A high interindividual variation was observed
in the levels of adducts 6 and 7. This may be due to the difference
of total BU dose given to the patients, to interindividual difference
in forming and repairing DNA adducts, or to a combination of both.

DISCUSSION
In this study, we characterized for the first time BU-derived DNA ad-
ducts in the blood of HCT patients receiving this therapy. Twelve out
of 15 putative DNA adducts observed in vitro were detected in pa-
tients. Two of them were characterized to be the cross-link DNA
adduct 6 and the mono DNA adduct 7. A quantitative method for
the analysis of these two adducts was developed to be combined
with the screening analysis for all other BU-derived DNA modifica-
tions identified here. This study provides a promising approach to
develop predictive biomarkers for future use to monitor the effects
of BU and support personalized therapies.

The mechanism of action for DNA alkylating drugs such as BU is
their ability to damage DNA. However, this interaction can also result
in therapy toxicities, especially when high-dosage treatment is
required.5 On the other hand, low doses of alkylating drugs result
in insufficient cancer cell DNA damage, which has been associated
with drug resistance and therapy failure.5 A fine balance needs to
be found to administer these drugs at appropriate concentrations.
Furthermore, patient-specific aspects, such as DNA repair mecha-
nisms or drug metabolisms, are variables that may dramatically influ-
ence the generation of DNA damage and therefore the efficacy of the
treatment. A profile of BU-derived DNA adducts provides integrated
information on the drug activity and individual variables that may in-
fluence it and therefore is an excellent candidate as a predictive
biomarker in precision oncology.5

There are limited studies showing the addition products of BU with
glutathione.30–32 Scian and coworkers studied the role of BU-related
metabolite g-glutamyldehydroalanylglycine (EdAG) and the action
Molecular Therapy: Oncolytics Vol. 28 March 2023 201
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Table 2. Diagnosis, sex, and levels of DNA adducts 6 and 7 in patients

receiving BU-based chemotherapy

Patient Diagnosis Sex

N7G-Bu-N7G (6)
Adducts/106

nucleosides

N7G-Bu-OH (7)
Adducts/106

nucleosides

1 Acute myeloid leukemia F 0.62 12.8

2 Acute myeloid leukemia F 1.54 26.7

3 Fanconi anemia F 0.38 ND

4
Multiple sulfatase
deficiency

F 2.02 13.7

5 Acute myeloid leukemia F 0.62 28.2

6 Fanconi anemia M 1.60 26.3

DNA modifications derived from the alkylating drug BU were profiled with our novel
adductomics approach in vitro. The detected adducts were investigated in patients un-
dergoing BU-based chemotherapy, two of which were chemically characterized and
quantified. This study sets the stage for the evaluation of BU adducts for therapy person-
alization.
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of BU on intact proteins, highlighting novel mechanisms of BU
toxicity.33–35 However, to the best of our knowledge, no study has
characterized DNA adducts formed by BU. Iwamoto and coworkers
demonstrated that BU caused DNA damage at 50-GA-30 and
50-GG-30 sequences in vitro with detection of two structurally un-
known adducts.25 They concluded that the generation of cross-links
may be a strong mechanism of BU cytotoxicity. Souliotis and col-
leagues highlighted the relevance of mono adducts in therapeutic ef-
fect, supporting a two-step mechanism of generation of cross-linked
adducts. Indeed, cross-links may be generated by a delayed binding to
a second site in DNA.36 Therefore, repair of mono adducts may inter-
fere with the generation of cross-linked adducts and module the drug
cytotoxicity.36 Interstrand lesions are thought to play a central role in
the cytotoxic response because they prevent DNA strand separation,
which is required for DNA replication and transcription.37 Overall,
these observations support the importance of monitoring the full pro-
file of adducts rather than focusing only on few major ones. Tradi-
tionally, the interactions between alkylating drugs and nucleic acids
have been studied by targeting a few specific analytes resulting from
the main chemical modifications occurring according to the known
reactivity of the drug with DNA’s reactive sites. Our novel DNA ad-
ductomics approach, instead, allows the simultaneous screening of all
DNA covalent modifications (not only the major ones), including
both known and previously unidentified ones. This more comprehen-
sive method may also include those resulting from metabolic modifi-
cations or activation pathways that may be unexpected. The possibil-
ity to screen how the drug, directly or through its metabolites,
interacts with DNA gives a full picture of all the possible interactions
of the drug and the metabolites with their target. In addition to the
direct action of drug with DNA, this allows us to understand the
role of all the metabolic processes involved. Furthermore, different
DNA modifications may be affected by DNA repair mechanisms in
various ways and at different rates, thus screening for multiple
DNA adducts allows us to potentially monitor the influence of repair-
ing enzymes on the action of the drug.
202 Molecular Therapy: Oncolytics Vol. 28 March 2023
In the present study, we first investigated the formation of BU-DNA
adducts in our in vitro samples with BU-exposed CT-DNA and
14N-/15N-DNA mixture from E. coli, and identified four putative
cross-links including adduct 6 and 11mono adducts including adduct
7. Since the synthesis and characterization of all adducts would
require enormous effort, we focused on the development of a quanti-
tative method for the twomajor adducts 6 and 7 in the profile, namely
those that were present in most samples. In the future, these two ad-
ducts will serve as standards for the development of analytical
methods aimed at profiling all DNA adducts and evaluating their rela-
tionship with patient outcome.

