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Ligation-mediated polymerase chain reaction (LM-PCR) is a
genomic analysis technique for determination of (1) primary DNA
nucleotide sequences (2) cytosine methylation patterns (3) DNA
lesion formation and repair, and (4) in vivo protein–DNA foot-
prints1–4. However, LM-PCR can be limited by the multiple steps
required and the relatively short stretch of sequence (usually <200
bp) that can be analyzed per reaction. We report here a simplified,
one-day LM-PCR protocol in which all pipetting steps can be per-
formed by a robotic workstation and which, moreover, provides
longer reads (>350 bp) and enhanced signal quality by use of nonra-
dioactive detection and a LI-COR DNA sequencing instrument.
Sensitivity comparable to radiolabeling is achieved using oligonu-
cleotide primers that are 5′-end labeled with infrared fluo-
rochromes. We showed that the technique could be used for sensitive
and reproducible in vivo photofootprinting of the human phospho-
glycerate kinase 1 (PGK1) promoter, as well as providing good
Maxam–Gilbert sequence information. The methods described here
should allow high-throughput, high-resolution analysis of tran-
scription factor binding and chromatin structure, and also may be
useful for sequencing gaps that are refractory to cloning.

To achieve exponential amplification, polymerase chain reac-
tions (PCR) require primer sequences flanking both sides of the tar-
geted DNA region5. Ligation-mediated PCR1, however, requires
sequence information from only a single flank, because one primer
hybridizes to a universal sequence that has been ligated onto the
DNA fragments. As illustrated in Figure 1, LM-PCR consists of four
stages. First, single-strand breaks, such as created by Maxam–Gilbert
chemical sequencing reactions or derived from UV photodimers, are
converted to blunt-ended duplex DNA fragments by primer exten-
sion. Second, a linker-primer oligonucleotide is ligated to the blunt

ends. Third, exponential PCR amplification is performed, followed
by an optional exonuclease treatment to remove primers from previ-
ous steps. Fourth, the distribution of products is detected either by
Southern blotting and hybridization with a radiolabeled probe2, or
by a final round of primer extension using a third gene-specific
labeled oligonucleotide1. For work reported here, the third primer
(IRD-P3 in Fig. 1B) is labeled at the 5′ end with a dye that fluoresces
in the infrared6.

The LM-PCR protocol (Fig. 1B) presents an assortment of tech-
nical challenges for automation. Although the first, third, and
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Figure 1. Flowchart of automated LM-PCR. (A) Automated
AmpliGrease hot-start LM-PCR is a modification of the manual
protocol for the use of petroleum jelly as a barrier separating two
aqueous components until heated10. The components are numbered
in the order of addition to the tube using a liquid-handling robot. The
first component is a premix containing PCR buffers,
deoxynucleotides, oligonucleotide primers, and template, which can
be added separately. Mineral oil is pipetted into the tube at two
stages, first as a 7.5 µl component (2) to protect the bottom premix
from splashing and to absorb heat from the molten petroleum jelly
(3), and then as a larger aliquot (142.5 µl) to allow the petroleum jelly
to form a single phase on heating. Finally, a second aqueous aliquot
is pipetted into the mineral oil containing polymerase. Equalization of
buffer and Mg2+ concentrations in both aqueous phases was found to
improve reliability. (B) LM-PCR (ref. 24) was automated by diluting
products from each stage into the next utilizing AmpliGrease in three
stages as indicated by the blue arrows. (C) Example of sequence of
human TP53 exon-5 along upper stand. Lanes (from left to right) are
G, G+A, C+T, and C products of Maxam–Gilbert25 sequencing
reactions performed using HeLa cell DNA. The sequence displayed
lies 137–251 bp from the primer sequence (P53R7028).
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fourth stages are polymerase cat-
alyzed, and therefore have the same
salt and substrate concentration
requirements, three different nested
primers are utilized. The second
stage, the ligation step, requires high-
er Mg2+ and NaCl concentrations
than the first, third, and fourth poly-
merase-mediated stages. Either the
salt and buffer conditions for poly-
merase activity must be broad, or the
components from previous stages
must be replaced. Furthermore, the
primers and adapter oligonu-
cleotides included in the previous
stages may cause mispriming in suc-
ceeding stages. Because of these con-
siderations, a variety of DNA poly-
merases, buffer conditions, and
purification techniques have been
extensively explored to streamline
and to optimize LM-PCR proto-
cols1,3,7, with less than optimal suc-
cess. Hot-start protocols, which have
proved so useful for optimizing
PCR8,9, have remained largely unex-
plored for use with LM-PCR. One
such method uses Ampligrease,
which is petroleum jelly suspended
in mineral oil, to separate two aque-
ous premix components until heat-
ed, whereupon the jelly becomes
miscible with the oil, allowing the
top premix to combine with the bot-
tom10. In this report, we demonstrate
that combining this hot-start
method with the single-tube
approach of Cairns and Murray11, as
modified by us3, yields excellent
results for Maxam–Gilbert sequenc-
ing (Fig. 1C). The automated LM-
PCR also produces superior in vivo
UV photofootprints (Fig. 2), as well
as dimethylsulfate in vivo footprints
(data not shown). A variety of gene targets have been successfully
analyzed using the automated procedure, including all five human
tumor protein p53 (TP53) exons (Fig. 1C), human TWIST pro-
moter, and human PGK1 (Fig. 2). It should be noted that human
PGK1 is very G+C-rich, and not an easy target even for standard
sequencing methods.

