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’ INTRODUCTION

Acrolein (Scheme 1, 1), a potential mutagen and carcinogen,1,2

reacts with dG to form 3-(2-deoxy-β-D-erythro-pentofuranosyl)-
5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2a] purin-10(3H)-ones,
γ-OH-PdG diastereomeric adduct 2.2,3 Adduct 2 has been
detected in animal and human tissues2 and have been suggested
to be involved in mutagenesis and carcinogenesis from exposure
to acrolein.4 Methods for site-specific synthesis of 2 in oligodeox-
ynucleotides have been developed.5,6 When placed into DNA
opposite dC at neutral pH, 2 opens spontaneously to aldehyde 3
and the corresponding aldehydrol 4.7 Aldehyde 3 potentially
reacts with primary amines in proteins to yield DNA�protein
conjugates (DPCs); DNA containing the structurally related 1,
N2-dG adduct arising from crotonaldehyde exposures yields
DNA�topoisomerase I conjugates.8 Indeed, DPCs have been
detected in cultured human lymphoma cells exposed to acrolein.9

If not repaired, such DPCs are anticipated to interfere with both
DNA replication and transcription.

The mechanisms by which cells repair DPCs are of consider-
able interest. One potential mechanism involves partial proteo-
lysis, leading to the formation of DNA�peptide conjugates, as
substrates for nucleotide excision repair (NER). This model is
consistent with several observations. Inhibition of nuclear pro-
teosomal protein degradation greatly reduces the repair of
DPCs.10 The proteolytically active 20S core of the 26S protea-
some localizes to the nucleus,11,12 and inhibition of proteasome
function with lactacystin results in the inhibition of the repair of
formaldehyde-induced DPCs, in normal, XP-A, and XP-F
fibroblasts.10 When topoisomerase I is conjugated to DNA in
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ABSTRACT: The γ-hydroxy-1,N2-propano-20-deoxyguano-
sine adduct (γ-OH-PdG) was introduced into 50-d-
(GCTAGCXAGTCC)-30 3 5

0-d(GGACTCGCTAGC)-30 (X =
γ-OH-PdG). In the presence of excess peptide KWKK, 13C
isotope-edited NMR revealed the formation of two spectro-
scopically distinct DNA�KWKK conjugates. These involved
the reaction of the KWKKN-terminal amino group with theN2-
dG propylaldehyde tautomer of the γ-OH-PdG lesion. The
guanine N1 base imino resonance at the site of conjugation was
observed in isotope-edited 15NNMR experiments, suggesting that the conjugated guanine was inserted into the duplex and that the
guanine imino proton was protected from exchange with water. The conjugates could be reduced in the presence of NaCNBH3,
suggesting that they existed, in part, as imine (Schiff base) linkages. However, 13C isotope-edited NMR failed to detect the imine
linkages, suggesting that these KWKK conjugates existed predominantly as diastereomeric carbinolamines, in equilibriumwith trace
amounts of the imines. The structures of the diastereomeric DNA�KWKK conjugates were predicted from potential energy
minimization of model structures derived from the refined structure of the fully reduced cross-link [Huang, H., Kozekov, I. D.,
Kozekova, A., Rizzo, C. J., McCullough, A., Lloyd, R. S., and Stone, M. P. (2010) Biochemistry, 49, 6155�6164]. Molecular
dynamics calculations carried out in explicit solvent suggested that the conjugate bearing the S-carbinolamine linkage was the major
species due to its potential for intramolecular hydrogen bonding. These carbinolamine DNA�KWKK conjugates thermally
stabilized duplex DNA. However, the DNA�KWKK conjugates were chemically reversible and dissociated when the DNA was
denatured. In this 50-CpX-30 sequence, the DNA�KWKK conjugates slowly converted to interstrand N2-dG:N2-dG DNA cross-
links and ring-opened γ-OH-PdG derivatives over a period of weeks.
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the presence of camptothecin, proteolysis occurs in a ubiquitin-
dependent fashion, giving rise to a ladder of DNA�polypeptide
products.13

Kurtz and Lloyd14,15 trapped a DNA�KWKK conjugate
involving a trimethylene linkage between the N-terminal amine
of the peptide and N2-dG upon insertion of γ-OH-PdG adduct
2 into an oligodeoxynucleotide duplex, followed by exposure to a
molar excess of the KWKK peptide, and NaCNBH3 treatment.
Similar chemistry has been used to link peptides to γ-OH-1,
N2-propano-20-deoxyadenosine (γ-OH-PdA).16 The observa-
tion that the peptide conjugate is reducible implies the presence
of an imine 9, in equilibrium with a conjugated carbinolamine 8.
However, carbinolamine 8, imine 9, and potentially the pyrimi-
dopurinone 10 conjugates exist in equilibrium (Scheme 1), and
monitoring the composition of the mixture in situ was of
considerable interest. All three conjugated species may influence
the biological processing of DNA�KWKK conjugates.