The chemical synthesis of 6 and 7 was pursued for absolute charac-
terization and development of a quantitative method to be used in
parallel to the profiling. The synthetic strategy for synthesizing the
cross-link adduct 6 utilized two sequential alkylation reactions
instead of the classical method of treating dGuo with the alkylating
agent (such as nitrogen mustard3 and bis(2-chloroethyl)ethyl-
amine38) in a one-step reaction. The advantages of our method
are (1) allowing a full NMR characterization of the Gua-N7-alkyl
product obtained from each alkylation reaction, and (2) yielding
cleaner reaction mixtures for a better separation of the desired prod-
uct. We failed to identify desired products from the reaction
mixture of dGuo with BU or 1,4-dibromobutane due to the
complexity of the HPLC traces.

The success of the first-step alkylation (Figure S1) is critical. This
reaction requires a long reaction time (14 days) with mild stirring
at room temperature to achieve completion (Figure S3). Increasing
the reaction temperatures (e.g., 60�C) or use of different solvents
(e.g., DMSO) and added bases (e.g., Et3N, DBU, K2CO3) failed to
facilitate the reaction; all the reactions yielded much more complex
products with no improved yields of the desired product 3. For the
second-step alkylation, the reaction yield for compound 4 is very
low even with excess starting material 2. The product 5 is consid-
ered the hydrolysis product from 3 during the second-step alkyl-
ation reaction in a similar low yield. The mild condition from the
first-step alkylation reaction did not work for the second-step alkyl-
ation, even after up to 14 days. One important observation is that
the excess amount of NH4OH used for the deprotection reaction
of 4 could degrade the product 6 but did not appear to affect com-
pound 7.

Using the synthesized standards, we were able for the first time to
quantify BU-derived DNA adducts in patients. The concentrations
of 7 ranged from 12.8 to 28.2 adducts/106 nucleotides (except for pa-
tient 3), significantly higher than those of 6, which ranged from 0.38
to 2.02 adducts/106 nucleotides. Out of the 15 putative DNA adducts
detected in vitro, 12 were detected in at least one patient undergoing
BU-based chemotherapy. Interestingly, several DNA adducts are in
common among patients underlining a general reaction mechanism
between BU and DNA. Chemical modifications to guanine and
adenine are observed to be the most frequent ones as commonly re-
ported in past investigations of alkylating drugs.3,36,38,39 An isotope



Figure 4. Mass spectra of synthetic standards

HRMS analysis of synthetic standards of cross-link 6 (A) and mono adduct 7 (B).
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dilution method was developed and validated for quantifying the
cross-link adduct 6 and the mono adduct 7. The cross-link adduct
6 and the mono adduct 7 were formed at high levels, ranging from
0.3 to 2 and from 1 to 263 adducts every 106 nucleosides, respectively.
The higher amount of the mono adduct is consistent with the obser-
vations of Soulioti et al., Palom et al., and Hemminki in the cases of
cyclophosphamide and mitomycin exposure.36,39,40 However, due
to the small number of patients in the present study with different
doses and imprecise therapy time courses, the evaluation of the effects
of adducts 6 and 7 on therapeutic outcome was not possible but can
be done in the future.

In conclusion, we explored for the first time the BU-DNA adduc-
tome using a DNA adductomic approach. This resulted in a list of
15 putative DNA adducts formed by BU treatment in CT-DNA.
Twelve of the 15 adducts were detected in the blood DNA of six
patients undergoing BU treatment, and two of these were charac-
terized to be the cross-link DNA adduct 6 and the mono DNA
adduct 7 by comparison with their corresponding synthesized
standards. An isotope dilution HPLC-NSI-HRMS/MS method
was developed to quantify the two adducts in the blood DNA.
Their formation occurred in relatively high concentrations, sug-
gesting their potential as promising biomarkers for the investiga-
tion of interindividual differences in BU-induced DNA adducts
for patient stratification.

