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Increasing Proportions of 
Uracil in DNA Substrates 
Increases Inhibition of 
Restriction Enzyme 

:s 

ABSTR.\CT 

Techniques that rely upon the uicorpo- 
ration of uracil i mo DNA are being pub- 
lished wñh increasing frequency espe- 
cia fly in PCR prcîîocols. We repon here 
ihe efficiency of 18 type fl reí striction en- 
zymes to digest PCR amplicons synthe- 
sized with varying proportions of TTP to 
dUTP in the PCR mixture. We find thaï 
most enzymes with A:T/U bp in their rec- 
ognition site digest the ampiicons less effi- 
ciefuiyj[is the percentage of dUTP in the 
reaction mixture is increased. This effect is 
most dramatic when the proportion of 
dUTP in the nucleotide mixture exceeds 
50%. All hut one of the enzymes which fail 
to digest amp!icons that are synthesized 
with W0% dUTP digest some amp I icons 
which are synthesized with 9(F/£ dUTP. 

INTRODUCTION 

Tht: incurporation of uracil iniQ: 
DNA is used in a variety of techniques, 
such as (i) replact:meTit of Tl P with 
dUTP in ptilymerase chain reaction 
(PCR) nucleotide mixtures so that PCR 
amplicons are dcsiroyablç by use of 
uracil DNA glycosyjase (UDG; Refer- 
ence 6), (¿i) oligonuclcotide labeling 
(3) and (üi) synthesis of single- 
stranded phagemids in uftg' bacterial 
strains for pre-trans form at ion selection 
of plasmid libraries (7). We are replac- 
ing TTP with dUTP in our PCR nucleo- 
tide mixtures to allow a UDG sub-sam- 
pling strategy to measure and control 
carryover contamination by PCR prt>d- 
ucts in our studies of ancient DNA (5). 
For this strategy to be effective, we 
must incorporate uracil into all ampli- 
cons that may contaminate our ancient 
DNA amplifications. 

Although priiducing DNA contain- 
ing uracil (U-DNA) is attractive for a 
variety of purposes, U-DNA does not 
always have the same characteristics as 
"normal" DNA, For example, Car- 
mody and Vary (2) found that some 
amplicons containing uracil did not hy- 
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bridize to Southern blots as well as nor- 
mal amplicons. and Bebee et al (1) 
found that onîy 6 out of 13 restriction 
en/ymcs cut the multiple cloning site 
(MCS) of pSpi)rt ] synthesized with 
uracil. We would like to use large am- 
plicons from some individuals for re- 
striction digest sttidies (cf Reference 4). 
However, this may not be successful 
because some restriction enzymes do 
not cut U-DNAs or do not cut them 
efticienrly ( I ), Additionally, we are 
developing techniques that require 
U-DNA amplicons to be efficiently di- 
gested, ligated and replicated by a vari- 
ety of enzymes. It is, therefore, desir- 
able to understand the characteristics of 
U'DNA amplicons in a variety of com- 
mon laboratory manipulations (e.g., 
modification with enzymes; cf Refer- 
ences 1 and 8). In this paper, we present 
results of our experiments on the ability 
of 18 restriction enzymes to digest U- 
DNA amplicons synthesized with dif- 
fering ratios of TTP to dUTR, 

MATERIALS AND METHODS 

The MCS of pBluescript* II KS+ 
(Stratagene, La Jolla, CA, USA) was 
atnplified from ICX) pg of the phagemid 
hnearized with Xmnl. The Ml3 -20 
universal {GTAAAACGACGGCCA- 
GT) and M13 reverse universal (AAC- 
AGCTATGACCATG) primers were 
used, yielding a 223-bp amphcon. Re- 
actions contained K5 niM MgCl2; Ix 
Thermo buffer (5Ü m M KCl, 10 mM 
Tris-HCI [pH 9.0 at 25X], 0,1% Tri- 
ton® X-ÏOO [Promega, Madison. WK 
USA]); 2 U Taq DNA Polymerase [de- 
rived from Thermus aquaticus\\ and 
150 \xU for each dATP, dCTR dGTP 
and ITP/dUTR The TTP and dUTP 
were combined so that the total concen- 
tration was equimolar to the other de- 
oxyribonuclcoside tri phosphates 
(dNTPs) (i.e., TTP + dUTP = 150 |uM). 
Nine dNTP mixtures were used to syn- 
thesize MCS amplicons. The percerii- 
ages of dUTP in the dNTP mixtures 
tested were 100%, 90%, 80%, 70%, 
60%, 50%, 25%, 10% and 0%. For 
each dUTP percentage, two or more in- 
dependent 100-|iL amplifications (us- 
ing independent dNTP mixtures, Taq 
aiiquots and a DNA Thermal Cycler 
480    [Perkin-Elmer,    Norwalk,    CT 