The site-specific introduction of a 13C label at the γ carbon, and
a 15N label at N2-dG enables the equilibrium chemistry of γ-OH-
PdG adduct 2 to be monitored, in situ.17 Using this approach, we
demonstrate that the native DNA�KWKK linkage exists predomi-
nantly as a pair of diastereomeric carbinolamines (Scheme 2), in
equilibrium with trace amounts of the corresponding imine (Schiff

base) linkages. The structures of the diastereomeric DNA�KWKK
conjugates appear similar to the refined structure of the fully reduced
cross-link.18 Molecular dynamics calculations carried out in explicit
solvent suggested that the conjugate bearing the S-carbinolamine
linkage is the major species due to its potential for intramolecular
hydrogen bonding. The native carbinolamine DNA�KWKK
conjugates stabilize the DNA to thermal denaturation. Upon
dissociation in the 50-CpX-30 sequence, the native DNA�KWKK
conjugates slowly convert to interstrand N2-dG:N2-dG DNA
cross-links (5,6) or revert to the N2-dG aldehyde adducts (3, 4).

’MATERIALS AND METHODS

Materials. The oligodeoxynucleotide 50-d(GGACTCGCTAGC)-
30 was synthesized and purified by the Midland Certified Reagent Co.
(Midland, TX). It was purified by anion-exchange chromatography. Site-
specific 13C- or 15N-labeled γ-OH-PdG adducts were synthesized and
incorporated into 50-d(GCTAGCXAGTCC)-30 (X = γ-OH-PdG)
using established procedures.17 The oligodeoxynucleotides were char-
acterized by MALDI-TOF mass spectrometry; their purity was assessed
by capillary gel electrophoresis and HPLC. Oligodeoxynucleotides were
desalted on Sephadex G-25. The concentrations of the oligodeoxynu-
cleotides were measured by UV absorption at 260 nm.19 The strands
were annealed in 10 mM NaH2PO4, 100 mM NaCl, and 50 μM EDTA
(pH 7.0). The solutions were heated to 95 �C for 10 min, then slowly
cooled to room temperature. The duplex oligodeoxynucleotides were
purified using DNA grade hydroxyapatite with a gradient from 10 to
200 mM NaH2PO4 (pH 7.0) in 100 mM NaCl, 50 μM EDTA, and
desalted by elution from Sephadex G-25. The tetrapeptide KWKK was
synthesized using standard solid phase peptide synthesis methods
employing Fmoc protecting groups and purified by reverse-phase
HPLC. It was characterized by MALDI-TOF MS and NMR spectros-
copy. The concentration of the peptide was determined by UV absorp-
tion at 280 nm.
Preparation of DNA�KWKK Conjugates. The DNA duplex

containing the site-specific γ-OH-PdG adduct was dissolved at 0.8 mM
strand concentration in 280 μL of 10 mM NaH2PO4, 100 mM NaCl,
and 50 μM EDTA (pH 7.0). Fifty equivalents of KWKK were added,
and pH was adjusted to 7.0 by the addition of dilute HCl or NaOH.
The reaction was incubated at 5 �C for 8 weeks and was monitored by
either 13C or 15N HSQC NMR. Excess KWKK was removed by gel
filtration with Sephadex G-25. The product was lyophilized immediately.
The DNA�KWKK conjugates were characterized by MALDI-TOF
mass spectrometry: observed at m/z of 4272.5 (calcd for carbinolamine
8 [M-H2O-1]: 4272.7). The complementary strand was observed atm/z
of 3645.6 (calcd for M-1: 3645.2).
NMR. Experiments were performed on a Bruker Avance 500 spectro-

meter using a cryogenic probe. Samples were at 0.8 mM strand
concentration and were dissolved in 280 μL of 10 mM NaH2PO4,
100 mMNaCl, and 50 μM EDTA (pH 7.0). Samples for observation of
nonexchangeable protons were exchanged with D2O and suspended in
99.996%D2O. The pHwas adjusted with dilute DCl orNaOD solutions.
Chemical shifts of protons were referenced to water. Chemical shifts of
carbon and nitrogen resonances were not precisely referenced to an
internal standard. Data were processed using FELIX (Accelrys Inc., San
Diego, CA) on Silicon Graphics workstations (Silicon Graphics Inc.,
Fremont, CA). For all experiments, a relaxation delay of 1.5 s was used.
For assignment of exchangeable protons, NOESY experiments used the
WATERGATE sequence.20 Spectra were recorded with 512 real data in
the t1 dimension and 2048 real data in the t2 dimension, and were zero-
filled during processing to create a matrix of 1024� 512 real points. The
mixing time was 250 ms. For assignment of nonexchangeable protons,
NOESY experiments used TPPI quadrature detection and a mixing time
of 250 ms. The spectra were recorded with 512 real data in the t1