MATERIALS AND METHODS
Chemicals and supplies

Methanol (MeOH, liquid chromatography [LC]-MS grade), acetoni-
trile (ACN, LC-MS grade), isopropanol (IPA), and formic acid (FA,
98% v/v) were purchased from Fluka (St. Louis, MO, USA). Water
was purified by a Milli-Q system (Milford, MA, USA). Cell Lysis So-
lution, Proteinase K, and RNase-A were purchased from Qiagen
(Germantown, MD, USA). DNase I recombinant expressed by Pichia
pastoris (R-DNase, 10,000 U/mg), phosphodiesterase-1 extracted
from Crotalus adamanteus (PDE-1, 0.4 U/mg), recombinant alkaline
phosphatase expressed by P. pastoris (R-ALP, 7,000 U/mg), and calf-
thymus DNA (CT-DNA) were purchased from Roche (St. Louis, MO,
USA). Single-membrane filtration devices Microcon (10-kDa cutoff,
0.5 mL) were purchased fromAmicon (Billerica, MA, USA). Silanized
vials (0.3, 1.2, and 4 mL) were purchased from ChromTech (Apple
Valley, MN, USA). [15N5]20-deoxyguanosine (dGuo) was purchased
from Cambridge Isotope Laboratories. All other chemicals and sup-
plies were purchased from Sigma-Aldrich or Fisher Scientific.
Molecular Therapy: Oncolytics Vol. 28 March 2023 203
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Figure 5. Chromatograms resulting from co-injection of standards with the CT-DNA sample exposed to BU for analyte confirmation

(A) EIC of m/z 224.1135 and 229.0986. (B and C) Relative MS2 spectra. (D) EIC of m/z 357.1531 and 362.1382. (E and F) Relative MS2 spectra.
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Synthesis of chemical standards

N’-(9-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-6-oxo-6,9-dihydro-1H-purin-2-yl)-N,N-

dimethylformimidamide (2, N2-dmf-dGuo)

N,N-dimethylacetamide dimethyl acetal (2.0 mL) was added to a so-
lution of dGuo (3.5 mmol, 1.0 g) in MeOH (9.5 mL). The reaction
mixture was stirred at room temperature for 3 days. After reaction,
the precipitated white solid was filtered and washed with cold
MeOH. The solid was dried and used directly without further purifi-
cation (1.05 g, 93%). 1H NMR (500 MHz, DMSO-d6) d 11.31 (s, 1H,
H1), 8.55 (s, 1H, (CH3)2NCH =N-), 8.03 (s, 1H, H8), 6.25 (dd, J = 7.9,
6.1 Hz, 1H, H10), 5.29 (d, J = 3.9 Hz, 1H, 30-OH), 4.93 (t, J = 5.5 Hz,
1H, 50-OH), 4.37 (dq, J = 6.1, 3.0 Hz, 1H, H30), 3.83 (td, J = 4.6, 2.5 Hz,
1H, H40), 3.57 (dt, J = 11.7, 5.1 Hz, 1H, H50a), 3.51 (ddd, J = 11.6, 5.8,
4.4 Hz, 1H, H50b), 3.16 (s, 3H, -CH3), 3.03 (s, 3H, -CH3), 2.59 (ddd,
J = 13.5, 8.0, 5.7 Hz, 1H, H20a), and 2.23 (ddd, J = 13.2, 6.1, 2.9 Hz, 1H,
H20b). For the synthesis of the isotopically labeled compound [15N5]2,
N,N-dimethylacetamide dimethyl acetal (1.0 mL) was added to a so-
lution of [15N5]dGuo (5.0 mg, 0.018 mmol) in MeOH (1.0 mL). After
stirring at room temperature for 3 days, the reaction mixture was
dried to remove most of the solvent and diluted with H2O (0.5 mL)
before performing reverse-phase HPLC purification using Waters
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Associates (Milford, MA) systems equipped with a Shimadzu SPD-
10A 0.2 mm Prep UV-vis detector (254 nm). A Luna 5-mm C18(2)
100 Å 250 � 10-mm column purchased from Phenomenex (Tor-
rance, CA) was used for the separation. A 50-min program was
used with a flow rate of 4 mL/min and a gradient starting from 5%
MeOH in H2O for 10 min, then increasing linearly to 90% MeOH
in H2O over 25 min. After holding at 90% MeOH in H2O for
3 min, the gradient was returned to the initial condition of 5%
MeOH in H2O over 5 min. The system was equilibrated for 7 min
before the next injection. The desired product [15N5]2 was collected
at the retention time of 22 min 1H NMR (500 MHz, MeOD) d 8.64
(d, J = 2.3 Hz, 1H, (CH3)2NCH = 15N-), 8.06 (dd, J = 11.3, 7.8 Hz,
1H, H8), 6.37 (ddd, J = 7.7, 6.1, 1.4 Hz, 1H, H10), 4.55 (dt, J = 6.1,
3.0 Hz, 1H, H30), 4.01 (q, J = 3.5 Hz, 1H, H40), 3.79 (dd, J = 12.0,
3.6 Hz, 1H, H50a), 3.72 (dd, J = 12.0, 3.9 Hz, 1H, H50b), 3.21
(s, 3H, -CH3), 3.12 (s, 3H, -CH3), 2.73 (dddd, J = 13.6, 8.3, 6.1,
2.7 Hz, 1H, H20a), and 2.39 (dddd, J = 13.5, 6.2, 3.2, 1.3 Hz, 1H, H20b).