Using the procedure reported here, all the pipetting steps in LM-
PCR can be performed on a Biomek 2000 liquid handling robotic
workstation. After thermocycling is completed in the first reaction,
the product is diluted into the next stage for ligation. After a 2 h liga-
tion reaction coupling the linker-primer to the primer extension
product, one-half of the ligation mixture is used for an exponential
PCR reaction, again using AmpliGrease (see Fig. 1A). Before direct
labeling with IRD-tagged primer 3 (IRD-P3), residual P1 and P2
primers may be removed by exonuclease treatment. (Note that this
step is optional and only required when primers are designed with-
out appropriate gaps in Tm, i.e., 60°C, 64°C, 66°C for P1, P2, and P3,
respectively.) Electrophoresis with simultaneous detection is per-
formed on the LI-COR DNA sequencer. Automated LM-PCR, com-
bined with the use of infrared fluorochrome (IRD)-labeled primers
and detection using the LI-COR DNA sequencer, routinely provides

more than 350 bp of sequence. In some experiments where longer
fragments are analyzed, 700–1,000 bp of sequence can be resolved
and useful information obtained over the entire range.

The promoter of the human PGK1 gene has been well character-
ized by earlier LM-PCR experiments2,12–14. These earlier studies
included UV photofootprinting, and thus provided a good standard
by which to evaluate automated LM-PCR results. As shown in Figure
2, an excellent UV-induced footprint is revealed by comparing the in
vivo footprint (red lines) with that obtained by the in vitro UV treat-
ment of purified DNA (blue lines). For easy comparison, both the
lower and upper strands are plotted in the same graph, but inverted
relative to one another (Fig. 2B). The digitized data obtained by use
of the LI-COR, combined with a low background and constant spac-
ing between bands, allow superior quantitative information to be
obtained, with changes less than twofold being quite meaningful if
the results from independent repeat reactions are averaged (see
below).

The role of consensus binding sites in PGK1 transcriptional con-
trol has been investigated previously14,15. In addition to the foot-
prints previously noted, we also observed footprints between
GGTTA and CGTTA (half of a CCAAT consensus core16). A consen-

