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Rapid Synthesis of DNA Deletion Constructs 
for mRNA Quantitation: Analysis of 

Astrocyte mRNAs 
Elena Galea and Douglas L. Feinstein 

Division of Neurobiology, Department of Neuroscience and Neurology, Cornell University Medical College, 
New York, New York 10021 

A rapid method for the synthesis of 
DNA fragments for competitive PCR 
analysis is described. This procedure 
takes advantage of the fact that if 
PCR is carried out with a mixture of 
re-Iigated restriction digestion frag- 
ments, only those fragments contain- 
ing binding sites for both PCR prim- 
ers will be amplified. Following 
electrophoresis of the amplified mix- 
ture, the DNA fragment of desired 
size can be excised from an agarose 
gel, reamplified, and used for subse- 
quent competitive PCR. We have 
used this procedure to synthesize de- 
letion constructs for the rat gllal 
fibrillary acidic protein (GFAP) gene, 
and have used competitive PCR to de- 
termine the levels of this mRNA in 
primary cultures of rat brain astro- 
(ytes. 

R e c e n t l y ,  a number of PCR-based 
methods that allow the rapid and sensi- 
tive quantitation of cellular mRNA levels 
have been described. In the technique of 
competitive PCR, (]-5~ an internal stan- 
dard is coamplified with the sample, and 
at the end the relative amount of each 
product is determined. Since the effi- 
ciency of amplification of the standard is 
identical to that of the sample template, 
problems associated with the variability 
between different PCR reactions are cir- 
cumvented. A number of techniques 
have been developed to generate inter- 
nal standards, including those that pro- 
duce standards having altered restriction 
sites, (1'~'4~ standards of different 
lengths, (1'2's~ and standards derived 
from other genes that fortuitously use 
the same primers but whose internal se- 
quence remains unknown. (2~ Although 
each of these techniques provides cer- 
tain advantages, fragments differing by 
minimal sequence information will pro- 
vide standards with the amplification 
properties closest to those of the actual 
sample being measured. To achieve this, 
we have developed a rapid method to 
generate deletion constructs, and ap- 
plied it to the quantitation of an mRNA 
specifically expressed in glial cells of the 
mammalian central nervous system. 

METHODS 

Synthesis of Deletion Construct 

Synthetic oligonucleotides were pre- 
pared on a Milligen-Biosearch Cyclone 
DNA synthesizer, corresponding to bases 
13-32 (primer 1, 5'-GAAGCAGGGCAA- 
GATGGAGC-3') and complementary to 
bases 276--296 (primer 2, 5'-GCTGTTC- 

CAGGAAGCGGACCT-3') of the rat glial 
fibrillary acidic protein (GFAP) mRNA se- 
quence. (7~ Primers 1 and 2 were used to 
amplify the corresponding region of 
clone rGFA15, a 5.7-kb rat cDNA clone 
that contains the entire rat GFAP se- 
quence (2804 bp). (7~ An aliquot of the 
PCR reaction mixture was used without 
further purification for restriction en- 
zyme digestion. A 2-~1 aliquot (approxi- 
mately 200 ng) of the 50-1~l mixture was 
incubated in a total volume of 20 p.1 with 
restriction enzyme HaeIII (5 units) for 15 
min at 37~ The sample was then heated 
at 68~ for 5 min to inactivate the restric- 
tion enzyme. An aliquot (5 ~l, contain- 
ing -50  ng) was self-ligated for 15 min at 
37~ with T4 DNA ligase (3 units) in a 
final volume of 20 ~l. An aliquot (5 ~l, 
-12.5 ng) of the religated material was 
then used for 30 cycles of PCR ampli- 
fication, and the products were sepa- 
rated by electrophoresis through a 3% 
NuSieve low-melting-point agarose gel. 
A major product of 155 bp was excised 
from the gel, and 2- or 5-p.l aliquots of 
the melted agarose were amplified as 
above. The products were then purified 
by affinity chromatography (Qiagen) 
and stored in aliquots at -20~ 

Synthesis of cDNA 

An aliquot of total cytoplasmic RNA (10 
~g) was mixed with 400 ng of primer 2 in 
a total volume of 11 ~l, heated at 65~ 
for 2 min, and then placed on ice. Syn- 
thesis of cDNA was carried out in a final 
volume of 20 p.1 in the presence of 40 
mM KC1, 2.5 mM each dNTP, and 2 units 
of Superscript RNase H-  reverse tran- 
scriptase (Pharmacia), at 42~ for 1 hr. 
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The reaction was terminated by heating 
at 95~ for 2 min,  and an aliquot was 
used directly for PCR analysis. 