TUble t. Scale Used to Score Restriction En- 
zyme Cutting Efficiency 

Rating % MCS Cut 

0 0 

1 Í-24 

2 25^9 

3 50-74 

4 75-99 

5 100 

USA]) were combined to obtain about 
20 jig of MCS w ith the desired propor- 
tion of dUTR Thermal cychng parame- 
ters were 94°C for 2 min•1 cycle; 
94X for 1 min, 46X for 30 s, 72X for 
30 s•30 cycles; and 72'^C for 2 min. 

Ab{>ut 500 ng of amplicon from 
each dNTP mixture were digested with 
each of 18 type ÍÍ restriction enzymes 
with ó-bp recognition siles. These re- 
striction enzymes can be placed into 
three groups based upon the percentage 
of A:T/U base pairs within the restric- 
tion enzyme recognition sequence: 0% 
(no A:T/U bp; Apal, BstZl £^¿^01091, 
NotL SacU and Smal)\ 33% (2 A:T/U 
bp; Accl fianihh ßstXL Hindi Knpl 
and PstV) and 61% (4 A:T/U bp; CUil, 
EcoRl KcoRV, HinàUl Ssñ and Xhal). 
Restriction enzvmes were obtained 
from the following manufacturers: 
New England Biolabs, Beverly; MA; 
USA (Apal EcoOlWl Smal Accl 
BamHL BstXl HincUl Fstl Clah 
EcoRL EcoRW, HindlU and Xbaly, 
Promega (BstZl and Noti); Life Tech- 
nologies.   Gaithersburg,   MD,   USA 

Figure 1. Results of restriction digests with 
Xbal (see text). Lane J. \Q0% dUTP; laiie 2, 
i?0% dUTP; lane 3, 80% dUTP; lane 4, 70% 
dUTP; lam; 5. 60^ dUTP; lane 6, 50% dUTP; 
lane 7, 25% dUTP; lane 8, 10% dl.TP; lane 9, 
0% dUTP; and lane 10, Gel Marker 1 íReí^earch 
Genencs. Humsvillc, AL. USAï. 
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(Sstl); Sigma Chemical, St. Loaís MO, 
USA (Kpri\)\ and United States Bio- 
chemical, Cleveland, OH, USA(5ûî:1I). 
To ensure a complete digestion of the 
0% dUTP amplicons, a 2ü-fold excess 
of restriction enzyme (i.e.. 10 units) 
was used. Manufacturers' necommended 
optimal reaction conditions were used 
in all experiments. Digestions were al- 
lowed to proceed far 2 h. Each 20-|iL 
digestion was loaded onto a 2% 
agarose minigel containing ethidium 
bromide. Enzyme cutting efficiency 
was scoiied on a scale froiii 0 to 5 by vis- 
ual inspection of rhe relative intensity of 

fluorescence of cut aiid uncut bands ex- 
amined under UV light (Table 1). 

RESULTS AND DISCUSSION 

As expected, all enzymes cut the 0% 
U amplicon to completion. All en- 
zymes with 0% A:T^ bp in the recog- 
nition site cut all amplicons completely 
(except BstZl, which failed to cut ap- 
proximately 10% of the amplicons with 
90% and 100% dUTP), Enzymes with 
33% or 67%^ A:T/U bp in the recogni- 
tion site varied greatly in their ability to 
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Figure 2. EITect of increasing proportions of uracii in DNA substrate on the digestion elïîcicncj 
of restriction enzymes with recoßnition sites containing 33^ AíT/U bp. Substrates are the MCS tif 
pBlucschpt IJ KS+ anipliiled wiïh viurying proponions of dUTP/TTP in tht PCR mixLure (söe lexi). 

(l'igure 3. Effect of increasing proportions of uraijl in DNA substrate on the digestion eRïciency 
of restriction enzymes with recognition sites containing 67% A;T/li tjp. Sub titrate s arc îhc WCS of 
pBlueitript li KS+ amplified with varying proportion h ol dUTPHTP in the PCR mixture (sec text). 

Eut amplicons with uracil (Figures 1, 2 
and 3). Some enzymes, such as Hinclll 
t33%) and Xbal (67%), were dramati- 
cally inhibited by increasing levels of 
dUTP. Others, such as BstXl (33%) and 
Clal (67%) showed little effect. Most 
33% and 67% enzymes showed some 
inhibinon when levels of dUTP were 
50% or greater. The enzymes with 0% 
A:T/U bp in the recognition site cut 
much more efficiently than ehher the 
33% or 67% enzymes. However, on av- 
erage, most 67% enzymes were only 
slightly more sensitive to inhibition by 
uracil than the 33% enzymes. 

