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Abstract: DNA polymerases catalyze the entire biological DNA 
synthesis in DNA replication, repair and recombination. A DNA 
polymerase is presented with a pool of four structurally similar 
dNTPs from which it must select the sole correct substrate for incor-
poration into the growing DNA strand. The mechanisms how these 
remarkable enzymes achieve this tremendous task is a matter of 
current interest and intensive discussion. Valuable new insights into 
complex DNA polymerase selectivity mechanisms were gained 
through employment of 4'C-alkylated nucleotide analogues in 
functional enzyme studies. First investigations indicate that the 
4'C-modified substrates are promising for the development of faith-
ful methods for genome diagnostics. 
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1 Introduction 

DNA polymerases catalyze the entire biological DNA 
synthesis in DNA replication, repair and recombination. 1 
Even in the simplest organisms these processes are con-
ducted by complex machineries in which DNA poly-
merases are responsible for the transmission of the genetic 
information inscribed in the parental DNA sequence to the 
offspring . . They catalyze proceeding template-directed 
phosphodiester bond formation between a 3'-OH of a 
primer strand to the a-phosphate of an incoming 2'-deoxy 
nucleoside-5' -O-triphosphate (dNTP) leading to substitu-
tion of pyrophosphate (Figure 1).1 .2 
The above mentioned processes are of vital importance 
for any living species. For instance, given an average 
number of 1016 cell divisions in a human lifespan3 and an 
genome size of approximately 3'109, denotes that a human 
being is faced with about 3.1027 nucleotide bond forma-
tions solely in replication processes. Obviously, the selec-
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Figure 1 

tivity of enzymatic DNA synthesis is essential for the 
maintenance of genome integrity. Thus, all DNA synthe-
ses required for DNA repair, recombination and replica-
tion depend on the ability of DNA polymerases to 
recognize the template and correctly insert the comple-
mentary nucleotide. A DNA polymerase is presented with 
a pool of four structurally similar dNTPs from which it 
must select the sole correct (i.e., Watson-Crick base 
paired) substrate for incorporation into the growing DNA 
strand. The mechanisms how these remarkable enzymes 
achieve this tremendous task is a matter of interest and in-
tensive discussion since the discovery of the first DNA 
polymerase, E. coli DNA polymerase I, by Kornberg 
about half a century ago.4 

2 DNA Polymerase Selectivity 

DNA polymerases that are involved in DNA replication 
processes exhibit low error rates of about only one error 
within 105 to 106 synthesized nucleotide linkages,4 What 
are the mechanistic properties that enable a DNA poly-
merase to catalyze nucleotide incorporation with a selec-
tivity far greater than that dictated by the thermodynamic 
differences between base pairs in free solution? 
On the first glance the formation of distinct hydrogen 
bonding patterns between the nucleobases of the coding 
template strand and the incoming nucleoside triphosphate 
might be responsible for the selective information trans-
fer. Nevertheless, as been concluded by Goodman on the 
basis of thermal denaturation studies of matched and mis-
matched DNA complexes, these interactions alone are not 
sufficient to explain the extend of selectivity commonly 
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observed for enzymatic DNA synthesis.4h,5 Thus, several 
additional factors have been discussed to be involved in 
correct nucleotide recognition. Among these factors are 
exclusion of water from the enzyme's active site, base 
stacking, solvation, minor groove scanning and steric con-
straints within the nucleotide binding pocket.4 The contri-
bution of each of these features to net-DNA polymerase 
selectivity remains to be disentangle. Recently, in order to 
evaluate the participation of hydrogen bonding in DNA 
replication selectivity mechanisms, Kool described a sem-
inal functional strategy based on chemically modified 
DNA polymerase substrates.4a,d,6-12 He developed nucle-
otide analogues in which the polar natural DNA nucleo-
bases are replaced by non-polar aromatic molecules, 
which closely mimic the shape and size of the natural nu-
cleobases but have at least significantly diminished ability 
to form stable hydrogen bonds. These non-polar nucle-
otide isosteres were applied as functional probes to eluci-
date the impact of hydrogen bonding on DNA polymerase 
selectivity. Kool and coworker found that the non-polar 
isosteres were processed with remarkable high selectivity 
and efficiency by several DNA polymerases. Based on 
these results it was concluded that hydrogen bonding is 
not required to achieve high incorporation efficiencies 
and that significant levels of selectivity can be achieved 
without hydrogen bonds. Close fitting of Watson-Crick 
geometry and satisfaction of specific minor groove inter-
actions are among the most important factors in DNA rep-
lication. These results led to the advent of the steric model 
for DNA polymerase selectivity. In brief, DNA poly-
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merases form tight active sites composed out of the nu-
cleotide binding pocket that are believed to be fixed in 
size and shape to accurately process canonical nucleobase 
pairs. Consensus nucleotides are processed efficiently 
while the non-consensus counterparts are excluded due to 
steric constraints imposed from the enzyme.4 This model 
was further supported by the finding that mutations that 
are believed to alter the geometry of the binding pocket ef-
fect the fidelity of the DNA polymerase.4a,c One of the 
most striking examples along this line is the Arg283Ala 
mutation in human DNA polymerase ~ . 1 3 Arg283 is part 
of the nucleotide binding pocket and its substitution with 
a sterically less demanding alanine moiety results in a 
marked decrease in fidelity. Similar results were obtained 
through mutation of E. coli DNA polymerase I and human 
immunodeficiency virus type-l reverse transcriptase 
(HIV -1 RT) strongly suggesting the participation of steric 
constraints in DNA polymerase selectivity mechanisms. 