RESEARCH

Figure 2. Quantitative analysis of UV photofootprinting. (A) UV footprinting of the human PGK1
promoter was analyzed in intact cells (in vivo) and for isolated DNA (in vitro) along the upper stand. The
digitized fluorescence data (TIFF file) from the LI-COR Model 4200 sequencer were displayed using
Adobe PhotoShop. Asterisks (*) designate bands that reach a statistically significant difference (P <
0.01) in t-test analysis of in vivo versus in vitro conditions in four replicates of the LM-PCR protocol on
a pair of DNA samples. Bands of intensity <0.5 are indicated by orange asterisks and ≥ 0.5, by purple,
with the asterisks positioned adjacent to the gel image displaying enhanced intensity. (B) The band
intensities from four LM-PCR reactions were analyzed using the RFLPscan software and normalized
using the sum of the bands for each LM-PCR reaction. The mean values of the normalized band
intensities were plotted. The upper and lower panels illustrate results from the upper and lower
strands, respectively. On a single LI-COR sequencing gel, five promoter transcription binding sites
were prominently revealed. Along the lower strand between positions –160 and –30 relative to the
transcription start site, three enhancements and several suppression sites were observed by
comparison of in vivo to in vitro results. This region contains an NF1-like consensus site, a CCAAT box,
and two GC boxes. On the upper strand, footprints revealed by suppression of UV dipyrimidine
formation are evident within the GC box and HIF-1 binding site15 (bp –255 to –172) and an enhancement
(17-fold) near the transcription initiation site. (C) Gel image of the lower stand is displayed as for (A).
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sus recognition site for GATA-1 (5′-NNGATNNNN), which inter-
acts synergistically with adjacent CCAAT binding proteins17, was
observed to produce an 8.5-fold suppression (calculated using data
displayed in Fig. 2B) on the lower strand and detectable enhance-
ment on the upper strand. Two suppression footprints were
observed within the pyrimidine-rich sequence of the NF1 binding
site, including the indicated consensus recognition sites for the Ttk
88K (ref. 18) and TFII-I (ref. 19) transcription factors. A possible
binding site (TGT/CGGT) for runt-factor AML-1 (ref. 20) and
RGAANRTTCN for HSF1 (ref. 21) are also observed between the GC
box and the HIF binding site along the upper strand.

It is generally accepted that LM-PCR can reliably detect
twofold changes in footprint intensity2,12, but we report here the
first quantitative, statistical study of band variation. To assess the
statistical variance of the automated LM-PCR process, we replicat-
ed the automated LM-PCR protocol four times for a single set of
UV-treated DNA samples under both in vivo and in vitro condi-
tions. The digitized data obtained from the LI-COR instrument
were used for semiautomated lane and band identification using
RFLPscan; integrated intensities were obtained for 300 bands by
Gaussian curve fitting. When LM-PCR was performed in quadru-
plicate on a pair of in vitro and in vivo UV-treated samples, the
coefficient of variation values obtained were close to 10% for
bands with an intensity of >0.5. Individual bands were subjected
to two-tailed t-tests assuming unequal variance. Bands meeting a
P < 0.01 criteria are indicated by asterisks in Figure 2. The binding
sequences along the lower strands for Ttk 88K, TFII-I, GATA-1,
and CCAAT binding proteins were all observed to produce more
than a fivefold change in footprinting intensities (Fig. 2). In UV
photofootprinting, a DNA-binding protein produces a “signature”
by modulating the quantum yield for cross-linking adjacent
pyrimidine bases, presumably by rotating the bases away or
toward a preferred orientation. In the PGK promoter region one
sees as much as a 17-fold enhancement of reactivity (CCAAT box)
and up to a 16-fold suppression (TFII-I site) of UV reactivity. As
the human and other genome projects near completion, a major
challenge will be to use this sequence information to learn more
about chromatin structure and the regulation of genes. In vivo
footprinting by LM-PCR is one of the few ways to obtain informa-
tion about true native chromatin structure. High-throughput
automated or partially automated LM-PCR has the potential to
use the sequence data to gain high-resolution information on in
vivo chromatin structure.

The protocol presented here represents a variety of modifications
to existing protocols. The use of infrared dyes on the LI-COR
sequencer simplified data analysis because the background signal
was consistently low and the bands were evenly spaced. The auto-
mated hot-start technique proved crucial for setting up reactions at
room temperature; furthermore, hot-start protocols consistently
provided better results than achieved using manual protocols where
samples were cooled on ice during pipetting steps. Pfu Turbo provid-
ed significant improvements when compared with results using a
mixture of native Vent and Vent (exo)-polymerases. The effect of
exonuclease treatment before direct labeling with the IRD-P3 primer
generally provided a stronger signal with the effects dependent upon
the spacing of Tm values for a given primer set.

Experimental protocol
Cell lines, UV irradiation, and DNA purification. Chinese hamster hybrid
cells (Y162-11C) containing an active human X chromosome2 were used for
UV in vivo footprinting as described14. Cells were lysed and DNA was puri-
fied and treated with T4 endonuclease V and Escherichia coli photolyase as
described earlier22