Scheme 1. Acrolein-Derived γ-OH-PdG Adduct in the Pre-
sence of the Peptide KWKK When Placed Opposite 20-
Deoxycytosine in the 50-CpX-30 (X = N2-modified dG) Se-
quence Contexta

aThe asterisks indicate the isotope-edited carbon or nitrogen.
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dimension and 2048 real data in the t2 dimension, and were zero-filled
during processing to create a matrix of 1024 � 1024 real points. 15N
HSQC experiments21�23 were performed with WATERGATE water
suppression.20,24 The spectra were recorded with 256 real data in the t1
dimension and 1024 real data in the t2 dimension and were zero filled to
create a matrix of 512 � 256 real points. The 2D 15N NOESY-HSQC
pulse program was modified from the corresponding 3D pulse
program25,26 with 128 points centered at 81 ppm. The water signal
was suppressed using the WATERGATE method. The mixing time was
250 ms. The spectrum was recorded with 512 real data in the t1
dimension and 2048 real data in the t2 dimension, and was zero-filled
during processing to create a 1024 � 512 matrix. 13C HSQC experi-
ments were carried out using standard 1H-detected pulse programs with
States-TPPI phase cycling.21�23 The spectra were recorded with 256 real
data in the t1 dimension and 1024 real data in the t2 dimension, andwere
zero filled to create amatrix of 512� 256 real points. The lifetimes of the
peptide conjugates were determined with the 13C-labeled sample using
13C HSQC NMR. The sample was incubated for one month at 37 �C in
10 mM NaH2PO4, 100 mM NaCl, and 50 μM EDTA (pH 7.0).
Thermal Melting Studies. Melting temperatures of the

DNA�KWKK conjugates were measured in 10 mM NaH2PO4,
100 mM NaCl, and 50 μM EDTA (pH 7.0) by UV spectroscopy at
260 nm. The strand concentration was 10 μM. The thermal scan
proceeded from 15 to 85 �C. The melting temperatures were calculated
by differentiating the absorbance profiles.
Molecular Modeling. Starting structures were created from

refined structures of the fully reduced trimethylene DNA�peptide
conjugate,18 using the program INSIGHT II (Accelrys, Inc., San Diego,
CA). The partial charges of the γ-hydroxytrimethylene tether were
obtained from density function theory (DFT) calculations using a
neutral total charge, utilizing the B3LYP/6-31G* basis set and the
program Gaussian.27 Potential energy minimization calculations were
conducted with the program AMBER28 and the parm99 force field. The
pairwise generalized Born (GB)model29,30 was used to simulate implicit
waters. The cutoff radius for nonbonding interactions was 18 Å. A 1000-
iteration potential energy minimization was performed, using the
conjugate gradient algorithm.
Molecular Dynamics Simulations. The simulations were per-

formed in explicit water using the AMBER force field with the particle
mesh Ewald (PME) method.31,32 The potential energy-minimized

structures of the R- and S-carbinolamine DNA�KWKK conjugates
were used as the starting structures. The conjugates were surrounded by
a 10.0 Å TIP3P water box in each direction. A total of 20 Naþ ions were
added to neutralize the duplex. Bond lengths involving hydrogen were
fixed using the SHAKE algorithm.33 The cutoff radius for nonbonded
interactions was 10 Å. The conjugate was first energy-minimized for
2,500 iterations. The MD simulation was then carried out with constant
volume at 300 K for 10,000 iterations with an integrator time of 1 fs. The
MD simulation at constant pressure was performed at 300 K for 5 ns
with an integrator time of 2 fs. The PTRAJ program from the AMBER
package28 [v. 10] was used to analyze the trajectories. The rmsd values of
the trajectories were referenced to the starting structures. A distance of
less than 3.5 Å and an angle of greater than 120� between the potential
hydrogen donor and acceptor were used as criteria for hydrogen bond
formation. Helicoidal analysis of the backbone was carried out using
CURVES.34,35

