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Separate Analysis of Complementary Strands of
Restriction Enzyme-digested DNA. An Application
of Restriction Fragment Mass Mapping by
Matrix-assisted Laser Desorption/Ionization Mass
Spectrometry
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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI/TOF-MS) of a restriction
endonuclease digest determines the molecular mass of PCR-amplified DNA more easily than measurement of
undigested DNA. With this method, a 664 bp region from the FAS gene could be analyzed and a two-nucleotide
deletion in the L1ICAM gene was detected in a restriction fragment of 105 nucleotides. Furthermore, the analysis of
smaller fragments allowed separate detection of single-stranded oligonucleotides comprising individual digested
fragments. This mixture analysis of restriction enzyme digests improves the resolution, sensitivity and accuracy of

MALDI/TOF-MS of DNA and is thus expected to facilitate its application to genetic diagnosis.
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INTRODUCTION

Electrospray or matrix-assisted laser desorption is now
capable of ionizing large intact molecules of DNA.'~1?
This advance has opened the way for DNA sequencing
and mutation detection using mass spectrometry.2%—31
However, the large molecular size of DNA, which is
composed of an ~300 Da nucleotide unit, presents a
major obstacle. In contrast, an amino acid residue is
much smaller, between 57 and 186 Da for glycine and
tryptophan, respectively, and the detection of a single
amino acid replacement in, for example, a 16 kDa
protein such as globin is feasible.3? A total of 146 amino
acids constituting human f-globin are encoded by 438
nucleotides, the molecular mass of which exceeds 130
kDa and is thus too large for detection of even the
maximum mass difference between nucleotides, i.e. the
40 units between guanosine and cytosine, in the intact
DNA molecule.

Peptide mapping is a basic method designed to eluci-
date primary protein structures. It is also applied to
localizing mutations and other structural changes to a
discrete segment of the amino acid sequence. Taking
advantage of its feasibility for mixture analysis, mass
spectrometry has been applied to peptide mapping and
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has become a powerful tool for characterizing structural
changes and modifications of proteins33

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI/TOF-MS) was intro-
duced into the analysis of restriction enzyme-digested
DNA shortly after the use of this ionization method
became widespread!!-13:20-23:30 The present study
demonstrates that this combination is an effective
means for improving the sensitivity and accuracy of
MALDI/TOF-MS of DNA and thus of facilitating its
application to genetic diagnosis. An example of the
resolved detection of individual complementary strands
composing a fragment of DNA by MALDI/TOF is also
presented.

EXPERIMENTAL

PCR and sample preparation

The amplification target was a 664 bp (base pair)
segment in the coding region of the FAS gene* a
278bp segment involving exon 18 of the L1CAM
gene>>37 and a 50 bp segment in exon 2 of the human
p-globin gene. PCR was carried out in 50 pl of solution
containing 10 mM Tris—HCI at pH 9.0, 50 mM KCI,
0.1% Triton X-100, 1.6 mM MgCl,, 0.2 mM each of
dATP, dGTP, dCTP and dTTP, 0.4 mM of each primer
and 2 U of rTag DNA polymerase. The amplification
template for the FAS gene was a cDNA constructed by
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Figure 1. Positive ion MALDI/TOF mass spectra of a 664 bp DNA amplified from the FAS gene. Sequence numbers are given above the
peaks with the measured values in parentheses. Cleavage sites are illustrated. (a) Undigested PCR product. The doubly charged ions are
observed at m/z 110000. (b) Digest produced by restriction endonucleases Mspl and BamHI. (c) Digest produced by Alul and Mspl. The
peak at m/z 93 000 is probably an uncleaved DNA corresponding to sequence 1-296.

reverse transcription of the mRNA from normal human
fibroblasts and those for the LICAM and globin genes
were genomic DNA extracted from peripheral leuko-
cytes.

After 30 amplification cycles, the product DNA was
extracted with phenol and precipitated with ethanol in
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the presence of 2 M ammonium acetate. The pellet was
dried after washing with 70% ethanol. The purified
DNA was dissolved in 5 pl of distilled water for mass
spectrometry or subjected to digestion.