Two enzymes exhibited star activity 
when digesting U-DNA amplicons, 
Clal completely cut the amplicons syn- 
thesized with 25%, 10% and 0% dUTP, 
Additionally, however, Clal e?diibited 
strong star and/or endonuclease activity 
for the amplicons synthesized with 
more than 25% dUTR This effect was 
strongest for the 50%-8Ü% dUTP am- 
plicons, Sstl produced similar results, 
although the effect was not as drastic, 

It is clear that different restriction 
enzymes are affected differently by 
varying levels of uracil in the substrate 
DNA. One would expect enzymes 
without A:T/U bp in their recognition 
site to be more or less unaffected by the 
incorporation of uracil into the ampli- 
con, and this expectation is realized. 
One might also expect that enzymes 
with greater percentages of A:T/U bp in 
their recognition site would be affected 
more by incorporation of uracil than 
enzymes with a lower percentage of 
A:T/U bp in their recognition site. 
However, there is only a slight decrease 
in the extent of digestion for most en- 
zymes with restriction sites containing 
67% A:T/U sites instead of 33% A:T/U 
sites (Figures 2 and 3). Therefore, in- 
corporation of uracil into enzyme rec- 
ognition sites dt>es affect the extent of 
digestion, but the relationship does not 
appear to be directly proportional. 

The inhibitory effects of uracil-sub- 
stiluted recognition sites on restriction 
digestions could derive from several 
mechani.sms. We considered two of 
these. First, uracil-substituted sites 
might be unrecognizable or uncleav- 
able by restriction enzymes. Effec- 
tively, then, uracil-substituted sites are 
not substrates for the enzymes» and the 
observed it^ibition by increasing uracil 

Vol. 17, No. 6(1994) 



Short Technical Reports 

m 
S 
m 
c 

O "^ 

ífl   3 
O "^ 
^^ « 

*í 5 c « 

E ÍS 
UJ   3 

C   O 

£   C 
3   O 
«•£ o 

1 

se 

4 - 

3- 

2 - 

1 - 

0- 
i 

^--9;TJ*^^. _ ^ ACC i 

Hindin 

1a 

2a 

Ib 

2b 

100 

' It 

Tí                    --••-- 

B                      ^                           T^^" 

\   ti.       --m-'" 

•V                     \ 

V  V     #        Pi 

Q\    \ 
\\       \ 

\     * \ 

1                   •                   1                  ' 

Ï                      2 0                     40. 

Percent dUTP in 

\            "^           mt           m 

6 0                    J»$ 

PCR mix 

Figure 4. Comparison of the observed digestion profiies to the predicted proportion of ampiicons 
sus<;epttble to cleavage under two models. Curves la and lb represent the proportion of cleavable 
amplicotis in 33% A:T/U sites and 67% A-.TfU sites, respectively, under the single-substitution model 
(see text). Curves 2a and 2b repreíu;nt the proportion of cleavabic ampiicons in 33% A:T/L' sites and 
67% A:T/U sites, respectively, under the Jiiultiple-substitution model. Acd and HinâUl are repre- 
sentative pioti for 33% A:TAJ and 67% A:TAJ sites, respectively (from Figures 2 and 3). 

¡s tantatnount to towering the concen- 
tration of substrate in the reaction. Un- 
der this mechanism, neither increasing 
enzyme concentration nor increasing 
incubtition time would resnlt in in- 
creased extent of digestion of ampli- 
cons. Secondly, the enzymeíi might 
have reduced Vmaji or increased Km for 
uracil-substituted sites. Either of these 
possibilities would reduce the reaction 
rate> but not the final extent of diges- 
tion. Under this mechanism, increasing 
enyzme concentration or incubation 
time would be expected to yield a pro- 
ponional increase in the extent of di- 
gestion. 

To test the inhibitory effects on one 
restriction enzyme, two 30-fiL diges- 
tions were made for HindUl (4x and 
60x) for each of the nine dUTP concen- 
trations. Ten-micro i i ter aliquot s were 
removed from the digests after 1 h, 2 h 
and 16 h. Each 10-[iL aliquot was visu- 
alized as above. The amount of ampli- 
con digested increased slightly with 
time for both enzyme concentrations 

(dafa not shown). The amount of sub- 
strate DNA digested was also slightly 
higher in the 60x reaction than in the 
4x reaction (data not shown). The in- 
crease in digestion, however, was not 
proportional to the increase in enzyme 
concentration or incubation time- The 
slight increases observed may have 
simply been due to more complete di- 
gestion of unsubstituted sites. Thus, the 
major inhibitory effect seems to be due 
to the enzyme's inability to digest the 
uracil-substituted sites. 