3 Steric Probes for DNA Polymerases 

Before we set on our investigations on DNA polymerases, 
no direct indication that steric constraints are indeed at 
play were reported. In our eyes this was mainly due to the 
lack of suitable functional means. Thus, we planned to de-
velop nucleotide based probes for investigations of steric 
constraints imposed to the nucleotide substrates by DNA 
polymerases. 
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Our strategy is based on the employment of size augment-
ed nucleotide analogues in functional DNA polymerase 
studies. We aimed at the design of nucleotide analogues 
with varying steric demand. The modifications should be 
chosen in a way that they interfere with as few as possible 
further alterations of the analogue's properties. Subse-
quently, after their synthesis the modified nucleotides are 
employed as substrates in functional DNA polymerase in-
vestigations. Insights into enzyme mechanism should be 
accessible through measurement of the efficacy of the an-
alogues on DNA polymerase action and subsequent com-
parison to their natural counterparts. 
The steric model of DNA polymerase selectivity is fo-
cused on nucleobase recognition processes and thus most 
functional studies comprise nucleobase analogues.4 Nev-
ertheless, several crystal structures of DNA polymerases 
have been published and suggest that the sugar moiety of 
the incoming triphosphate is fully embedded in the nucle-
otide binding pocket (Figure 2).14 Furthermore, DNA 
polymerases have to distinguish faithfully between 2'-
deoxyriboses present in dNTPs and ribose moieties 
present in NTPs. Thus, the enzyme sugar interactions are 
an integral part of the substrate recognition process. 15 Lit-
tle is known about the impact of DNA polymerase inter-
actions with the 2'-deoxyribose moiety and their 
participations in processes which contribute to overall 
enzyme fidelity . Obviously, there is no direct selectivity 
readout of the enzyme through the sugar moiety since all 
four nucleotides have the same sugar. Nevertheless, non-
canonical nucleobase interactions might govern altered 
sugar conformations that are likely to be edited by the 
DNA polymerase within the tight nucleotide binding 
pocket. Thus, the sugar residues might be indirectly in-
volved in selectivity mechanisms. 

Figure 2 View in the nucleotide binding pocket of Thermus aqua· 
ticus (Taq) DNA polymerase. Structure is based on PDB entry 
3KTQ. 14h Selected template residues in yellow, primer 3' -terminal nu-
cleotide residue in orange and incoming dNTP in red. Solvent acces-
sibility surface (probe radius 1.4 A) is depicted in gray. 