PCR Conditions 

PCR amplifications were carried out in a 
Perkin-Elmer Cetus Model 900 tempera- 
ture cycler. The standard reaction mix- 
ture contained the template DNA (2-5 ~l 
of low-melting-point agarose, 1 ~l of the 
total 20-~1 cDNA product reaction mix- 
ture, or 0.5-5 ng of plasmid rGFA15), 400 
ng of each primer, 200 ~M each dNTP, 50 
mM KC1, 10 mM Tris-C1, pH 8.8, at 25~ 
1.5 mM MgCl2, 0.5 mM DTT, and 0.1% 
Triton X-100 in a final volume of 50 p.1. 
For competitive PCR, various amounts  of 
the deletion construct were added along 
with the cDNA or plasmid sample. The 
reaction was initiated by the addit ion of 
0.5 units of Taq DNA polymerase 
(Promega) in a volume of 5 ~l to the Ep- 
pendorf tube during the denaturation 
cycle. The parameters of amplif icat ion 
were: denaturation at 93~ for I min,  an- 
nealing at 64~ for 1 min,  and synthesis 
at 72~ for 1 min.  Unless specified oth- 
erwise, 25 cycles of amplif icat ion were 
carried out for competitive PCR. 

Quantitation 

Following amplif icat ion of template 
samples in the presence of known 
amounts of deletion construct, the PCR 
products were separated by electro- 
phoresis through a 2% agarose gel con- 
taining 1 ~g/ml of e th id ium bromide, 
and the gel was photographed with Po- 
laroid Type 665 film. The relative optical 
densities of the sample and the deletion 
construct bands were determined by la- 
ser densitometry of the fi lm negative on 
a LKB Ultroscan XL densitometer.  Differ- 
ent volumes of the reaction mixtures 
were loaded onto gels to obtain images 
where the intensity of the bands were 
within the linear range of the densitom- 
eter, as determined by previous calibra- 
tions. 

For calculations, the log of sample/ 
construct band intensities was plotted 
versus log of added construct. The point  
at which the band intensities are the 
same (Yvalue = 0) represents the point  
at which the two PCR products are 
present at equal masses; thus, the 
amount  of sample initially present (in 
picograms) was equal to the known 

amount  of added construct (in pico- 
grams). 

Other procedures 

Primary cultures of rat brain astrocytes 
were prepared from neonatal  cerebral 
cortex as described. (6) Cells were used af- 
ter 2 weeks, at which point  more than 
95% of the cells stained positively for the 
astrocyte-specific marker GFAP. Total cy- 
toplasmic RNA was isolated from astro- 
cyte cultures using the NP-40 lysis pro- 
cedure,(8) as described previously. (6) 

RESULTS 

The procedure we have used to prepare 
deletion constructs is outl ined in Figure 
1, using the rat GFAP gene sequence as a 
model  system. Amplification of the tem- 
plate DNA (plasmid rGFA15) using prim- 
ers 1 and 2 leads to the production of a 
single PCR product of 284 bp (Fig. 2A, 
lane A). This portion of the rat GFAP se- 
quence contains three sites for cleavage 
by the restriction enzyme HaeIII yielding 

FIGURE 1 Procedure for synthesis of DNA de- 
letion constructs. The process is illustrated us- 
ing the rat GFAP template as an example. The 
individual steps are described in the text. A-D 
refer to HaeIII restriction digest products. 
Numbers refer to the sizes in base pairs of the 
HaelII digestion products and religated frag- 
ments. The unique SacI restriction site at 
+ 242 in this portion of the GFAP sequence is 
shown. 

FIGURE 2 Synthesis of GFAP deletion con- 
struct. (A) Samples from the main steps of the 
construction pathway: (lane M) DNA size 
markers; (lane A) 284-bp PCR product; (lane 
B) amplified self-ligated fragments; (lane C) 
amplified 155-bp fragment. (B) Verification of 
product identity. The 155-bp product was am- 
plified in the presence of primer I alone (lane 
1); primer 2 alone (lane 2); primers 1 and 2 
(lane 3); DNA markers (lane 4); products of 
the 155-bp construct digested with Sad (lane 
5). Note that this lane shows a partial digest in 
which a low amount of the undigested 155-bp 
product can still be seen. 

fragments of 78 bp (A), 93 bp (B), 36 bp 
(C), and 77 bp (D). To obtain deletion 
constructs that would be easily separable 
from the full-length 284-bp product, we 
chose to delete one or both of the two 
central HaeIII fragments. To accomplish 
this, we reasoned that following religa- 
tion of the products of HaeIII digestion, 
only those products conta ining frag- 
ments A and D would be amplif ied by 
PCR using primers 1 and 2. The deletion 
fragment of desired size could then  be 
purified from others by electrophoresis 
through a low-melting-point agarose gel. 