Enzymatic hydrolysis of DNA was carried out with a
combination of restriction endonucleases; BamHI/Mspl
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Figure 2. Positive ion MALDI/TOF mass spectra of a 278 bp DNA amplified from the L1CAM gene. Sequence numbers are given above
the peaks with the measured values in parentheses. (a) Undigested PCR product from a normal control. (b) Undigested product from a
patient with congenital hydrocephalus who has a two nucleotide deletion. (¢) Hincll digest of the 278 bp product from a normal control.
(d) Hincll digest of the amplified product from the patient. Vertical lines indicate the positions of normal peaks.
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Figure 3. Analysis of a digested mixture of 50 bp PCR products from the B-globin gene. (a) Nucleotide sequences and the Haelll and
Bsp12861 cleavage sites. The calculated mass for each single-stranded DNA is given in parentheses. Primer sequences are underlined. (b)
Positive ion MALDI/TOF mass spectrum of the digest. The numbers in parentheses are the measured values for the peaks.
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or Alul/Mspl for FAS, with Hincll for LICAM and
Haelll/Bsp1286I for globin. Typically, 1 pmol of DNA
was incubated with 1 U of enzyme at 37 °C for 3 h. The
digested DNA was extracted with phenol and precipi-
tated with ethanol as described above.

Mass spectrometry

For MALDI/TOF-MS, 0.3 pl of the sample solution
was mixed with the same volume of a 30 mg ml~ ! solu-
tion of 3-hydroxypicolinic acid® on the probe tip of a
Vision 2000 MALDI/TOF mass spectrometer (Thermo
BioAnalysis, Hemel Hempstead, UK) equipped with a
reflectron and a nitrogen laser (337 nm). Delayed
extraction was not used. The sample amount loaded
was estimated to be 0.1 pmol. The molecular mass was
expressed as the chemical mass in the present study.

RESULTS

Analyses of a 664 bp product of the FAS gene

The calculated masses for a 664 bp segment of the FAS
gene were 205966/204 780 for sense/antisense strands
with dA overhand at the 3'-ends*®. In the MALDI/TOF
mass spectrum, a broad signal corresponding to these
DNA molecules was detected at m/z 210000 with low
intensity [Fig. 1(a)]. The PCR product was then
digested with restriction endonucleases Mspl and
BamHI which cleave at positions 296 and 441, respec-
tively. The MALDI/TOF mass spectrum of the digest
revealed discrete molecular ion signals for three frag-
ments, although the complementary strands were not
resolved in each peak [Fig. 1(b)]. The signal for the
fragment observed at m/z 46000 was sharp compared
with the larger one at m/z 93 500 and their peak widths
at half-height were 2500 and 4000 units, respectively.
Such peak broadening for the latter fragment was not
ascribed to the mass difference between the two comple-
mentary strands, because the calculated difference was
somewhat larger in the former, 699 of 44 770/45469 vs
21 of 91 879/91 900 for the latter.

Subsequently, in order to cleave the largest fragment
corresponding to sequence 1-296, the original PCR
product was digested with Alul and Mspl, which cleave
at positions 144 and 296, respectively. The derived frag-
ments were very clear at m/z 44700 and 47400 [Fig.
1(c)]. The calculated molecular masses were 44 590/
44 653 and 47 307/47 265, respectively.

Detection of an LICAM gene mutation

L1CAM is the gene responsible for X-linked congenital
hydrocephalus.®® A normally 278 bp region involving
exon 18 of the L1ICAM gene was amplified and
analyzed by MALDI/TOF-MS. In the boy patient
analyzed, two nucleotides at positions 221 and 222 were
previously shown to be missing.>” The molecular ion
signal for the single-stranded DNA of the amplified
product was observed, but the 0.7% molecular mass

© 1998 John Wiley & Sons, Ltd.

decrease corresponding to the deletion was barely
detectable [Fig. 2(a) and (b)]. A mixture from a
restriction endonuclease Hincll digestion, i.e. cleaved at
position 173, was analyzed. The deletion producing a
1.8%, or 600 units, decrease was clearly identified in a
fragment corresponding to the region of sequence 174—
278 [Fig. 2(c) and (d)].

Separation of complementary DNA strands

The two complementary oligonucleotides of DNA are
ionized separately under the present conditions,!' but
their molecular ion signals usually overlap and are thus
indistinguishable from each other.

When a 50 bp product of the f-globin gene was
digested with Haelll and Bsp1286l, three restriction
fragments were generated [Fig. 3(a)]. In the MALDI/
TOF mass spectrum of the digest, there were six inde-
pendent molecular ion signals corresponding to the
single-stranded DNA component of these fragments
[Fig. 3(b)]. Since Bsp1286I produced protruding cohe-
sive termini, the complementary single-stranded DNAs
were ~ 1000 U apart in both fragments B/B’ and frag-
ment C/C'.

