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ABSTRACT Bacteriophage Mu encodes a protein that mod-
ifies "15% of DNA adenine residues to a new and unusual form.
Modified DNA was enzymatically digested to deoxynucleosides,
and the products were fractionated by HPLC. A modified adenine
nucleoside, designated dA', was purified and its molecular struc-
ture was established by mass spectrometry. We show that dA' is
a-N-9-4-D-2'-deoxyribofuranosylpurin--yl)-glycinamide. The dAx
obtained from DNA was indistinguishable from the synthetic
product with respect to its chromatographic behavior (HPLC and
gas chromatography) and mass spectrum. Acid hydrolysis de-
grades dA' to produce N6-carboxymethyladenine; this compound
corresponds to the base Ax observed in earlier studies.

Bacteriophage Mu is known to control a DNA modification
function (1) that protects its DNA against restriction by certain
site-specific nucleases (2, 3). The modification usually requires
expression of both phage and host genes: (i) the phage Mu mom+
gene (1, 4), which is located at the rightmost end of the genetic
map; (ii) at least one other phage Mu (trans-acting) gene (5); and
(iii) the host Escherichia coli dam' gene (6, 7), which specifies
a DNA-adenine methylase (8) that modifies the sequence G-A-
T-C to G-m6A-T-C (9, 10). It has recently been shown that the
dam' methylase exerts a positive regulatory role in transcrip-
tion of the phage Mu mom gene (11). Previously, the DNA
modification was partially characterized, showing that ==15% of
the adenine residues are modified (12) and that these residues
are in specific sequences (3, 13). The modified base (designated
Ax), observed in mild acid hydrolysates, was shown to contain
a free carboxyl residue (12). The present communication re-
ports the purification and molecular characterization of the
modified deoxynucleoside. Mass spectrometric analysis iden-
tified the structure as a-N-(9-,B3D-2'-deoxyribofuranosylpurin-
6-yl)glycinamide. Further investigation revealed that acid hy-
drolysis degrades this compound to produce N6-carboxymethyl-
adenine; this base corresponds to the Ax observed in earlier
studies (12).

MATERIALS AND METHODS
Media and Chemicals. LB broth contains (per liter) 10 g of

Bacto-tryptone (DIFCO), 5 g of yeast extract (DIFCO), 5 g of
NaCl, adjusted to pH 7.0 with NaOH; Ix NaCl/Cit is 0.15 M
NaCI/0.015 M Na citrate, adjusted to pH 7.0; TEN buffer is
10 mM Tris.HCI/10 mM Na2EDTA/0.15 M NaCl, pH 8.0.

Bacterial Strains. E. coli strains QD 5003 sup (Mucts62
lyslO25) and ND40 (trp-am/F' 113 supE) were kindly provided

by A. Bukhari. Phage Mu (cts62 lyslO25) was obtained by ther-
mal induction of QD5003 and used to lysogenize ND40. One
lysogen was isolated that did not grow in the absence of ex-
ogenous tryptophan, presumably because of loss of the F' supE
factor. This strain did not lyse after thermal induction of Mu
prophage, an observation consistent with the failure to sup-
press the amber mutation in the Mu lys gene. Separate ex-
periments showed that the host DNA was subject to Mu mod-
ification after prophage induction (unpublished data).

Preparation of Modified Host DNA. Ten 500-ml LB broth
cultures of ND40 trp-. (Mucts62 lyslO25) were grown in 2-
liter flasks at 32°C. At a titer of =3 X 108 cells per ml, the flasks
were transferred to 42°C; after 30 min of incubation with shak-
ing they were transferred to 37°C for 120 min. The cells were
harvested by centrifugation and washed once in Ix NaCI/Cit,
and the pellets were stored frozen at -20°C; the yield was 15
g (wet weight) of cells.
The pellet was thawed and suspended in 150 ml ofTEN buff-