To sense steric constraints in DNA polymerases within 
the nucleotide binding pocket acting on the sugar moiety 
of an incoming nucleoside triphosphate we developed a 
functional strategy based on 4'C-alkylated thymidines. 
The steric probes TRTP were designed by substituting 
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the 4'C-hydrogen atom of thymidine-5'-O-triphosphate 
(TTP) with alkyl groups that continually increase in 
their steric bulk (Figure 3).16 Alkyl substituents at the 4'C-
position were chosen since we wanted to keep interfer-
ence of the modification with hydrogen bonding, nucleo-
base pairing and stacking at minimum. 
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Figure 3 Steric probes for DNA polymerase mechanisms: 
4'C-Alkylated thymidine triphosphates. 

4 Synthesis of 4'C·Alkylated Thymidines 

Obviously, the envisaged biochemical investigations 
were contingent on a suitable access to the probes. Thus, 
we first had to develop a route that allows the synthesis of 
the modified thymidine analogues in significant amounts. 
Our synthesis started with the known alcohol 1, which is 
easily accessible in high quantities as described recently 
(Scheme 1).17.18 Alcohol 1 was converted into iodide 2 by 
treatment with 12, Ph3P and imidazole. Hydrogenation 
with Pd/C in the presence of Et3N and subsequent cleav-
age of the silyl ethers with tetrabutylammonium fluoride 
(TBAF) gave 4'C-methyl thymidine 3a in good yield. 4'C-
Ethylated thymidine 3b was synthesized in high yield 
from easily available aldehyde 4, following sequential 
Wittig reaction, desilylation and subsequent reduction of 
the aliphatic double bond. Finally the synthesis of thymi-
dine analogue 3c, bearing a bulky i-propyl group in a-po-
sition to the 4'C-quarternary carbon center, was 
accomplished from known ketone 7 through a Wittig 
reaction and subsequent desilylation and hydrogenation 
of the aliphatic double bond. Next, nucleosides 3a-c were 
converted into the desired triphosphates TRTP. 
Although the depicted route seems to be laborious on the 
first glance it allows the synthesis of the desired nucle-
otides TRTP in amounts needed for the numerous planed 
biochemical investigations on DNA polymerases. 

5 Functional DNA Polymerase Studies 

If the steric model of DNA replication selectivity holds 
true and enzyme interactions with the sugar moiety are in-
volved in selectivity processes, we expected the modifica-
tions to decrease the tolerance for geometrically altered 
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Scheme 1 a) Ph3P, 12, imidazole, C6H6; b) Pd/C, H2, EtOH, EtOAc, 
NEt3; c) TBAF, THF; d) (CI3CCOhO, DMSO, Et3N, CH2CI2; e) 
CH3PPh3Br, n-BuLi, THF; f) TBAF, THF; g) Pd/C, Hb CH30H; h) 
oxidation;18 h) alkylation and oxidation;18 i) CH3PPh3Br, t-BuOK , 
THF; j) TBAF, THF; k) Pd/C, H2, CH)OH; I) POCI3, Me03PO, 1,8-
bis(dimethylamino )-naphthalene, followed by bis(tri-n-buty lammoni-
urn) pyrophosphate, DMF, n-Bu3N . 

conformations of nascent nucleotide pairs resulting in an 
increase in nucleotide insertion selectivity. Indeed, we 
found that increasing the bulk of nucleoside triphosphates 
through employment of the probes TMeTP and TEtTP led 
to a marked increase in nucleotide insertion selectivity 
catalyzed by an 3'~5'-exonuclease deficient mutant of 
the Klenow fragment (KF-) of E. coli DNA polymerase 
I. 16 Based on steady-state kinetic analysis the enzyme is 
capable to insert TMeTP and TEtTP with high efficiency 
opposite a canonical template base. On the other hand, mi-
sinsertion opposite non-canonical bases is approximately 
lOO-fold less efficient compared to the natural substrate 
THTP. Thus, these results support the model that steric 
constraints are at least one crucial determinant of DNA 
polymerase selectivity. 
As described above, DNA polymerase selectivity is be-
lieved to be achieved mainly by editing nucleotide shape 
and size within a tight nucleotide binding pocket. Yet, 
DNA polymerase selectivity often varies significantly de-
pending on the DNA polymerase.4,19 The origin of this 