DISCUSSION

MALDI/TOF-MS of a mixture of restriction enzyme-
digested DNA was first reported by Tang et al.,'! who
analyzed a mixture of fragments, all of which were less
than 100 bp. The strategy was then extended to more
complex mixtures!2° or was applied to the detection
of mutations of three or four nucleotides and deletion/
insertion of a <100 bp fragment.??:3° Here, this strat-
egy has been extended, allowing a clear separation of
individual single-stranded DNAs comprising the frag-
ments and detection of a two-base deletion in a 105 bp
fragment. As is clearly demonstrated, mixture analysis
of restriction enzyme-digested DNA or restriction frag-
ment mass mapping is expected to overcome some of
the problems encountered in the MALDI/TOF-MS
of PCR-amplified DNA. Dealing with a number of
digested DNA fragments rather than a large intact mol-
ecule confers, in principle, advantages similar to those
of peptide mass mapping, although the two methods
differ in some respects. These similarities and differences
can be summarized as follows.

Advantages common to peptide mass mapping and
restriction fragment mass mapping

First, good intensity and a high signal-to-noise ratio are
more easily achieved than with the measurement of
large undigested DNA molecules. Indeed, the signals of
small fragments were intense and sharp compared with
those of intact DNA or larger fragments, on analysis of
the FAS gene (Fig. 1). Second, accurate and precise
molecular mass determinations are relatively easy for
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smaller molecules. Precise analysis is crucial for iden-
tifying and characterizing minute structural changes
such as mutation and modification and is dependent
upon both the peak width of the molecular ion signal
and the resolution of the measurement. The peak width
is primarily determined by the isotopic distribution and
becomes larger with increasing molecular size. In addi-
tion, the molecular ion signals for large molecules tend
to become broader than their theoretical distribution,
probably owing to adduction of salts or to metastable
decay induced by the MALDI process. This is remark-
able in the MALDI/TOF-MS of DNA, as reported by
Zhu et al.,*® who described the resolution for DNA
over 100-mer as being ~ 100 even with delayed extrac-
tion unless advanced purification procedures are
applied. In the present experiment, the resolution was
200 for the fragments of < 30-mer [Fig. 3(b)], but 20 for
the 150-mer DNA of an Alul/Mspl digest of the FAS
gene [Fig. 1(c)]. It is noteworthy, however, that even
with such low resolution, a deletion-type mutation was
detectable in a fragment exceeding 100 bp [Fig. 2(d)].

Third, digestion of PCR products improves the
resolution in another way. Tag DNA polymerase has
terminal deoxynucleotidyl transferase (TdT) activity
which adds an additional single nucleotide which is
usually, but not always, dA at the 3'-terminus. This
activity leads to structural heterogeneity among the
amplified molecules. Analysis of the restriction enzyme-
digested fragments resolves this problem, because the
cleaved 3'-terminal end is structurally discrete.

Differences between peptide mass mapping and
restriction fragment mass mapping

Restriction fragment mass mapping differs from peptide
mass mapping in a few important respects. As described

above, the molecular sizes of nucleic acids are larger
than those of amino acids. This presents a major obs-
tacle in DNA analysis. However, a great variety of
restriction enzymes, with different specificities, are avail-
able for DNA compared with only about 10 specific
peptidases for protein. Furthermore, cleavage utilizing
restriction enzymes is unaffected by the specific
sequence adjacent to the cleavage site, unlike the case of
proteins in which adjacent sequences may confer excep-
tional resistance to peptidase digestion.

Chemical properties, such as hydrophobicity, of pep-
tides determine the intensity of molecular ion signals. In
contrast, such properties are mostly homogeneous in
DNA and the relative abundance of ions in the mass
spectrum is primarily dependent on the size and
amount of DNA molecule. This homogeneity facilitates
the detection of component fragments covering the
entire DNA sequence.

In the case of identifying a substitution mutation, the
molecular mass shift of a mutated peptide, which can be
detected and measured by peptide mass mapping, often
specifies the site and type of mutation. Since there are
only four nucleic acids in DNA, this strategy is rarely
applicable to restriction fragment mass mapping, the
exception being a mutation present at the cleavage site
of a restriction enzyme.2%-2!

CONCLUSION

Restriction fragment mass mapping is expected to
broaden the application of MALDI/TOF-MS to DNA.
The separate detection of complementary strands pre-
sented in Fig. 3(b) illustrates the increased reliability of
this strategy in genetic diagnosis.
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