N’-(7-(4-bromobutyl)-6-oxo-6,7-dihydro-1H-purin-2-yl)-N,N-

dimethylformimidamide (3, N2-dmf-Gua-N7-butylbromide)

A solution of 7 (0.5 mmol, 161 mg) and 1,4-dibromobutane
(2.5 mmol, 300 mL) in N,N-dimethylformamide (DMF, 2.0 mL) was



Figure 6. Example of DNA adduct detection in patients and calibration curves

(A) Representative EIC of respectively adduct 6, its internal standard and 7, and relative internal standard in patient DNA. (B and C) Measured and spiked amount of adducts 6

and 7 for method validation. Error bars for measures repeated in triplicates (n=3).
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stirred at room temperature for 14 days. The reaction mixture turned
from a white suspension to a clear yellow solution after 8 days. After
completion, the reaction mixture was subjected directly to reverse-
phase HPLC for purification using the same conditions described
for the synthesis of [15N5]2. The desired product 3 eluted at
30.4 min as the major peak (Figure S3). After drying under a stream
of N2, compound 3 was collected as a white solid (101 mg, 60%). The
full NMR spectra are presented in Figure S4. 1H NMR (500 MHz,
DMSO-d6) d 11.34 (s, 1H, H1), 8.60 (s, 1H, (CH3)2NCH = N-),
8.01 (s, 1H, H8), 4.26 (t, J = 6.7 Hz, 2H, -CH2CH2CH2CH2Br), 3.53
(td, J = 6.7, 2.2 Hz, 2H, -CH2CH2CH2CH2Br), 3.14 (s, 3H, -CH3),
3.01 (s, 3H, -CH3), 1.96–1.86 (m, 2H, -CH2CH2CH2CH2Br), 1.79–
1.66 (m, 2H, -CH2CH2CH2CH2Br).

13C NMR (126 MHz, DMSO)
d 158.90 (C4), 157.64 ((CH3)2NCH = N-), 156.45 (C2), 155.27
(C6), 143.40 (C8), 110.70 (C5), 45.12 (-CH2CH2CH2CH2Br),
40.46 (-CH3), 34.51 (-CH3), 34.30 (-CH2CH2CH2CH2Br), 29.24
(-CH2CH2CH2CH2Br), and 29.06 (-CH2CH2CH2CH2Br). HRMS
(Orbitrap): [M + H]+ calculated (calc’d) 341.0720, 343.0700;
286.0298, 288.0278; found 341.0665, 343.0641; 286.0329, 288.0310.
For the synthesis of the isotopically labeled compound [15N5]3, 1,4-
dibromobutane (20 mL) was added to a solution of [15N5]2 in DMF
(0.5 mL). The reaction mixture was stirred at room temperature for
14 days. After reaction, the reaction mixture was subjected directly
to reverse-phase HPLC, and the desired product [15N5]3was collected
at the retention time of 30.3 min under the same conditions described
for the synthesis of [15N5]2. HRMS (Orbitrap): [M + H]+ calc’d
346.0572, 348.0552; 291.0150, 293.0130; found 346.0578, 348.0648;
291.0343, 293.0314.

N’,N’’-(butane-1,4-diylbis(6-oxo-6,7-dihydro-1H-purine-7,2-diyl))

bis(N,N-dimethylformimidamide) (4, bis(N2-dmf-Gua-N7)butyl,

and N’-(7-(4-hydroxybutyl)-6-oxo-6,7-dihydro-1H-purin-2-yl)-

N,N-dimethylformimidamide (5, N2-dmf-Gua-N7-butanol)

To a solution of 3 (0.22 mmol, 101 mg) in DMF (1.5 mL), compound 2
(0.29 mmol, 94 mg) was added. The reaction mixture was stirred at
60�C for 2 days and then analyzed by reverse-phase HPLC directly un-
der the same conditions described for the synthesis of [15N5]7. The
desired products 4 and 5 were collected at 25.6 and 26.0 min, respec-
tively, in very low yields (<1%) (Figure S6). The isotopically labeled
compounds [15N5]4 and [15N5]5 were synthesized in the same way
as 4 and 5. A solution of 2 (16.2 mg, 0.05 mmol) was added to a
DMF (0.5 mL) solution of [15N5]3. The reaction mixture was stirred
at 60�C for 2 days. After reaction, the resulting mixture was subjected
to reverse-phaseHPLCdirectly using the same separation conditions as
described above. The desired compounds [15N5]4 and [15N5]5 were
collected at the retention times of 25.6 and 26.0 min, respectively.
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Compound 4 was fully characterized by one- and two-dimensional
NMR and HRMS. The NMR spectra are presented in Figure S5.
1H NMR (500 MHz, MeOD) d 8.59 (s, 2H, (CH3)2NCH = N-), 7.99
(s, 2H, H8), 4.48–4.30 (m, 4H, N-CH2CH2-), 3.18 (s, 6H, -CH3),
3.10 (s, 6H, -CH3), 2.18–1.69 (m, 4H, N-CH2CH2-).