varying error propensity is elusive. It is assumed that 
DNA polymerases form nucleotide binding pockets that 
differ in properties like shape and tightness.4a Thus, high 
fidelity DNA polymerases are believed to form more rigid 
binding pockets tolerating less geometric deviation while 
low fidelity enzymes exhibit more flexibility leading to 
decreased fidelity . However, this concept of active site 
tightness remains to be tested experimentally. 
In order to gain insight into differential DNA polymerases 
properties like selectivity of DNA synthesis we compared 
the efficacy of the steric probes TRTP on KF- with that on 
human immunodeficiency virus type-l reverse tran-
scriptase (HIV -1 RT), an enzyme known for its error pro-
pensity.2o,21 Initially, we reckoned that an error-prone 
DNA polymerase (like HIV-l RT) would process the 
bulkier thymidines more efficiently than the more selec-
tive enzyme KP-. However, while investigating HIV-l 
RT in 'correct' insertion of the different TRTP, we found 
little difference between HIV-l RT and KP-.16,20 Analyz-
ing misinsertion, the two enzymes behave differently. 
While 4C'-methylation has little effect on the selectivity 
of HI V-I RT, significant effects are observed for KP-.16,20 
Thus, based on the above mentioned concept of active site 
tightness our results suggest that both enzymes most sig-
nificantly differ when promoting misinsertion rather than 
insertion opposite canonical template bases. This might be 
the result of differential active site conformations causing 
different steric constraints while promoting 'incorrect' in 
comparison to 'correct' nucleotide insertion. 
In certain cases amino acid substitutions on the active site 
are known to effect the selectivity of DNA polymerases.4 
One of such mutations in HIV-l RT is M184V. Through 
M184V mutation an a-methyl side chain present in valine 
is introduced that is believed to contact the sugar ring of 
the incoming triphosphate and thus, reduce the available 
space on the active site to be filled by the incoming 
dNTP. 14j,22 Consistent with the steric model, this mutation 
has been shown to result in increased nucleotide insertion 
selectivity. Employing the steric probe TRTP this size-
augmentation was monitored by the increased bulk result-
ing in significantly lower misinsertion efficiency by the 
M184V mutant compared to the natural substrate.2o 

In summary, these studies provide first experimental evi-
dence that variations of steric constraints within the nucle-
otide binding pocket of at least two DNA polymerases 
cause differences in nucleotide incorporation selectivity. 
DNA synthesis by DNA polymerases follows an ordered 
reaction pathway comprising conformational changes af-
ter binding of the incoming dNTP substrate.23 To study 
these processes rapid kinetic means like quench-flow 
have to be employed. Thus, pre-steady kinetic measure-
ments of HIV -1 RT and the M 184 V mutant were conduct-
ed employing the steric probes TRTP.24 We found that, 
depending on the severity of the structural distortion, ini-
tial binding of the nucleoside and induced fit are involved 
in discrimination against a canonical base pairing. The ob-
tained data further highlight the importance of tight fitting 
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Figure 4 Structure of Thermus aquaticus (Taq) DNA polymerase 
bound to the DNA primer-template complex and dNTP. 14h Structure 
is based on PDB entry 3KTQ. The respective sub-domains are colo-
red as indicated in the figure. A: view perpendicular to the helix axis; 
B: top view showing the active site and primer template binding cleft. 

of the nucleotide substrate within the DNA polymerase 
active site and further corroborate the notion that the sugar 
moiety is also an important element of the substrate re-
cognition process. 