Nested PGK1 oligonucleotide primers for LM-PCR. The primer design
program, ospX (ref. 23), was utilized to construct two primer sets with pro-

gressively increasing Tm and overlapping sequence. The primer set (labeled
P1, P2, and P3, respectively, in Fig. 1B) used to map the lower strand includes
an extension primer (HP102, Tm = 59.6°C), 5′-CCTGGGTCTCGCACATTC;
a PCR primer (HP112, Tm = 63.7°C), 5′-GCACATTCTTCACGTCCGTTCG-
CA; and an IRD-labeled primer (HP122, Tm = 67.5°C), 5′-CACGTC-
CGTTCGCAGCGTCACC). The corresponding primer set for the upper
strand consisted of (HP298R1, Tm = 59.7°C), 5′-GGGAGAGAGGTCGGT-
GATT; (HP310R2, Tm = 63.8°C), 5′-GGTGATTCGGTCAACGAGGGAG; and
(HP318R3, Tm = 65.8°C), 5′-GGTCAACGAGGGAGCCGACTG.

TP53 primers. The corresponding primer set for exon-5 consisted of
(P53R7015, Tm = 59.2°C), 5′-TGGGGACCCTGGGCAA; (P53R7027, Tm =
64.0°C), 5′-GCAACCAGCCCTGTCGTCTC; and (P53R7028, Tm = 65.7°C),
5′-CAACCAGCCCTGTCGTCTCTCC.

Hot-start primer extension. All pipetting steps for LM-PCR were per-
formed on a Biomek 2000 liquid handling robotic workstation (Beckman
Instruments, Inc., Fullerton, CA). The bottom premix (6.5 µl) contained 1 µl
(1 µg/µl) DNA, 0.65 µl 10× cloned Pfu buffer (Stratagene, La Jolla, CA; 0.2 µl
each of dATP, dCTP, dGTP, and dTTP (2.5 mM), 0.6 µl of 2 µM primer 1, and
3.45 µl distilled H2O. First, 5.5 µl bottom premix was transferred to the tube
by the Biomek 2000 robotic workstation, and 1 µl of DNA was added (manu-
ally or automatically). Next, 7.5 µl of mineral oil and about 20 µl of warm
AmpliGrease were added to the top of the bottom premix. (The warm
AmpliGrease was set up by incubating petroleum jelly in a VWR heat block
and transferred with a hairdryer–preheated Biomek P250 pipette tip.) Finally,
142 µl of mineral oil were pipetted on top of the petroleum jelly, followed by
3.5 µl of top premixes (0.2 µl of 2.5 U/µl Pfu Turbo, 0.35 µl of 10× cloned Pfu
buffer, 1.0 µl of 70% sucrose and 1.95 µl H2O). The hot-start primer exten-
sion is then performed in the thermocycler by a denaturing step at 95°C for 
5 min, an annealing step at the oligonucleotide Tm (calculated by ospX) of
primer 1 for 30 min, and a primer extension at 76°C for 10 min.

Ligation. After the primer extension step, about 95% of the suspension of
AmpliGrease in mineral oil was removed. Then, 6.4 µl of ligation premix were
transferred to the tube with the primer extension products and mixed well.
The ligation premix contains 0.4624 µl of 1 M Tris-HCl (pH 7.5), 0.1024 µl of
1 M MgCl2, 0.32 µl of 1 M dithiothreitol (DTT), 0.1568 µl of 100 mM adeno-
sine triphosphate (ATP), 0.0784 µl of 10 mg/ml bovine serum albumin (BSA),
1.6 µl of 20 µM linker, 0.32 µl of 20 U/µl T4 DNA ligase (Promega, Madison,
WI), and 3.36 µl of H2O. The ligation was carried out at 17°C for 2 h.

Hot-start PCR. One-half of the ligation product was removed, and
warm AmpliGrease was added directly to the top of the ligation product
and the pre-existing mixture of mineral oil and AmpliGrease. After adding
an additional 142 µl of mineral oil, 3.5 µl of PCR premix was added to the
top. The PCR premix consisted of 1.0 µl 70% sucrose, 0.67 µl of 10× Pfu
cloned buffer, 0.4 µl of 25 mM dNTP, 0.2 µl of 20 µM primer 2, 0.2 µl of 20
µM LP25, 0.4 µl of 2.5 U/µl Pfu Turbo, and 0.63 µl H2O. The conditions
for PCR were: one cycle of 95°C for 2 min, Tm of primer 2 for 2 min, and
76°C for 3 min; 18 cycles of 95°C for 45 s, Tm of primer 2 for 2 min, and
76°C for 3 min; and one cycle of 95°C for 45 s, Tm of primer 2 for 2 min,
and 76°C for 10 min.