’RESULTS

Synthesis of DNA�KWKK Conjugates. The intramolecular
formation of N2-dG:N2-dG DNA interstrand cross-links (5,6)
competes with the bimolecular association of the KWKK peptide
with the DNA (Scheme 1). To minimize the formation of
interstrand DNA cross-links, excess KWKK was used. To avoid
producing DNA�KWKK conjugates resulting from the reaction
with the amino groups of the lysine side chains, the reaction was
carried out at pH 7.0 such that the lysine side chains were
protonated.36 Using a 15N-labeled sample, the reaction was
monitored by 15N HSQC NMR (Figure 1). Two X7 N2 f
N2H correlations arising from the DNA�KWKK conjugate 8
became stronger as time elapsed. Simultaneously, the X7 N2 f
N2H correlations of other γ-OH-PdG derivatives became weaker
and disappeared. The intensities of the three cross-peaks arising
from the natural abundance of the excess KWKK amides
remained constant. At 5 �C, the reaction approached equilibrium
after 6 weeks. After 8 weeks, the excess peptide was removed by
gel filtration to facilitate the analyses of the DNA�KWKK
conjugate. A total of less than 10% of nonconjugated oligodeox-
ynucleotides and DNA interstrand cross-links was also observed

Scheme 2. Numbering Scheme of the Carbinolamine N2-dG:N-Lys DNA�KWKK Conjugates in Which the X7 N2 or Cγ of the
γ-Hydroxytrimethylene Tether was Isotope-Edited (In Red Color)
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(Figure 2). These could not be separated from the DNA�KWKK
conjugate product without causing the dissociation of the
DNA�KWKK conjugates. The DNA�KWKK conjugates were
characterized by MALDI-TOF mass spectrometry.
NMRSpectroscopy. Figure 2 shows the 15NHSQC spectra of

the 15N-labeled DNA�KWKK conjugates at different tempera-
tures at pH 5.3. The X7 N2 f N2H correlations were broad at
10 �C, and they were sharper at higher temperatures. A similar
phenomenon was observed for the Cγ f Hγ correlations in the
13C HSQC spectra. This was attributed to aggregation of the
DNA�KWKK conjugates due to the electrostatic interaction
of a positively charged peptide with negatively charged DNA.
The spectra at neutral pH and the 1H resonances of the
DNA�KWKK conjugates were compared with those in acidic
and basic solutions. No pH dependence was observed. Satisfac-
tory spectra were recorded at pH 5.3, pH 7.0, and pH 8.9 and
25 and 30 �C for the exchangeable protons and at 37 �C for the
nonexchangeable protons. However, some of the exchangeable
proton resonances remained broad under these conditions.
Spectroscopic Characterization of the DNA�KWKK Con-

jugate Linkage. Figure 3A displays the isotope-edited 13C
HSQC spectrum of the Cγ DNA�KWKK conjugates. Two Cγ

fHγ correlations were assigned to the conjugates. They were in
equilibrium with N2-dG:N2-dG interstrand cross-links (5,6) and
ring-opened species (3,4) derived from the γ-OH-PdG adduct

(Scheme 1). Kurtz et al.14 reported that the γ-OH-PdG induced
DNA�KWKK conjugates were reducible by NaCNBH3, sug-
gesting that imine conjugate 9 was present. However, compared
with the resonances of imine carbon and hydrogen,37 the
resonances of Cγ and Hγ of both DNA�KWKK conjugates
were located significantly upfield, suggesting that neither of the
two NMR-detectable DNA�KWKK conjugates was imine 9.
Isotope-edited 15N HSQC spectra of the X7 N2 15N-labeled

DNA�KWKK conjugates are displayed in Figure 2. The X7 N2

f N2H correlations of two DNA�KWKK conjugates were not
resolved, although the cross-peaks appeared to split at 40 �C.
Corresponding to the X7 N2 f N2H correlations, two sets of
NOEs were observed in the 15N NOESY-HSQC spectrum
(Figure 4B). The slightly downfield X7 N2H resonance was
assigned to the major DNA�KWKK conjugate and the upfield
X7 N2H resonance was assigned to the minor. Each conjugate
exhibited a strong NOE between X7 N2H and guanine (X7 or
G19) N1H imino protons. The NOESY data suggested that all
nucleotides of the major DNA�KWKK conjugate adopted the
anti conformation about the glycosyl bond. In B-DNA, the anti
conformation places the neighboring G19 N1H 5.0�6.0 Å from
the X7N2H amino proton. In contrast, the X7 N1H imino proton
in carbinolamine 8 is ∼2.0 Å from the X7 N2H amino proton.
Therefore, these strong NOEs were assigned to X7 N2H f X7

N1H correlations. This was consistent with the X7 N1H f C18

Figure 1. 15N HSQC of the reaction of γ-OH-PdG containing oligodeoxynucleotide with the peptide KWKK (1:50, pH 7.0). (A) Immediately after
KWKK was added. (B) At 5 �C for 2 weeks. (C) At 5 �C for 4 weeks. (D) At 5 �C for 8 weeks. X7 N2 f N2H correlations were assigned as follows: a,
γ-OH-PdG 2; b, N2-aldehyde 3; c, N2-aldehydrol 4; d, DNA�KWKK conjugates 8. Other cross-peaks arose from the natural abundances of excess
KWKK amides.
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N4H2, X7 N2Hf HR1, X7 N2Hf HR2, X7 N2Hf Hβ, and X7