13C NMR
(126 MHz, MeOD) d 160.50 (C4), 159.44 (CH3)2NCH = N-),
158.85 (C2), 144.92 (C8), 112.03 (C5), 47.45 (N-CH2CH2-), 41.29
(-CH3), 35.16 (-CH3), and 28.84 (N-CH2CH2-). HRMS (Orbitrap):
[M + H]+ calc’d 467.2374; found 467.2359. However, parent is in
lower abundance than its fragment m/z 266.1310. The structure of
[15N5]4 was confirmed by HRMS. HRMS (Orbitrap): [M + H]+ calc’d
472.2226, 266.1310, 261.1458; found 266.0663 and 261.2174 (no
parent mass was observed, as above noted due to in-source fragmen-
tation and spontaneous loss of Boc group in the source).

Compound 5was characterized by 1HNMR (Figure S7) andHRMS. 1H
NMR (500MHz,MeOD) d 8.61 (s, 1H, (CH3)2NCH =N-), 8.07 (s, 1H,
H1), 8.01 (s, 1H, H8), 4.37 (t, J = 7.1 Hz, 2H, -CH2CH2CH2CH2OH),
4.18 (t, J = 6.4 Hz, 2H, -CH2CH2CH2CH2OH), 3.19 (s, 3H, -CH3),
3.11 (s, 3H, -CH3), 1.99 (p, J = 7.3 Hz, 2H, -CH2CH2CH2CH2OH),
and 1.68 (dt, J=14.1, 6.6Hz, 2H, -CH2CH2CH2CH2OH).HRMS(Orbi-
trap): [M+H]+ calc’d 279.1564; found 279.1573. The structure of [15N5]
5 was confirmed by HRMS. HRMS (Orbitrap): calc’d [M + H]+

284.1416; found 284.1414.

7,7’-(Butane-1,4-diyl)bis(2-amino-1,7-dihydro-6H-purin-6-one)

(6, N7G-Bu-N7G)

To a solution of 4 (�1 mg) in MeOH (0.5 mL) was added 28%–30%
NH4OH solution (0.1 mL). The reaction mixture was stirred at room
temperature overnight. After completion, the reaction mixture was
dried by a streamofN2 and the residue was reconstituted inH2O before
subjecting it to reverse-phase HPLC for purification using the same
conditions described for the synthesis of [15N5]2. The desired product
6 was eluted at 21.1 min (Figure S8). The 1H NMR spectra are pre-
sented in Figure S8. 1H NMR (500 MHz, MeOD) d 7.69 (s, 2H, H8),
4.31 (t, J = 6.8 Hz, 4H, N-CH2CH2-), 4.08 (t, J = 6.9 Hz, 4H,
N-CH2CH2-).

1H NMR (500 MHz, DMSO-d6) d 7.63 (s, 2H, H8),
4.20 (t, J = 6.4 Hz, 4H, N-CH2CH2-), and 3.92 (t, J = 6.8 Hz, 4H,
N-CH2CH2-). HRMS (Orbitrap): [M + H]+ calc’d 357.1530; found
357.1525. The isotopically labeled compound [15N5]6 was synthesized
using the same method used for 6. To a solution of [15N5]4 in MeOH
(0.5 mL) was added 28%–30% NH4OH solution (0.1 mL), and the
mixture was stirred at room temperature overnight. After reaction,
the solvent was removed by drying with a stream of N2 and the residue
was reconstituted in H2O before subjecting it to reverse-phase HPLC
for purification using the same conditions described for the synthesis
of [15N5]2. The desired product [15N5]6 was collected at 21.2 min.
The structure of [15N5]6 was confirmed by HRMS. HRMS (Orbitrap):
[M + H]+ calc’d 362.1382; found 362.1382.

2-Amino-7-(4-hydroxybutyl)-1,7-dihydro-6H-purin-6-one (7,

N7G-Bu-OH)

Compound 7 and its isotopically labeled analog [15N5]7 were synthe-
sized similarly as compound 6. The desired product 7 eluted from
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HPLC at 20.1 min (Figure S9) under the same conditions described
for the synthesis of [15N5]2. The desired product [

15N5]7was collected
at 20.0 min. The structure of compound 7 was confirmed by 1H NMR
(Figure S9) and HRMS. 1H NMR (500 MHz, DMSO) d 10.70 (s, 1H,
H1), 7.89 (s, 1H, H8), 6.07 (s, 2H, N2-NH2), 4.41 (t, J = 5.2 Hz, 1H, -
OH), 4.17 (t, J = 6.9 Hz, 2H, -CH2CH2CH2CH2OH), 1.77 (p, J =
7.1 Hz, 2H, -CH2CH2CH2CH2OH), and 1.32 (dt, J = 14.1, 6.6 Hz,
2H, -CH2CH2CH2CH2OH). HRMS (Orbitrap): [M + H]+ calc’d
224.1142; found 224.1141. The structure of [15N5]7 was confirmed
by HRMS. HRMS (Orbitrap): [M + H]+ calc’d 229.0994; found
229.0993.