6 DNA Polymerase Interactions with the 
Primer Template Complex 

Recently determined crystal structures of several DNA 
polymerases in complex with their DNA and dNTP sub-
strates have contributed significantly to our understanding 
of structure and substrate recognition by these complex 
enzymes.14 Most DNA polymerases with known struc-
tures exhibit the formation of a large cleft in which the 
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primer template complex is embedded. In analogy of this 
conformation with a half open right hand the enzyme do-
mains are termed thumb, palm, and fingers (Figure 4). The 
palm domain harbors the catalytic center comprising the 
essential carboxylates involved in the phosphoryl transfer 
reaction. The high degree of conservation of this domain 
throughout distinct DNA polymerase families form eu-
karyotic, prokaryotic, and viral DNA polymerases is 
striking. In contrast, the finger and thumb domains that 
undergo extensive contacts with the primer template com-
plex and the incoming dNTPs differ significantly among 
DNA polymerases. 
The structural investigations suggest that DNA poly-
merases make complex interactions with the primer-tem-
plate and nucleotide substrates during catalysis of DNA 
polymerization. Enzyme contacts with the primer tem-
plate complex are manifold and reaching up to several nu-
cleotide pairs beyond the catalytic center.14 These 
interactions primarily occur through the minor groove of 
the DNA duplex with the sugar-phosphodiester backbone. 
To gain insights into the participation of these complex 
enzyme-DNA contacts in DNA polymerase function, we 
intended to develop new steric probes to investigate inter-
actions acting on the DNA primer template duplex 
through incorporation of 4'C-alkylated thymidines into 
the respective positions of the DNA substrates.25 

To monitor steric constraints acting on the minor groove 
of the DNA duplex the above depicted 4'C-alkyl modifi-
cations incorporated into the respective positions in the 
primer template duplex should be ideally suited as steric 
probes. 
In order to incorporate 4'C-alkylated thymidines 3a-c into 
oligonucleotides, 3a-c were converted into 2-cyanoeth-
ylphosphoramidite building blocks through conversion 
into the respective 4,4'-dimethoxytrityl ethers 9a-c and 
subsequent phosphitylation to form 10a-c (Scheme 2).17 
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Scheme 2 a) DMTCI, pyridine, DMAP, b) (i-
Pr2N)(NCCH2CH20)PCI, i-Pr2N Et, CH2Cl2; c) succinylated long 
chain alkyl amine modified controlled pore glass (LCAA-CPG), 
DMAP, EDC, NEt3, pyridine; then 4-nitrophenol, then piperidine, 
then acetic anhydride, DMAP, pyridine. 
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Scheme 3 Substrates synthesized to probe DNA polymerase interactions with the primer or template strand, respectively. TR: thymidines 
bearing 4'C-H, methyl, ethyl, or i-propyl. 

For the synthesis of oligonucleotides bearing the 4'C-
modified thymidines at the 3'-end of the DNA strands we 
coupled 4,4'-dimethoxytrityl ethers 9a-c to succinylated 
long chain alkyl amine controlled pore glass (LCAA-
CPG) support applying standard procedures. We were 
able to synthesize 4'C-modified oligonucleotides by auto-
mated DNA synthesis applying commercially available 2-
cyanoethylphosphoramidites and the modified building 
blocks with only slight changes of the standard protocols 
leading to the site-specifically 4'C-modified oligonucleo-
tides in comparable yields to those obtained for unmodi-
fied oligonucleotides. 
First we investigated the effect of 4'C-alkylation on du-
plex stability and conformation.17,26 Thus, we performed 
thermal denaturation studies and measured T,n-values. In 
cases where only one modified residue per duplex was 
introduced, we found little effects of 4'C-alkylation on 
duplex stability compared to the unmodified oligo-
nucleotides. To explore whether4'C-alkylation has signif-
icant impact on overall DNA helix conformation, we 
examined the circular dichroism (CD) for all native and 
modified oligonucleotides. Here again, we found that 
complementary duplexes are formed, which exhibit little 
deviations of overall helix conformation compared to the 
unmodified counterparts. 
Next, we focused our attention to the development of the 
steric probes for investigation of interaction between a 
DNA polymerase and the primer template duplex as men-
tioned above.25 To address interactions of the enzyme at 
several nucleotide positions within the DNA duplex we 
synthesized numerous oligonucleotides bearing site-spe-
cifically introduced 4'C-alkyl groups as steric probes 
(Scheme 3). In functional DNA polymerase studies, we 
expected that DNA modifications primarily cause altered 
kinetic properties of the enzyme through perturbation of 
native enzyme-substrate interactions at those positions 
where relevant DNA-enzyme contacts exist. To monitor 
steric constraints acting on the minor groove of DNA we 
applied 4'C-alkyl modifications as steric probes which 
continually increase in steric bulk (see Scheme 3; TR: thy-
midines bearing 4'C-H, methyl, ethyl, or i-propyl). 