N2Hf A8 H2 NOEs (Figure 4). Pyrimidopurinone 10 lacks an
imino proton. The observation of the X7 N1H resonance proved
that these two DNA�KWKK conjugates were diastereomeric
carbinolamines 8. This conclusion was also consistent with the
chemical shifts of the Hγ protons. Pyrimidopurinone 10 has a
chemical structure similar to that of γ-OH-PdG and the pyr-
imidopurinone dG-dG cross-link. Compared with their Hγ

protons,17,38�40 the Hγ resonances of the two DNA�KWKK
conjugates were shifted significantly upfield.
Thermal Melting Studies. The thermal melting of the

DNA�KWKK conjugates was monitored using UV spectrosco-
py at pH 7 in 100 mM NaCl (Figure 5). The DNA�KWKK
conjugates exhibited a melting temperature (Tm) of 62 ( 1 �C.
Compared with the unmodified DNA (Tm: 60 �C) and the DNA
containing the γ-OH-PdG adduct (Tm: 48 �C), the formation of
these DNA�KWKK conjugates stabilized the DNA.
When the denatured DNA duplex containing the DNA�

KWKK conjugates was reannealed, and the melting experiment
repeated, a melting transition corresponding to DNA containing
the γ-OH-PdG adduct was observed together with a weaker
melting transition corresponding to the DNA�KWKK conju-
gates. Further thermal cycling showed that the melting transition
of the DNA�KWKK conjugates became weaker in the third
melting cycle and disappeared in the fourth. Thus, the DNA�
KWKK conjugates reversed when the DNA was denatured.
NMR experiments agreed with this conclusion. When the
13C-labeled DNA�KWKK conjugates were denatured at

85 �C for 30 min and reannealed, the Cγ f Hγ correlations
of stereoisomeric carbinolamine conjugates 8 disappeared in
the 13C HSQC spectrum, and simultaneously, the Cγ f Hγ

correlations of N2-propylaldehyde 3 and N2-propanoaldehydrol
4 appeared.
The lifetimes of the carbinolamine DNA�KWKK conjugates

8 in DNA were evaluated by 13C HSQC NMR using a 13C-
labeled sample (Figure 3). Immediately after isolation, two
strong Cγ f Hγ correlations were observed. They became
weaker as time elapsed. The minor carbinolamine diastereomer
was unobservable after 2 weeks and themajor after 4 weeks. They
slowly converted to the unconjugated N2-propylaldehyde 3
(its Cγ f Hγ correlation not shown in Figure 3), N2-propa-
noaldehydrol 4, and DNA interstrand cross-links 5. Thus, the
stereoisomeric carbinolamine DNA�KWKK conjugates have
longer lifetimes than do the DPCs induced by formaldehyde
whose half-life times are less than 1 day in vitro,10 and their
lifetimes are comparable to the lifetime of DPC induced by
malondialdehyde.41

NMR Resonance Assignments. Exchangeable protons of the
major DNA�KWKK conjugate were assigned by comparing the
15N HSQC filtered NOESY spectrum with the nonisotope-
edited NOESY spectrum (Figure 4). The X7 N1H imino
resonance of the major DNA�KWKK conjugate broadened at
30 �C. Notably, it still exhibited a weak X7 N1H f C18 N4H2
NOE in acidic solution (Figure 4A). This assignment was
supported by NOEs including C18 N4H2 f C18 N4H1, C18

N4H2f C18 H5, C18 N4H1f C18 H5, and C18 H5f C18 H6

Figure 2. 15NHSQC spectra of the 15N-labeled DNA�KWKK conjugates at different temperatures at pH 5.3: (A) at 10 �C, (B) at 20 �C, (C) at 30 �C,
and (D) at 40 �C. X7 N2 f N2H correlations were assigned to (a) N2-aldehyde 3, (b) N2-aldehydrol 4, (c) DNA interstrand cross-link 5, (d)
DNA�KWKK conjugates 8, and (e) unassignable, might be arising from DNA�KWKK conjugates 9, 10, or a side-chain byproduct.
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(Figure 4C). The X7 N1H f C18 N4H2 NOE suggested that
the X7

3C
18 base pair maintained Watson�Crick hydrogen

bonding. No evidence was observed for protonated G 3CHoogs-
teen base pairing often observed for 1,N2-dG adducts in acidic
solution.42�44 Neither the C18 N4H1 or C18 N4H2 resonances
shifted downfield compared to other cytosine amino protons.
The nonexchangeable protons were assigned on the basis of

the NOE sequential connectivity of the base H6/H8 protons
with 20-deoxyribose H10 protons.45,46 Complete sequential
NOESY connectivities were observed for both modified and
complementary strands of the major DNA�peptide conjugate.
The X7 H8f C6 H10 NOE was weaker than other NOEs of the
aromatic protons with their 50-neighboring H10 protons, indicat-
ing the X7