DNA isolation and purification
15N-DNA generation

E. coli (MG1655 strain) was cultured in 15N-labeled minimal medium
(5 mL) at 37�C overnight for three generations to obtain a uniformly
labeled 15N-strain. The optical density 600 (OD600) was used to
monitor bacterial growth until stationary phase. The bacteria culture
was centrifuged at 3,000 � g for 10 min at 24�C. The bacterial pellet
was re-suspended in 50% glycerol in bacterial medium solution, frozen,
and stored at�80�C until use. 15N-labeled minimal medium (1 L) was
prepared using 200mL ofM9 salts (Na2HPO4$7H2O, 64 g KH2PO4, 15
g, NaCl, 2.5 g, and 15NH4Cl, 5.0 g in deionized H2O, 1 L), and added to
20 mL of glucose (20%; Sigma-Aldrich), 2 mL of MgSO4 (1 M; Fisher
Scientific), and 100 mL of CaCl2 (1 M; Fisher Scientific). A starter cul-
ture was prepared by inoculating 10 mL of 15N- and 14N-stock bacteria
into 5 mL of medium and grown overnight. Fifty microliters of cells
were then inoculated in 1 L of medium and incubated overnight. Cells
were centrifuged and the pellet stored at�80�C until use (Figure S10).

Bacterial DNA isolation

Cells were re-suspended in 25 mL of Cell Lysis Solution (Qiagen) and
treated with 150 mL each of Proteinase K (24 h, 24�C) and RNase-A
(2 h, 24�C). Proteins were precipitated by adding 7.5 mL of Protein
Precipitation Solution (Qiagen). The pellet was discarded and the su-
pernatant was transferred into a new tube containing an equal
amount of cold isopropanol (IPA) to precipitate the DNA. The
mixture was centrifuged, the supernatant was discarded, and the
DNA pellet was sequentially washed with 70% (v/v) IPA in H2O
and 100% IPA. The DNA pellet was dried, re-suspended in buffer
(20 mM Tris, 2 mM MgCl2 pH 7.4), and stored at �20�C. The yield
and purity of the DNA were assessed using a nanodrop UV-visible
(UV-vis) spectrophotometer monitoring the 260- and 280-nm
wavelengths.

Sample collection from patients and whole-blood DNA

extraction

This study was approved by the University of Minnesota Institutional
Review Board (IRB) (no. 1506M74263). All patients signed IRB-
approved informed consent in accordance with the Declaration of
Helsinki. Blood (�3mL) was obtained from four cancer and two Fan-
coni Anemia patients undergoing allogeneic HCT receiving BU as
part of their preparative regimens. Patients received a 2-h infusion
of intravenous BU prior to their HCT. Whole blood was obtained
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from a central venous catheter immediately prior to the first dose of
BU (0 h) and within 24 h after the completion of the BU infusion pro-
tocol for a total of six baseline samples to be compared with the
matching six samples post treatment. Whole-blood DNA extraction
was performed immediately after the sample collection. Whole-blood
DNA extraction was performed using Qiagen DNA extraction kits
(Qiagen, Valencia, CA) by the manufacturer’s instructions with slight
modifications as previously reported.41 DNA amounts were estimated
by UV and subsequently determined by HPLC analysis of dGuo in
enzymatic hydrolysates as described below. DNA samples (10–
50 mg in 200 mL of Tris buffer) were spiked with 30 fmol of [15N5]
N7G-Bu-OH and 50 fmol of [15N5]N7G-Bu-N7G as internal stan-
dards and subjected to enzymatic hydrolysis as described below.

DNA exposure to BU in vitro

CT-DNA (100 mg) or 14N- and 15N-bacterial DNA (210 mg each; 1:1
ratio) was dissolved in Tris buffer (20mMTris, 2mMMgCl2, pH 7.4).
BU (in DMSO) was added to the DNA solutions separately to reach a
final concentration of 100 mM(246 ng/mL) in each batch. This is close
to the levels measured in patient plasma of previous studies.42 The to-
tal volume of the corresponding sample was 200 mL. The resulting
mixture was incubated at 37�C overnight. DNA exposed to DMSO
(1% v/v) was used as a negative control. DNA isolation was performed
by IPA precipitation. Briefly, 1 mL of cold IPA was added to each
sample vial. The precipitated DNA was isolated, washed sequentially
with 1 mL each of 70% IPA and 100% IPA twice, and dried under a
stream of N2. All steps of the protocol were performed using silanized
glass vials.