er; 50 mg of crystalline egg white lysozyme was added, and the
culture was gently swirled at 37°C. Lysis was completed by ad-
dition of 8 ml of 10% (wt/vol) Sarkosyl NL 97. Pronase (final
concentration, 300 ,g/ml) was added and incubation continued
for 3 hr at 37°C. Deproteinization was continued by extractions
with phenol and then chloroform/isoamyl alcohol, 24:1 (vol/
vol). The aqueous phase was covered with 2 vol of 95% ethanol
and the DNA was "spooled" on glass rods as described by Mar-
mur (14). After dissolution in 50 ml of 0.1X TEN buffer, re-
sidual RNA was enzymatically digested as described above, and
this was followed by another Pronase digestion. The sample was
diluted and extracted with chloroform/isoamyl alcohol and pre-
cipitated with ethanol as described above. After suspension in
50 ml of 0.1 x NaCI/Cit, 20 ml was taken for a third extraction,
precipitation, and dissolution as described above, and then di-
alyzed against H20. Through all steps, the DNA solution was
extremely viscous even after prolonged dissolution by vigorous
stirring with a magnetic spin bar. The 5-liter culture yielded
""40 mg of DNA at A2w/A2w = 1.80 and A24/A2w = 2.0.

Purification of dA'. Modified E. coli DNA (2-4 mg) was dis-
solved in 1 ml of 50 mM Tris HCI (pH 8.5). The solution was
made 7 mM in MgCl2, 5 mM in CaC12, and 50 units of DNase
I (Worthington) was added. After 4 hr of incubation at 50°C,
2.5 units of snake venom phosphodiesterase (Worthington) was
added, and the incubation continued overnight. An additional
2.5 units of snake venom phosphodiesterase was added along
with 0.1 unit of bacterial alkaline phosphatase (Worthington),
and the mixture was incubated another 4 hr. Three volumes of
95% ethanol was added and the mixture was chilled to -20°C
for 1 hr. After centrifugation, the nucleoside-containing su-
pernatant was collected and Iyophilized to a volume of 80 ,ul or
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less. The nucleosides were separated by the HPLC method of
Singhal (15), modified by using a 0.4 X 100 cm column of Ami-
nex A-7 and a flow rate of 12 ml/hr. This procedure yields the
modified nucleoside, dA', free of other deoxyribonucleosides
but does not separate it from adenosine, which may be present
as a contaminant. Fractions containing the modified deoxyri-
bonucleoside were concentrated by lyophilization, dissolved in
50 mM KH2PO4/5% methanol, pH 4.2, and chromatographed
isocratically in the same buffer at 15 ml/hr by the method of
Kuo et al. (16). This chromatography completely separates dAX
and adenosine but suffers from a relatively low capacity.

Synthesis of a-N-(9-f-D-2'-deoxyribofuranosylpurin-6-yl)-
glycinamide. 6-Chloro-9-((3-D-2'-deoxyribofuranosyl)purine
(17) (90 mg; 0.33 mmol) was dissolved in 1 ml of dry dimethyl-
formamide. After addition of 1 ml of aqueous glycinamide HCI
(Sigma) (73.7 mg; 0.66 mmol) and sodium bicarbonate (84 mg;
1 mmol), the suspension was heated in a 950C oil bath for 5 hr
with constant stirring. Solvent was removed under reduced
pressure and the residue was treated with -5 ml of methanol.
The resulting slurry was filtered; concentration of the filtrate
yielded 71 mg of product, which was washed with cold H20 and
then recrystallized from water. Total yield of material was 70%;
there was no attempt to maximize the yield. The product was
characterized as follows: mp 210-2110C (dec); 'H NMR (2H20):
8 2.56 (m, 1, H2,), 2.83 (m, 1, Hr), 3.81 (m, 2, H5', and H5.),
4.20 (d, 1, H4,), 4.29 (m, 3, H3., and =NCH2CO-), 6.45 (t,
1, H1,), 8.23 (s, 1, H-8, partially exchangeable), 8.29 (s, 1, H-
2); Mr of the trimethylsilyl derivative by peak matching, 596.2804;
596.2812 is required for C24H48N604Si4.

Instrumentation. All mass spectra were recorded with a Var-
ian MAT 731 instrument at 70 eV ionizing energy, 8 kV accel-
erating voltage, and 270°C ion source temperature. Sample in-
troduction was by probe inlet; aliquots of derivatization mixtures
were placed in sample crucibles, and reagents and solvents were
removed in the probe vacuum lock before sample introduction.
Mass spectra were recorded in the temperature range 70-150°C.
Low-resolution spectra were acquired by using a Varian SS1OOC
data system. High-resolution data were acquired by peak
matching in selected cases or by photographic recording of the
full spectrum using evaporated AgBr photoplates (Ionomet,
Brighton, MA) at an instrumental resolving power of 15,000.
Photographic data were analyzed using a Gaertner M1205PC
comparator interfaced to a Varian SS100C data system.