To estimate the number of positions 
that must be substituted with uracil be- 
fore inhibition is observed, we com- 
pared the observed plots with simple 
models of the relationship between 
inhibition and uracil incorporation. We 
assumed that the frequency of incorpo- 
ration of uracil at all A:T/U positions is 
equal to its relarive concentration in the 
nucleotide mixtures. Additionally, we 
considered only two extreme cases: 1 ) 
uracil substitution in a given site causes 
complete    inhibition,    and    2)    all 

thyiTiines must be replaced by uracil to 
completely inhibit digestion. Thus, we 
calculated the proportion of amplicons 
with restriction sites containing at least 
one uracil substitution (model 1) or all 
thymines substituted by uracils (model 
2) at various dUTP/TTP ratios for both 
33% A:T/U sites and 67% A:T/U sites. 
By subtracting that proportion from 
one (to determine the cleavahle propor- 
tion of amplicons) and multiplying that 
value by five (to make a comparable 
scale with Figures 2 and 3), a direct 
comparision of the proponions of dî- 
gestable amplicons predicted under 
each model with the proportions ob- 
served in this study may be made (Fig- 
ure 4). The plots of observed restrictiim 
digestions are more similar to the 
curves expected under the multiple- 
substitution model Lhan those expected 
under the single-substitution model 
(Figure 4). Therefore, we conclude that 
multiple uracil substitutions within a 
restriction site are necessary to inhibit 
most restriction enzymes, 

Additional factors are probably in- 
volved in confounding the relation- 
ships observed. First, although the per- 
centage of dUTP is known in all dNTP 
mixtures, the percentage of uracil actu- 
ally incorporated into the amplicons is 
unknown (except for the 100% and 0%. 
tnixtures). Second, all amplicons from 
a PCR with both TTP and dUTP wMl 
not have a single amount of uracil in- 
corporated into them. The PCRs will, 
instead, result in amplicons repre- 
senting a distribution of uracil incorpo- 
ration particular to those reaction con- 
jditions. For example, the PCR mixture 
with 50% dUTP and 50% TTP may 
yield restriction sites with 0%-100% 
uracil incorporation. Thus, amplicons 
cleaved by restriction enzymes may be 
only those amplicons with the lowest 
amount of dUTP incorporation in the 
restrictit^n site. Third, we suspect some 
of the differences observed between 
enzymes (e.g., Bamñl and Pxtl, Figure 
2) are likely to be due to differences in 
the enzyme activity (i,e., JL unit of 
BamKl may not be equivalent to 1 unit 
of Pst\ due to differences in manufac- 
turers, age of the enzymes, etc). 
Fourth, we tested 20x overdigestions of 
the amplicons because lower eny/me 
concentrations in the initial test some- 
times gave erratic results (e.g., 70% 
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amplicons being more efficiently di- 
gested than 60% or 80% amplicons). 
Fifth, some enzymes were clearly capa- 
ble of cutting 100% uracil-substkuted 
amplicons but did not do so to comple- 
tion under the coTiditions we tested 
(e.g., Ssñ: Figure 2). Thus, we recog- 
nize thai additional experiments utiliz- 
ing more reaction conditions, syntheti- 
cal ly prep:ired duplex oligonucleotides 
as substrates and better quantification 
techniques would be desirable to 
further explore inhibitory mechanisms. 
However, the results we present are of 
immediate practical use for molecular 
biology laboratory applications and 
provide a foundation for those addi- 
tional experiments. 

In conclus;!on, it is clear that using a 
dNTP mixture with a high ratio of 
dUTP to TTP rather than 100% dllTP 
has ihc advantage of producing ampli- 
cons that are more easily cut by most 
restriction enzymes but are still prob- 
ably destroy able by use of UDG. Initial 
results from amplicons synthesized 
with 100%, 90%, 50%s 10% and 0% 
dUTP in the PCR nucleotide mixture 
indicate that the ampliconic from dNTP 
mixtures with 90% dU TP are usually 

destroyable by standard UDG proto- 
cols, whereas amplicons with 50% or 
less dLTP are not. Thus, a high dUTP 
to TTP ratio may be extremely useful in 
some situations» but additional experi- 
ments to determine the characteristics 
of U-DNA amphcons in a variety of 
common laboratory ma ni pu Lai ions are 
still needed. 
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