DNA hydrolysis and sample enrichment

DNA enzymatic hydrolysis

DNA obtained above was dissolved in Tris buffer and incubated with
R-DNase (0.5 U/mg DNA) at room temperature overnight. The
following day, an additional amount of R-DNase (0.5 U/mg DNA)
and R-ALP-1 (0.4 U/mg DNA) and PDE-1 (0.02 mU/mg DNA)
were added and the mixture was incubated at 37�C for 70 min. The
mixture was further incubated at room temperature overnight. After
hydrolysis, enzymes were removed via filtration (Microcon, 10-kDa
cutoff) by centrifuging at 12,000 � g for 60 min. The filtrate was
collected for the analyte analysis and dGuo quantitation.

dGuo quantitation by HPLC

Quantitation of dGuo was carried out using a Dionex UltiMate 3000
RSLCnanoSystem(ThermoScientific,Waltham,MA)with aUVdetec-
tor set at 254 nm. A 300-mm internal diameter (ID)� 15-cm C18 col-
umn (2 mm, 100 Å) (Thermo Scientific, Waltham, MA) was used with
(A) H2O and (B)MeOH as themobile phase. The injection volumewas
1 mL and the flow rate was 15 mL/min. Starting from 5% B for 2 min, a
linear gradient was applied increasing from 5% to 25%B in 10min. The
gradient increased to 95% B in 3 min and was held for 5 min before re-
turning back to the initial condition in 2min. The instrumentwas equil-
ibrated for 3 min (25 min total run time) before the next injection. A
calibration curve for dGuo (0.0625–50 ng/mL in H2O) was run in trip-
licate and used to calculate the dGuo content in each sample.43
Sample enrichment and purification

DNA hydrolysates were partially purified by solid-phase extraction
using Strata-X cartridges (30 mm, Phenomenex, Torrance, CA) that
were activated with 3 mL of MeOH and preconditioned with 1 mL
of H2O. The hydrolysates were loaded on the cartridges and washed
sequentially with 1 mL of H2O and 1 mL of 5% MeOH in H2O, and
the analytes were eluted with 1 mL of 100% MeOH and 1 mL of
MeOH containing 2% formic acid, and both fractions were evapo-
rated to dryness and reconstituted in 2% MeOH in H2O (LC-MS
grade, Fluka) to a final volume of 20 mL prior to MS analysis.

Adductomic DDA-CNL/MS3 method and data analysis

LC conditions

An aliquot of 1 mL of DNA hydrolysate was injected in a nanoflowUl-
tra Performance Liquid Chromatography (UPLC) system (Ultimate
3000 RSLCnano UPLC, Thermo Scientific, Waltham, MA). The
UPLC system was equipped with a 5-mL autosampler injection
loop. Chromatographic separation was achieved using a hand-packed
commercially available fused-silica emitter (230 � 0.075-mm ID, 15-
mm orifice, New Objective, Woburn MA) with C18 stationary phase
(5 mm, 100, Luna Phenomenex, Torrance, CA). The mobile phase
consisted of (A) 0.05% (v/v) formic acid in H2O and (B) CH3CN.
The eluent was held at 2% B for 2 min, brought to 20% B in
24 min, then to 60% B in 10 min, to 98% B in 1 min, and then main-
tained at 98% for 4 min. The column was re-equilibrated for 4 min.
The injection valve position was switched at 6 min to take the injec-
tion loop out of the flow path.

MS

All the MS-based analyses were conducted using a hybrid high-field
Orbitrap mass spectrometer (Fusion, Thermo Scientific, Waltham,
MA). The LC system was interfaced to the mass spectrometer using
a Nanoflex ESI ion source (Nanoflex Thermo Scientific, Waltham,
MA), which operated in positive ion mode at 2.5 kV. The ion transfer
tube temperature was 300�C, and the radio frequency (RF) lens (%)
setting was 60. The DDA-CNL/MS3 method consisted of a full scan
with data-dependent MS2 and a neutral loss MS3 acquisition (NL-
MS3). The full scan (m/z 150–750) was performed with quadrupole
filtering, maximum injection time of 50-ms, automatic gain control
target of 50%, and a resolution setting of 120,000. Data-dependent
MS2 parameters were dynamic exclusion of 30 s, mass tolerance
of ±5 ppm, repeat count of 1, minimum intensity of 2 � 104, and a
cycle time of 3 s. An MS2 exclusion list of 18 masses, consisting of un-
modified deoxyribonucleosides and their electrostatically bound
dimer ions, was included in the method with a mass tolerance
of ±5 ppm.29 The MS2 scan events were triggered on the basis of an
intensity threshold of 5� 103. TheMS2 fragmentation was performed
with a quadrupole isolation width of m/z 1.5, higher-energy C-trap
dissociation (HCD) collision energy 30%, automatic gain control
(AGC) value of 400%, maximum injection time of 54 ms, and Orbi-
trap detection at a resolution setting of 30,000. For the NL-MS3 data
acquisitions, the MS2 product ions were isolated by the ion trap with
an isolation window of m/z 2.0, and the MS3 fragmentation was trig-
gered upon observation of the neutral loss of the 20-deoxyribose (dR)
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or the base moieties (-dR, 116.0474; -G, 151.0494; -A, 135.0545; -T,
126.0429; -C, 111.0433; all within a mass tolerance of ±5 ppm).
Masses of the respective 15N-nucleosides were also included. The
MS parameters for the NL-MS3 scan were 30% HCD fragmentation,
Orbitrap detection resolution of 15,000, AGC value of 200%, and a
maximum injection time of 200 ms.