Proton magnetic resonance spectra were taken on a JEOL
FX-270 instrument at 270 MHz and 23°C probe temperature.
Chemical shifts are reported relative to sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (Stohler Isotope Chemicals, Wal-
tham, MA).

Preparation of Trimethylsilyl Derivatives for Mass Spec-
trometry. Aliquots of a water solution of dA' equivalent to 2-
3 ug were placed in melting point capillary tubes and carefully
dried. Nine microliters of N,O-bis(trimethylsilyl)trifluoroacet-
amide containing 1% trimethylchlorosilane (Sylon BFT; Su-
pelco, Bellefonte, PA) and 1 ,l of dry pyridine (or dimethyl-
formamide) were added to the tube, which was sealed and heated
for 1 hr at 85°C.

Unfractionated 5'-deoxyribonucleotides from Mu DNA di-
gests were trimethylsilylated as described for derivatization of
ribonucleotides (18). The equivalent of 10 ,ug of digest was
transferred to a 4-mm i.d. tube prepared from Pyrex tubing,
and treated with 10 ,u of Sylon BFT and pyridine (1:1) for 30
min at 850C.

Preparation of 5'-Deoxyribonucleotides from Mu DNA. Mu
DNA was digested to 5'-deoxyribonucleotides by treatment of
50 .ug of DNA (0.7 mg/ml in 20 mM ammonium bicarbonate,
pH 7.7) with 2 jig of DNase I (Worthington) (1 mg/ml in 20

mM ammonium formate, pH 7.2) and allowing digestion to pro-
ceed overnight at 370C. Four microliters of 0.2 M triethyl-
ammonium bicarbonate (pH 8.0) was added to the solution, along
with 2 pg of snake venom phosphodiesterase (1 mg/ml in 0.2
M ammonium carbonate); digestion was continued for 6 hr at
37VC.

RESULTS
Purification and Characterization of dA'. In an earlier study

on phage Mu DNA modification, an unusual base, designated
Ax, was observed in mild acid hydrolysates of modified DNA;
this base was shown to contain a free carboxyl residue (12). After
enzymatic digestion of modified DNA, HPLC analysis re-
vealed the presence of a new deoxynucleoside species, dA' (Fig.
1). The chromatographic data were not consistent with dA' con-
taining a free carboxyl group, so it was unlikely that dA' was
simply the deoxynucleoside of Ax. However, mild acid hydro-
lysis of dA' led to the appearance of Ax. Thus, it became ev-
ident that Ax is a degradation product of the acid-labile parent
compound, dA'. Therefore, it was of interest to purify and
characterize dAX'
The modified deoxynucleoside was purified by HPLC and

the trimethylsilyl derivatives were made for mass spectrometric
analysis (see Materials and Methods). The low-resolution mass
spectrum of the trimethylsilyl derivative of dA' is shown in Fig.
2. The molecular ion (M) of the major product is indicated at
m/z 596, accompanied by an ion 15 mass units lower (m/z 581),
resulting from characteristic loss of a methyl radical from a tri-
methylsilyl function (18). Trace amounts of an ion 72 mass units
higher than M (at m/z 668) were occasionally observed, indi-
cating incorporation of an additional trimethylsilyl group. Ions
of m/z 170, 155, and 103 are indicative of an unmodified sugar
function (18); the deoxyribose fragment, m/z 261, is not abun-
dant. The difference in mass between the molecular ion and the
sugar fragment represents the base fragment (335 mass units),
which characteristically (19) appears with a rearranged hydro-
gen, at m/z 336.

Compositions of these and other ions in the spectrum were
obtained from exact mass values measured by high-resolution
mass spectrometry. The computer-derived compositions for the
measured mass of the molecular ion (596.2815) were screened
for plausible compositions using the approach of Crain et al.