Exonuclease treatment (optional). About 95% of the mixture of
AmpliGrease and mineral oil was removed. One microliter of 1 U/µl E. coli
Exonuclease I (10 U/µl from US Biochemicals (USB), Cleveland, OH, diluted
to 1 U/µl with 1× PCR buffer) was added to the PCR products. The reaction
tube(s) were put in the thermocycler at 37°C for 30 min, and then at 72°C for
15 min to inactivate the exonuclease.

Hot-start direct labeling. After exonuclease treatment, 20 µl of warm
AmpliGrease, 142 µl mineral oil, and 3.5 µl direct labeling premix were
added, in order, to the top of the exonuclease-treated samples. The direct
labeling premix contained 1.15 µl distilled H2O, 1.0 µl 70% sucrose, 0.35
µl 10× Pfu cloned buffer, and 1 µl of 1 µM IRD-labeled primer. This step
was performed under yellow light to protect the IRD-labeled primer,
which is kept as dark and cold as possible between steps. The direct label-
ing was carried out in the thermocycler with conditions of 95°C for 2 min,
five cycles of 95°C for 45 s, Tm of primer 3 for 3 min, 76°C for 2 min, and
76°C for 10 min.

Electrophoresis. Electrophoresis and scanning were performed in a 
LI-COR DNA sequencer model 4200 following manufacturer’s instructions
(LI-COR, Inc., Lincoln, NB). The collected TIFF image can be visualized
either by PhotoShop (Adobe Systems, Inc., San Jose, CA) or lane analysis pro-
gram such as RFLPscan (Scanalytics, Inc., Fairfax, VA). RFLPscan was also
used to quantitate band intensity for further variation analysis.

1110 NATURE BIOTECHNOLOGY  VOL 17  OCTOBER 2000 http://biotech.nature.com

RESEARCH

© 2000 Nature America Inc. • http://biotech.nature.com
©

 2
00

0 
N

at
u

re
 A

m
er

ic
a 

In
c.

 •
 h

tt
p

:/
/b

io
te

ch
.n

at
u

re
.c

o
m



NATURE BIOTECHNOLOGY  VOL 17  OCTOBER 2000 http://biotech.nature.com 1111

Acknowledgments
We thank Dr. G. Holmquist for encouragement and support, and J. Flanagan for
help with editing the manuscript. Jin Zhou supplied Maxam–Gilbert HeLa
DNA for these studies. This work was supported in part by grants GM50575 (to
A.D.R.), AG15695 (to S.D.F.), and CA69449 (G. Holmquist) from the National
Institutes of Health.

1. Mueller, P.R. & Wold, B. In vivo footprinting of a muscle specific enhancer by
ligation-mediated PCR. Science 246, 780–786 (1989).

2. Pfeifer, G.P., Steigerwald, S.D., Muller, P.R., Wold, B. & Riggs, A.D. Genomic
sequencing and methylation analysis by ligation mediated PCR. Science 246,
810–813 (1989).

3. Pfeifer, G.P., Chen, H.H., Komura, J. & Riggs, A.D. Chromatin structure analy-
sis by ligation-mediated PCR and terminal transferase-mediated PCR.
Methods Enzymol. 304, 548–571 (1999).

4. Becker, M.M. & Grossmann, G. Photofootprinting DNA in vitro and vivo.
Footprinting of nucleic acid–protein complexes (ed. Revzin, A.) 129–159
(Academic Press, New York, NY; 1993).

5. Mullis, K.B. & Faloona, F.A. Specific synthesis of DNA in vitro via a poly-
merase-catalyzed chain reaction. Methods Enzymol. 155, 335–350 (1987).

6. Machida, M., Kamio, K. & Sorensen, D. Long range and highly sensitive
DNase I footprinting by an automated infrared DNA sequencer.
Biotechniques 23, 300–303 (1997).

7. Tormanen, V.T., Swiderski, P.M., Kaplan, B.E., Pfeifer, G.P. & Riggs, A.D.
Extension product capture improves genomic sequencing and DNase I foot-
printing by ligation-mediated PCR. Nucleic Acids Res. 20, 5487–5488 (1992).

8. Chou, Q., Russell, M., Birch, D.E., Raymond, J. & Bloch, W. Prevention of
pre-PCR mis-priming and primer dimerization improves low-copy-number
amplifications. Nucleic Acids Res. 20, 1717–1723 (1992).