3C
18 and C6

3G
19 base pairs underwent small pertur-

bations. The chemical shifts of aromatic H6/H8 and sugar H10
protons were compared with those in the corresponding un-
modified oligodeoxynucleotide. Except for C6, X7, and C18 H10
protons, very small chemical shift perturbations were observed,
indicating that the major DNA�peptide conjugate maintained
B-DNA geometry. C6, X7, and C18 H10 protons shifted downfield
by 0.26, 0.25, and 0.34 ppm, respectively. These remarkable
chemical shift perturbations suggested structural perturbations at
base pairs X7

3C
18 and C6

3G
19. The deoxyribose H30 and H20(00)

protons were also assigned. Significant downfield shifts were not
observed for the H20(00) protons, suggesting the nucleotides did
not adopt the syn conformation.47�50

Molecular Modeling.The diastereomeric DNA�KWKK con-
jugates were modeled using the refined structure of the fully
reduced trimethylene conjugate18 as a starting structure. The
carbinolamine conjugates 8 of either R- or S-configurations were
built by adding a hydroxyl group to the Cγ of the tether. Potential
energy minimization was carried out to provide model structures.
Figure 6 displays themodified region of structures viewed from the
minor groove. Consistent with NMR data, the structures main-
tained Watson�Crick hydrogen bonding at the site of conjuga-
tion. The KWKK peptide was located in the minor groove.
Molecular Dynamics Simulations. To assess the potential

hydrogen bonding interactions of the carbinol hydroxyl group in
the DNA�KWKK conjugates, a series of MD simulations were
carried out in explicit water. Table 1 lists hydrogen bonding
occupations of the hydroxyl group by potential hydrogen bond
acceptors. For both isomers, the carbinol hydroxyl showed
minimal intermolecular hydrogen bonding with water. The
occupancy of an intramolecular hydrogen bond between the
hydroxyl group and G19 O40 was greatest for the S-configuration
of the carbinolamine link 8. The S-isomer also exhibited a low

Figure 3. 13C HSQC spectra of the 13C labeled DNA�KWKK conjugates at pH 7.0: (A) immediately after isolation, (B) at 37 �C for 1 week, (C) at
37 �C for 2 weeks, and (D) at 37 �C for 4 weeks. CγfHγ correlations were assigned to (a)N

2-aldehydrol 4, (b) DNA interstrand cross-link 5, (c) major
DNA�KWKK conjugate 8, and (d)minorDNA�KWKK conjugate 8. Other cross-peaks were assigned to the CfHcorrelations of natural abundance.
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occupancy with regard to the formation of a hydrogen bond with
K25 CdO. The hydroxyl group in the R-configuration exhibited
minimal occupancy of intramolecular hydrogen bonds with A8

O40 or X7 N3.

’DISCUSSION

DNA�protein conjugates (DPCs) arise from cellular expo-
sures to ionizing radiation, ultraviolet light, and a variety of
chemicals and metals.51 If not repaired, DPCs are anticipated to
interfere with both DNA replication and transcription; conse-
quently, the mechanisms by which cells recognize and repair
DPCs are of considerable interest. A possible mechanism for
DPC repair involves proteolysis, leading to the formation of
DNA�peptide conjugates, as substrates for nucleotide excision
repair (NER).10�13Two spectroscopically detectableDNA�KWKK
conjugates are produced by reaction of the acrolein-derived
γ-OH-PdG lesion with a molar excess of the peptide KWKK.
These are formed by the N-terminal amine of lysine;14 the lysine
side-chain amines are protonated at pH 7.36,52 The existence of
imine 9 is surmised because the conjugate can be reduced with
NaCNBH3.

14 However, these conjugates potentially exist as an
equilibrium mixture of carbinolamine 8, imine 9, and pyrimido-
purinone 10 (Scheme 1). Carbinolamines are intermediates of
imine formation and dissociation;53,54 those arising from primary-
or secondary-amines often dehydrate to imines.55�57 Indeed, the
N2-dG-lysine conjugate formed by the malondialdehyde-induced
M1dG adduct favors the imine structure.58

Formation of Diasteromeric Carbinolamine Linkages.The
present data reveal that at equilibrium, these acrolein-derived
DNA�KWKK conjugates exist predominantly as diastereomeric
carbinolamines 8, in equilibrium with trace amounts of the imine
9. NMR resonances attributed to the Hγ and Cγ nuclei of imine
9 are not observed in 13C HSQC experiments. Pyrimidopurinone
cross-link 7 has been isolated following enzymatic digestion of
DNA interstrand cross-links formed by theγ-OH-PdG lesion.40,59