1.28
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dThd

0.64 dCyd dAdo
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1 2 3
Elution time, hr

FIG. 1. HPLC profiles of enzymatic digests of modified Mu mom'
and unmodified Mu mom- DNAs. Arrow denotes the elution position
of dAM.
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FIG. 2. Mass spectrum (70 eV) of the trimethylsilyl derivative

(20). Four compositions were found to be consistent with a sub-
stituted deoxyadenosine residue. Two were eliminated as
chemically implausible, and a third required the presence of
sulfur, which is not evident in the low-resolution mass spec-
trum by the required isotopic pattern. The remaining com-
position corresponded to a tris(trimethylsilyl) derivative of
deoxyadenosine and the elements C2H2NOSi(CH3)3. Compo-
sitions of major fragment ions in the low-resolution mass spec-
trum that are consistent with the probable molecular compo-
sitions are given in Table 1.
The arrangement of atoms in the added substituent(s) and

their disposition were deduced as follows.
(i) Substitution at positions 2 or 8 in the adenine ring is ruled

out from earlier work (12) showing retention of label in A. base
derived from acid digests of Mu DNA containing biologically
incorporated [2-3H]adenine or [8-3H]adenine.

(ii) The major fragment of m/z 480 (accompanied by a re-
arranged H yielding m/z 481) is equivalent to loss of a 116-mass-
unit fragment from MX, the exact mass of which supports the
composition CONHSi(CH3)3. The elemental compositions of
these ions are consistent with ions A and A' (Fig. 3, structure
1) (here shown as a N-6 substituent, although substitution at N-
1 or N-3 is not ruled out by mass spectral data alone). An anal-
ogous ion, m/z 220, results from cleavage of the glycosidic bond
and loss of the 116 mass-unit fragment.

(iii) Although structure 2 yields the same ion, it is eliminated
because the number of blocking groups (trimethylsilyl) incor-
porated should be one fewer than the four observed,because
of the low probability of reaction of the designated secondary
nitrogen during derivatization.

(iv) Placement of substituents as in structure 3 would yield
an ion of m/z 494, which is not observed. The mass spectrum

Table 1. Diagnostic ions in the high-resolution mass spectrum of
the trimethylsilyl derivative of modified deoxynucleoside dA',

Observed
Ion Composition mass Error

M C24H48N604Si4 596.2815 -0.3
M - CH3 C23HON604Si4 581.2583 +0.5
A + H C20H39N5O3Si3 481.2367 +0.7
A C20H38N5O3Si3 480.2269 -1.2
B + H C13H24N6OSi2 336.1582 +3.2
B + H - CH3 C12H2jN6OSi2 321.1334 +1.9
B + H - (CH3)3SiOH C10H14N6Si 246.1057 +0.9
A' C9H14N5Si 220.1005 -1.2
Sugar - H - (CH3)3SiOH C8H14O2Si 170.0764 +0.1
Sugar - H - (CH3)3SiOH
- CH3 C7H,1O2Si 155.0527 -0.1

m/z 116 C4H10NOSi 116.0538 +0.6

B refers to the base moiety of structure 1. Error (in mass milliunits)
determined by subtracting calculated mass from observed mass.

10
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m/z

of a modified deoxynucleoside isolated from bacteriophage Mu DNA.

of the trimethylsilyl derivative of a related compound, N-methyl-
N-[(9-,-D-ribofuranosylpurin-6-yl)carbamoyl]threonine, mt6A,
(21) does not undergo the illustrated cleavage.

The weight of evidence thus far is indicative of a -CH2CONH2
substituent as the Mu mom-induced modification. Because it
is not possible to deduce directly by mass spectrometry the po-
sition of substitution in the isolated nucleoside, a model was
synthesized with placement of the substituent at N-6. This is
based on the biological precedent for adenine substitution, in
which N6-methyladenine is the only known modified adenine
in DNA (see Discussion). The route chosen for synthesis of dA'
is direct and does not require any molecular rearrangement from
N-1. The mass spectrum of synthetic dA' is shown in Fig. 4,
and is in excellent agreement with that of the natural dA' iso-
lated from modified DNA; the latter does contain extraneous
peaks in the lower mass region, an observation of no conse-
quence. In addition, synthetic and natural dA' were indistin-
guishable by both ion-exclusion and reversed-phase HPLC
analysis (data not shown). These data thus confirm structure 1
(Fig. 3) as the structure of dA' and rigorously exclude the pos-
sibility of other isomers, for example those involving substi-
tution at C-2.
To preclude the possibility that dA' is an artifact of degra-