An aliquot of the PCR reaction mix- 
ture containing the 284-bp product (Fig. 
2A, lane A) was used without  purification 
for HaeIII digestion, followed by a brief 
ligation step. PCR amplif icat ion of the 
self-ligated HaeIII digest resulted in the 
production of three major products, 
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whose sizes corresponded to religation 
products A + D  (155 bp), A + C + D  (191 
bp), and A + B + D (248 bp) (Fig. 2A, lane 
B), as well as numerous  other minor  
products of higher  molecular  weights. 
We confirmed that the 155-bp product 
was due to A + D ligation, and not  A + A 
(156 bp) or D +D (154 bp) because (1) 
amplification with either pr imer  1 or 
primer 2 alone did not result in product 
formation (Fig. 2B, lanes 1 and 2), and 
(2) the products of restriction enzyme di- 
gestion with SacI, which cuts at + 242, 
were those expected of the A + B product, 
e.g., 103 and 52 bp (Fig. 2B, lane 5). The 
area of the gel conta ining the 155-bp 
product was excised, and 5-t~1 aliquots of 
the sample in melted agarose were am- 
plified to obtain large amounts  of the 
specific product. The products of 10 in- 
dividual 50-1~1 PCR reactions were com- 
bined and purified by affinity chroma- 
tography over a Qiagen Tip-100. 
Following ethanol  precipitation, we re- 
covered approximately 25 I~g of the 155- 
bp deletion construct (Fig. 2A, lane C). 

The ability of the 155-bp construct to 
compete for primers with full-length 
GFAP cDNA was tested by adding in- 
creasing amounts  of the construct to a 
constant amount  of plasmid rGFA15, 
and carrying out 25 cycles of PCR (Fig. 
3). A reversal of relative band  intensities 
occurred between 10 and 50 pg of added 
construct, consistent with the amount  of 
284-bp fragment present in the added 
plasmid. (Because the 284-bp fragment 

FIGURE 3 Competition between GFA 155-bp 
construct and plasmid rGFA15. Different 
amounts of the 155-bp construct were coam- 
plified with approximately 0.5 ng of plasmid 
rGFA15, of which 25 pg (5%) corresponds to 
the 284-bp fragment being amplified. The 
amounts of 155-bp construct are 10 pg (lane 
1); 50 pg (lane 2); 100 pg (lane 3). DNA size 
markers (lane M) are indicated. 

constitutes 5% of the entire plasmid 
weight, the amount  of 284-bp fragment 
added in 0.5 ng of plasmid amounted  to 
25 pg.) As the amount  of added construct 
was increased, the relative intensity of 
the 284-bp product decreased, reflecting 
the competi t ion occurring between the 
two templates. 

This construct was used for determin- 
ing GFAP mRNA levels in samples of 
RNA isolated from primary cultures of 
rat brain astrocytes (Fig. 4 inset). Visual 
inspection of the gel indicates that be- 
tween 1 and 2.5 pg of the construct 
would result in equal band intensities 
for the sample and the construct PCR 
products. Densitometric analysis (Fig. 4) 
of the separated products was carried out 
with both 5- and 15-1~1 aliquots of the 
PCR reaction mixture, as well as with 15 
i~l of products obtained after 22 rather 
than 25 cycles of amplification. The cal- 
culated mass value was similar for all 
three samples (2.06, 2.59, and 2.81 pg, 
respectively), and showed that the cDNA 
derived from 1.0 I~g of astrocyte RNA 
contained 1.56---0.24 pg of 284-bp 
product, equivalent to 15.6 pg of the 

FIGURE 4 Competitive PCR analysis of astro- 
cyte RNA. cDNA was synthesized from 10 I~g 
of total cytoplasmic RNA using primer 2. 
Equal aliquots of the cDNA were amplified for 
25 cycles in the presence of different amounts 
of the 155-bp deletion fragment, and the 
products (15 i~l of the 50-1~1 reaction mixture) 
separated through a 2% agarose gel (inset). 
The amount of 155-bp fragment added was 
(in picograms): 10, 5, 2.5, 1.0, 0.5, and none 
(lanes 1-6). The locations of the sample (S) 
and construct (C) PCR product bands are 
shown. Following electrophoresis, the gel was 
photographed and the relative band intensi- 
ties were determined by laser densitometry. 
In addition to the gel shown, a 5 i~l-aliquot of 
the PCR mixture was also analyzed, as well as 
a 15- i~l aliquot taken after 22 rather than 25 
cycles. The average of the three determina- 
tions is plotted, and the result of linear regres- 
sion analysis is shown. 