However, pyrimidopurinone 10 is excluded for the acrolein-
derived DNA�KWKK conjugates as it lacks an imino proton,
whereas the two observable conjugates exhibit imino resonances.
The upfield shifts observed for the Cγ andHγ resonances and the
observation of Watson�Crick hydrogen bonding of base pair
X7

3C
18 in acidic solution therefore lead to the conclusion that

these DNA�KWKK conjugates exist predominately as diaster-
eomeric carbinolamines 8 (Scheme 2).
At equilibrium the diastereomeric carbinolamine DNA�KWKK

conjugates are not present in equal amounts. Their absolute
stereochemical configurations cannot be established from the
present NMR data. We anticipate that hydrogen bonding inter-
actions are important in stabilizing the formation of these car-
binolamine DNA�KWKK conjugates and in determining the
stereochemistry. Molecular dynamics calculations carried out in
explicit solvent suggest that intramolecular hydrogen bonds
might form between the carbinol and the proximate X7 N3, A8

O40, G19 O40, and K25 carboxyl oxygen. Molecular dynamics
simulations suggest that the S-carbinol is more likely to form an
intramolecular hydrogen bond than the R-carbinol (Table 1).
Thus, it is anticipated that the S-carbinolamine is the major
DNA�KWKK conjugate and that the R-carbinolamine is the
minor one.
In DNA, these KWKK conjugates exist for weeks (Figure 3).

However, upon denaturation of the duplex the DNA�KWKK
conjugates reverse rapidly (Figure 5). This may also explain the
MALDI-TOF mass spectrum of the N2-dG:N-Lys conjugates,
indicating the presence of the imine 9 and/or pyrimidopurinone
10 linkages. This is attributed to denaturation of the DNA during
the MS experiments, allowing carbinolamine DNA�peptide
conjugates 8 to convert to imine 9 and/or pyrimidopurinone 10.
The N2-dG:N2-dG DNA interstrand cross-links arising from

the γ-OH-PdG adduct in the 50-CpX-30 sequence also exist
predominantly as diastereomers of carbinolamine 5.17,44,60 This
is attributed to the observation that carbinolamine 5 is accom-
modated within the minor groove, with minimum perturbation

Figure 4. Expansions of NOESY spectra at pH 5.3: (A) NOESY at 30 �C, (B) 15N NOESY-HSQC at 30 �C, and (C) NOESY at 25 �C. NOEs of the
major DNA�peptide conjugate were assigned to (a) X7N2HfHβ, (b) X7N2HfHR1, (c) X7N2HfHR2, (d) X7N2Hf A8 H2, (e) X7N2Hf X7

N1H, (f) X7 N1HfC18N4H2, (g) T17 N3HfA8H2, (h) C18N4H2fC18 H5, (i) C18N4H2fC18N4H1, (j) C18N4H1fC18 H5, and (k) C18 H6
f C18 H5.
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of B-DNA structure; in contrast, imine 6 and pyrimidopurinone
7 interstrand linkages perturb DNA base pairing and base
stacking.17,44,61 Additionally, the potential for hydrogen bonding
between the carbinol and the DNA probably stabilizes the
linkages and may account for the reaction stereoselectivity.62

Similarly, carbinolamine linkages have been trapped in the active
sites of type I aldolases; their presence as compared to imines has
been attributed to their stabilization by hydrogen bonding
interactions.63�65

Structures of Carbinolamine DNA�KWKK Conjugates.
Recently, we reported the structure of the reduced conjugate
formed between the KWKK peptide and the γ-OH-PdG
adduct.18 Watson�Crick hydrogen bonding was conserved at
the site of conjugation, the peptide was oriented in the minor
groove, and the tryptophan indolyl group did not intercalate into
the DNA. At the site of conjugation, the guanine N2 amine
nitrogen and the amine nitrogen of the N-terminal lysine were
in the trans-configuration with respect to the CR or Cγ of the
trimethylene tether, respectively. The reduced DNA�KWKK
conjugate thermally stabilized the DNA.
The refined structure of the reduced cross-link provided a

basis for modeling of the native diastereomeric carbinolamine
conjugates. The minimal chemical shift changes noted for the
DNA protons and their similar values as compared to those of the
reduced conjugate suggest that the diastereomeric carbinolamine
DNA�KWKK conjugates have structures similar to that of the
reduced DNA�KWKK conjugate. Molecular modeling suggests
that the major stereoisomer of the carbinolamine DNA�KWKK
conjugate places the peptide in the minor groove, similar to that
observed for the reduced analogue (Figure 6). Base pair X7