dation from sample handling during isolation (pH 10), an un-
fractionated enzymatic digest of Mu mononucleotides was di-
rectly examined by mass spectrometry after silylation. The re-
quired peaks for M (m/z 748) and M-CH3 (m/z 733) ions, and
for the diagnostic fragment ion m/z 633 (analogous to m/z 481
in Fig. 2), were observed as shown in Fig. 5. These ions do not
correspond to any ions from the four major deoxynucleosides
(18) or potential nucleotide contaminants from RNA.

DISCUSSION
Bacteriophage Mu controls an unusual DNA modification func-
tion that is active on both host and viral genomes. The product
of the modification reaction has been purified by HPLC and
its molecular structure elucidated by mass spectrometry. The
modified deoxynucleoside dA' was shown to be a-N-(9-f3-D-2'-
deoxyribofuranosylpurin-6-yl)glycinamide. This is the first known

HNCH2CONH2
N X N 480

"IlN> TMSNC 2NHCHO

HOCH N N>

OH deoxyribose-TMS2

1 2

494
TMSNC0C H2NHTMS

NN

N NI
deoxyri bose-TMS2

3

FIG. 3. Possible structures ofmajorfragment ions in the mass spec-
trum of the trimethylsilyl (TMS) derivative of dA', (from Fig. 2).
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FIG. 4. Mass spectrum (70 eV) of the trimethylsilyl derivative of synthetic a-N-(9-,3D-2'-deoxyribofuranosylpurin-6-yl)glycinamide.

example of a hypermodified purine in DNA. There have bee
reports of other modified purines in DNA (23, 24) in additio
to the well known case of N6-methyladenine. For example, i
was claimed (24) that 1-methyladenine is present in salmon sperm
DNA, based on a method of analysis in which bases from DN)
are liberated by pyrolysis (25). A later study (26) described the
presence of a similar amount of m'Ade in poly(dA-dT) using
same method of analysis, from which it was concluded that,
signal for m'Ade in DNA pyrolysates does not require its pres
ence in the DNA and implies that it is formed thermally. In the
absence of any other corroborating evidence for m'Ade in DNA
it cannot, therefore, be assumed to be a naturally occurring DNA
constituent. There are reports describing the presence of 7
methylguanine in phage DDVI (27) and 2-aminoadenine in cy
anophage S-2L (28). In the former case, 7-methylguanine war
present as a minor constituent; in contrast, 2-aminoadeninE
completely replaces adenine in phage S-2L. It would be of in
terest to see whether these findings can be corroborated by oth
ers.

In an earlier study of the Mu modification, an unusual base
containing a free carboxyl group was observed after acid de-
purination of Mu DNA (12). In experiments not reported in this
communication, we showed that this base, designated Ax, is N6-
carboxymethyladenine; this corresponds to the deaminated form

600 700

m/z

FIG. 5. Oscillographic recording of the molecular ion region of
deoxynucleotides from a trimethylsilylated enzymatic digest of bac-
teriophage Mu DNA. The spectrum was recorded at a direct probe tem-
perature of 1400C.
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of A'. In A' the acetamido group on the N-6 of adenine is ac-
commodated in the major groove of the B-DNA helix. How-
ever, by analogy to N6-methyladenine (29, 30), we would ex-

pect this group to destabilize the helix. In fact, the melting
temperature (TC) of modified Mu DNA is almost 50C lower than
the Tm for unmodified Mu DNA (31). It is remarkable that Mu
DNA contains 15% of its adenine residues hypermodified to A'
and, yet, the phage remains viable. In contrast, preliminary
studies suggest that modification of the host DNA may be le-
thal (31); perhaps that is why phage Mu has evolved elaborate
regulatory controls over the expression of this function (3, 31,
32). It seems reasonable to expect that with such a large fraction
of modified bases, some DNA-protein interaction(s) critical for
expression of an essential host gene will be impaired. Cur-
rently, we have no clue as to the donor substrate in the mod-
ification reaction. However, recent studies indicate that it is
derived from normal cellular metabolite(s) and not synthesized
under control of a phage gene (unpublished observation).
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