Data analysis

For DNA adduct screening data analysis, RawConverter (http://fields.
scripps.edu/rawconv/) was used to convert the Thermo Scientific raw
data files to mzXML files, which were imported into an SQL database,
where data filtration on the basis of MS3 triggering ionm/z and reten-
tion time was performed. MS3 triggering ions present in the exposed
samples with bothm/z (±5 ppm) and retention times (±30 s) different
from those in the control samples were selected and reported as pu-
tative BU-DNA adducts. The absence of the putative BU-DNA ad-
ducts in the control samples was further confirmed by generating
EICs for all the putative DNA adduct precursor masses at 5 ppm
mass tolerance using the Qualbrowser component of the Xcalibur
3.0 software package (Thermo Scientific, Waltham, MA). The MS2

and MS3 spectra of each putative DNA adduct were subsequently
evaluated for structural information, and the peak areas of the precur-
sor mass were determined.

The presence of the resulting adducts was further confirmed using
14N- and 15N-DNA exposed to the drug, processed as described
above, and mixed in a 1:1 ratio prior to LC-MS analysis (Figure S2).
In this resulting sample, the presence of co-eluting peaks and MS3

events corresponding to 14N- and 15N-labeled version of the same
adduct supports adduct identification. Briefly, the mass difference be-
tween 14N and 15N corresponding to the presence of two, three, four,
five, six, seven, eight, nine, or 10 15N in the molecule was added to
each DNA adduct uniquely found in the exposed CT-DNA sample.
The resulting masses were manually searched in QualBrowser in
the 15N-DNA sample, and MS2 and MS3 spectra were investigated
and compared with that of the corresponding putative adducts found
in CT-DNA. The same retention time (±0.1 min), neutral loss, and
fragmentation patterns were expected. Furthermore, the presence of
a co-eluting peak and MS3 event corresponding to the 14N version
of the putative DNA adduct was verified. DNA adducts uniquely pre-
sent in the exposed sample and having the corresponding 14N and 15N
peaks were annotated.

TargetedMSmethod for investigating and quantitating BU-DNA

adducts in human blood

LC conditions

The DNA hydrolysates were reconstituted in 20 mL of 2% MeOH in
H2O (LC-MS grade, Fluka) and 1 mL was injected with the same
UPLC system and column conditions as described in the adductomic
DDA-CNL/MS3 method. The mobile phase consisted of (A) 5 mM
NH4OAc in H2O and (B) CH3CN. The elution program included
an isocratic step (2% of B for 5.5 min at 0.9 mL/min), followed by a
two-step linear gradient of B (3%/min for 19 min and 19%/min for
2 min, both at a flow rate of 0.3 mL/min) and it concluded with a
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washing isocratic step, performed at 98% of B for 2min at 0.3 mL/min.
At the end of the elution program, the LC system was equilibrated for
3 min at isocratic conditions (2% of B, 0.9 mL/min). The injection
valve position was switched at 6 min to take the injection loop out
of the flow path.

Mass spectrometry

The targeted DNA adduct analysis was performed using the targeted
MS2 analysis of 15 BU-derived DNA adducts (Table 2), with a quad-
rupole isolation window width ofm/z 1.5, maximum injection time of
54 ms, AGC of 1,000%, and resolution setting of 30,000. MS fragmen-
tation was performed using HCD with a stepped collision energy
(25%). The fragmentation of the DNA adduct precursor ions
[MH]+ results in neutral loss of the dR, G, A, T, or C moiety to pro-
duce the corresponding [MH-dR]+, [MH-G]+, [MH-A]+, [MH-T]+,
and [MH-C]+ product ions whosemasses were extracted for detection
of the adducts.

BU-derived DNA adduct quantitation

LODs for adducts N7G-Bu-N7G (6, Figure 1) and N7G-Bu-OH (7)
were determined using their H2O solutions. LOQ, accuracy, and pre-
cision for the MS quantitation method were determined by analyzing
CT-DNA enriched with different amounts of synthesized standards 6
and 7 (0, 5, 10, 50, 100, and 200 fmol for adduct 6 and a constant
amount of 10 fmol of [15N5]6; 0, 1, 5, 10, 30, and 100 fmol for adduct
7 and a constant amount of 5 fmol of [15N5]7). Each sample was pre-
pared in triplicate. The LOQ was defined as the lowest amount added
to CT-DNA that produced a CV lower than 20%. Accuracy was deter-
mined by comparing added and measured amounts of the adducts at
each level. Precision was determined by the intraday CV in the trip-
licate samples. Quantitation of the adducts was done comparing the
sample peak area with a calibration curve (0.05, 0.1, 0.3, 0.5, 1, 3,
10, 100, and 200 fmol for adducts 6 and 7).
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