2804-nucleotide GFAP mRNA. If we as- 
sume a value of 2% for the percentage of 
mRNA contained in total cytoplasmic 
RNA, then GFAP mRNA represented at 
least 0.078% of mRNA. However, since 
we have not yet de termined the effi- 
ciency of cDNA synthesis, this value re- 
mains semiquanti tat ive and may actu- 
ally underest imate true GFAP mRNA 
levels. 

DISCUSSION 

We have developed a rapid method  for 
producing deletion constructs that can 
be applied to any gene of known se- 
quence, and have used it for quantita- 
tion of rat GFAP mRNA levels in cultured 
astrocytes. By utilizing PCR amplifica- 
tion as a screening step for the presence 
of the desired deletion products, lengthy 
incubations needed for efficient ligation 
are unnecessary. Presently, approxi- 
mately 1 full day is required to carry out 
the three PCR amplifications, the diges- 
tion and ligation steps, and a final puri- 
fication step. It is likely that this proce- 
dure can be streamlined further by 
decreasing the number  of cycles, length 
of cycles, or using more rapid PCR ma- 
chines. In cases where the specific DNA 
sequence is not known, test digestions 
with a panel  of restriction enzymes can 
quickly identify those which  cleave 
three or four times wi th in  the gene frag- 
ment,  and thus be suitable for the syn- 
thesis of a deletion construct. 

In the synthesis of the GFAP construct 
we describe, the use of restriction en- 
zyme HaelII led to the possibility of ob- 
taining homodimer ic  ligation products 
whose sizes could not  be dist inguished 
from the desired deletion product. For 
this reason we had to confirm, by using 
a single primer for amplif icat ion or by 
restriction digestion analysis, that we 
had obtained the correct product. Since 
PCR amplif icat ion of a complex mixture 
can potentially yield unexpected prod- 
ucts, we suggest that conf i rmat ion of 
construct identity always be carried out, 
either by the above methods  or by direct 
DNA sequencing. 

The calculation of GFAP mRNA levels 
is based upon  the assumption that am- 
plification of the deletion construct is 
identical to that of the sample template. 
This does not imply  that the amplifica- 
t ion efficiencies (R values) are constant  
during the entire assay, but that any 
changes in efficiency that occur to the 
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GFAP template also occur to the con- 
struct template. Consistent with this, we 
found that  the ratio of GFAP to construct 
product was similar following 22 and 25 
cycles. Since any differences in the am- 
plification efficiencies of the two tem- 
plates would be expected to result in a 
large difference in the ratio of GFAP to 
construct, particularly during the final 
cycles, our results further suggest that  
the R values for the two templates were 
the same during each cycle of the PCR 
assay. Our calculations show that in pri- 
mary cultures of rat brain cortical astro- 
cytes GFAP mRNA is expressed at approx- 
imately 0.08% abundance,  a value 
consistent with that  expected for a mod- 
erate to abundant ly  expressed mRNA 
species. 

As ment ioned above, the efficiency of 
conversion of GFAP mRNA to cDNA has 
not been established and hence our esti- 
mates of GFAP mRNA levels remain 
semiquantitative and may underesti- 
mate the actual values. Using oligo(dT) 
to prime the reverse transcriptase (RT) 
reaction, copy efficiencies of 40--50% are 
generally obtained. Since we are using a 
specific GFAP oligonucleotide as primer, 
together with a genetically modified 
RNase H -  RT, we expect that  the effi- 
ciency of conversion should be even 
greater. For absolute quantification, the 
use of known amounts  of cRNA prepared 
from the parent  template could serve to 
determine both RT efficiency as well as 
to define the limits of the quantitative 
procedure. Alternative methods  for 
achieving absolute measurements  have 
been proposed .  (z'4,s'9"1~ 

Although deletion constructs should 
prove useful for quantitative analysis of 
mRNA levels, it must  be emphasized that  
multiple parameters need to be estab- 
lished for each individual mRNA species 
tested. In addit ion to the ones we have 
already discussed (RT efficiency and 
identical R values), it is also necessary to 
determine the linear range of input  
mRNA or cDNA that  can be used. One 
possible approach to this has been de- 
scribed previously. (z~ 

In summary,  we have presented a 
rapid method  for the synthesis of dele- 
tion constructs that  can be used for com- 
petitive PCR assays. A rat GFAP deletion 
construct was synthesized and shown to 
compete with the original template at 
comparable amplification efficiency. 
The primers used for these analyses have 
also proved successful with mouse and 

h u m a n  brain RNA samples (unpublished 
observations). Thus, the rat 155-bp con- 
struct can be used for the determinat ion 
of GFAP mRNA levels in tissues from 
other species. As the utilization of com- 
petitive PCR becomes more common,  
the ability to produce internal standards 
easily and rapidly will prove extremely 
valuable. 
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