3C
18

conserves Watson�Crick hydrogen bonding. However, the
major carbinolamine conjugate exhibits a weak X7 H8 f C6

H10 NOE correlation, while the C6
3G

19 and X7
3C

18 base pairs
exhibit small perturbations.
1,N2-propano-20-deoxyguanosine (PdG) has been used to

model the 1,N2-dG adducts, and the PdG 3C base pair has been
well-studied.43,66 In acidic solution, PdG adopts the syn con-
formation about the glycosyl bond to enable protonated Hoog-
steen hydrogen bonding with the complementary cytosine. The
evident Watson�Crick hydrogen bonding of X7

3C
18 of the

major DNA�KWKK conjugate was consistent with carbinola-
mine 7 being the predominant species.

Nucleotide Excision Repair of DNA�KWKK Conjugates.
These lesions are anticipated to be substrates for theNERpathway.
The kinetics of incision of UvrABC have been measured using
either KWKK- or KFHEKHHSHRGY-peptide DNA conjugates
or the T4-pdg DPC, conjugated to duplex DNA via γ-OH-PdG
chemistry.14,67 In all instances, all UvrABC proteins were necessary
to catalyze the incision reactions. Incision of DNA containing
the KFHEKHHSHRGY-peptide conjugate at either the abasic or
γ-OH-PdG site is significantly greater than the incision of DNA
containing a fluorescein-conjugated dT.68 The KFHEKHHSHRGY-
peptide attached via an abasic site is incised 3-times more efficiently
than that when conjugated via γ-OH-PdG.
Genotoxicity of DNA�KWKK Conjugates. Modified oligo-

deoxynucleotides generated by conjugating KWKK toγ-OH-PdG
have been inserted into a single-stranded pMS2 shuttle vector
replicated in COS-7 cells.16 Replication bypass of the γ-OH-PdG-
mediated DNA�KWKK conjugate results in mutations at the site
ofmodification at an overall frequency of∼8.4%. Theγ-OH-PdG-
mediated DNA�KWKK conjugate yields predominantly single
base substitutions, with a prevalence of G to T transversions.
The ability of the DNA�peptide conjugates generated by

linking KWKK to γ-OH-PdG to be bypassed by both human
and E. coli polymerases in vitro have also been investigated.69

Human DNA polymerase κ catalyzes efficient, error-free bypass

Table 1. Hydrogen Bond Occupancies of the Carbinol
Hydroxyl Group by the Acceptors during MD Simulations

hydrogen bond occupation (%)a

receptor R-configuration S-configuration

X7 N3 0.2 0.0

A8 O40 5.2 0.0

G19 O40 0.0 29.6

K25 CdO 0.0 4.2

water 8.8 2.2
aCriteria for the hydrogen bond formation: distance <3.5 Å and angle
>120�.

Figure 5. Melting studies of the DNA�KWKK conjugates by UV�vis
(254 nm) at pH 7.0 in 100 mM NaCl: —)— first experiment; —2—
second experiment;—9— third experiment;—b— fourth experiment.

Figure 6. Expanded model structures of the diastereomeric carbinola-
mine N2-dG:N-Lys DNA�KWKK conjugates viewed from the minor
groove: (A) (R)-configuration, (B) (S)-configuration. Blue, red, green,
and pink sticks represent oligonucleotide, peptide, trimethylene, and the
hydroxyl group, respectively.
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of KWKK conjugated via γ-OH-PdG. These lesions block E. coli
polymerases II, III, and V, but not polymerase IV. Cells deficient in
polymerase IV are inefficient in replicating these lesions. It will now
be of interest to determine the crystal structures of the complexes
between the DNA�KWKK conjugate and Y-family DNA poly-
merases that bypass bulky minor groove lesions.

’SUMMARY

Treatment of an oligodeoxynucleotide containing a site-
specific γ-OH-PdG lesion with excess peptide KWKK at neutral
pH produced two stereoisomeric carbinolamine N2-dG:N-Lys
DNA�KWKK conjugates. In DNA, these conjugates exhibited
lifetimes of weeks at neutral pH. Hydrolysis of the conjugates was
accelerated by denaturation of the DNA. Upon hydrolysis of the
peptides in the 50-CpX-30 sequence, N2-dG:N2-dG DNA inter-
strand cross-links and ring-opened γ-OH-PdG derivatives ap-
peared. Potential energy minimization, followed by MD
simulations carried out in explicit solvent predict that the
S-isomer is the major conjugate, probably due to the formation
of an intramolecular hydrogen bond. Molecular modeling sug-
gests that the carbinolamine DNA�KWKK conjugates exist with
the peptide located in the minor groove.
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