9. Hebert, B., Bergeron, J., Potworowski, E.F. & Tijssen, P. Increased PCR sen-
sitivity by using paraffin wax as a reaction mix overlay. Mol. Cell. Probes 7,
249–252 (1993).

10. Horton, R.M., Hoppe, B.L. & Conti-Tronconi, B.M. Ampligrease–hot start PCR
using petroleum jelly. Biotechniques 16, 42–43 (1994).

11. Cairns, M.J. & Murray, V. Influence of chromatin structure on bleomycin–DNA
interactions at base pair resolution in the human β-globin gene cluster.
Biochemistry 35, 8753–8760 (1996).

12. Pfeifer, G.P., Tanguay, R.L., Steigerwald, S.D. & Riggs, A.D. In vivo footprint

and methylation analysis by PCR-aided genomic sequencing: comparison of
active and inactive X chromosomal DNA at the CpG island and promoter of
human PGK-1. Genes Dev. 4, 1277–1287 (1990).

13. Pfeifer, G.P. & Riggs, A.D. Chromatin differences between active and inactive
X chromosomes revealed by genomic footprinting of permeabilized cells
using DNase I and ligation-mediated PCR. Genes Dev. 5, 1102–1113 (1991).

14. Pfeifer, G.P., Drouin, R., Riggs, A.D. & Holmquist, G.P. Binding of transcription
factors creates hot spots for UV photoproducts in vivo. Mol. Cell. Biol. 12,
1798–1804 (1992).

15. Rodriguez, H., Drouin, R., Holmquist, G.P. & Akman, S.A. A hot spot for
hydrogen peroxide-induced damage in the human hypoxia-inducible factor 1
binding site of the PGK 1 gene. Arch. Biochem. Biophys. 338, 207–212
(1997).

16. Faisst, S. & Meyer, S. Compilation of vertebrate-encoded transcription fac-
tors. Nucleic Acids Res. 20, 3–26 (1992).

17. Yamaguchi, Y., Nishio, H., Kishi, K., Ackerman, S.J. & Suda, T. C/EBPβ and
GATA-1 synergistically regulate activity of the eosinophil granule major basic
protein promoter: implication for C/EBPβ activity in eosinophil gene expres-
sion. Blood 94, 1429–1439 (1999).

18. Read, D. & Manley, J.L. Alternatively spliced transcripts of the Drosophila
tramtrack gene encode zinc finger proteins with distinct DNA binding speci-
ficities. EMBO J. 11, 1035–1044 (1992).

19. Smale, S.T. & Baltimore, D. The “initiator” as a transcription control element.
Cell 57, 103–113 (1989).

20. Meyers, S., Downing, J.R. & Hiebert, S.W. Identification of AML-1 and the
(8;21) translocation protein (AML-1/ETO) as sequence-specific DNA-binding
proteins: the runt homology domain is required for DNA binding and pro-
tein–protein interactions. Mol. Cell. Biol. 13, 6336–6345 (1993).

21. Kroeger, P.E. & Morimoto, R.I. Selection of new HSF1 and HSF2 DNA-binding
sites reveals difference in trimer cooperativity. Mol. Cell. Biol. 14, 7592–7603
(1994).

22. Tornaletti, S. & Pfeifer, G.P. UV light as a footprinting agent: modulation of
UV-induced DNA damage by transcription factors bound at the promoters of
three human genes. J. Mol. Biol. 249, 714–728 (1995).

23. Hillier, L. & Green, P. OSP: A computer program for choosing PCR and DNA
sequencing primers. PCR Methods Appl. 1, 124–128 (1991).

24. Mueller, P.R., Garrity, P.A. & Wold, B. Ligation-mediated PCR for genomic
sequencing and footprinting. pp. 15.5.1-15.5.26. Current protocols in molec-
ular biology (John Wiley & Sons, New York, NY; 1992).

25. Maxam, A.M. & Gilbert, W. Sequencing end-labeled DNA with base-specific
chemical cleavages. Methods Enzymol. 65, 499–560 (1980).

RESEARCH

© 2000 Nature America Inc. • http://biotech.nature.com
©

 2
00

0 
N

at
u

re
 A

m
er

ic
a 

In
c.

 •
 h

tt
p

:/
/b

io
te

ch
.n

at
u

re
.c

o
m