We investigated a 3'~5'-exonuclease deficient mutant of 
the Klenow fragment of E. coli DNA polymerase I (KF-). 
The results from the quantitative steady-state analysis 
showed that substitution of the 4'C-hydrogen with a me-
thyl group at + IP cause a 2000-fold reduction of nucle-
otide insertion efficiency (see Figure SA). 
As the methyl modification moves further beyond the cat-
alytic center no such pronounced effects on the efficiency 
were measured anymore. Bulkier ethyl and i-propyl 
groups interfere with DNA synthesis primarily at posi-
tions + IP and +2P while at +3P and +4P no significant ef-
fects were detected. The profoundly less efficient DNA 
synthesis observed at the two first nucleotides beyond the 
nucleotide binding pocket can be rationalized by most 
functionally important KF interactions with the sugar 
moieties at +lP and +2P.25 

Next, we investigated KF minor groove contacts with the 
template strand (Figure SB). In contrast to the results de-
scribed above the most prominent influence on DNA 
polymerase function was observed at position +4T and 
+2T distal from the active site where nucleotide incorpo-
ration is performed. Quantitative studies indicate that the 
effects on enzyme efficiency are more than 200-fold at 
position +4T.25 
Subsequently, we investigated whether 4'C-modified 
primer strands have any effects on the base substitution fi-
delity of DNA synthesis. We speculated that addition of 
steric strain through 4'C-alkyl modifications would cause 
less flexibility of the 3' -primer end and a decreased toler-
ance of geometrically altered nascent mispairs. Indeed, 
we were able to show that through application of 4'C-
modified primer probes the amount of misinsertion prod-
ucts were diminished indicating a higher selectivity of the 
DNA polymerase reaction governed by 4'C-modifica-
tions.25 

In conclusion, these investigations show that through 
application of 4'C-alkylated probes valuable insights into 
DNA polymerase function can be gained. 
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Figure 5 Graphical depiction of the results obtained in studies of 
KF- using the steric probes shown in Scheme 3. A: results obtained 
through use of 4'C-modified primer strands; B: results obtained throu-
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(V maJKMhH measured under steady-state conditions. n.d.: not detec-
ted. 

7 Application of 4'C-Modified Primer Probes 
to Increase Single Nucleotide Discrimination 
inPCR 

Recent advances in pharmacogenomics call for methods 
that allow rapid diagnosis of genome variations like single 
nucleotide polymorphisms (SNPs).27-3o Many methods 
for the detection of nucleotide variations in genes have 
been described to date.31-34 Nevertheless, each method ex-
hibits advantages and disadvantages, and thus, no meth-
odology has prevailed so far. Most known methods are 
applied after amplification of the target genome sequence 
through the polymerase chain reaction (PCR). Thus, after 
isolation of the genetic material, the sequence of interest 
has to be amplified by PCR prior to the analytical step de-
termining a nucleotide variation. Obviously, reliable 
methods that allow direct detection of nucleotide varia-
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tions through PCR would supercede those that apply after 
PCR. Allele-specific amplification has been described to 
report nucleotide variations through either the presence or 
absence of a DNA product obtained through PCR ampli-
fication based on the formation of matched or mismatched 
primer template complexes through allele-specific primer 
probes.35-38 From matched 3'-primer termini PCR ampli-
fication by a DNA polymerase proceeds, while a mis-
match should obviate amplification. Nevertheless, there 
have been many reports indicating low selectivity of this 
approach necessitating further tedious time- and cost-in-
tensive optimizations.39-42 Thus, any means that increase 
the single-nucleotide discrimination of PCR should have 
significant impact on the reliability and robustness of this 
promising and simple approach. 
Encouraged by our finding that the selectivity of the DNA 
polymerase reaction can occasionally be increased by 
4'C-modified substrates, we thought about the employ-
ment of 4'C-alkylated probes as primers in PCR. We spec-
ulated that the flexibility at the 3'-primer end can be 
decreased as well through these modifications resulting in 
lower DNA polymerase propensity for extension of geo-
metrically altered mismatched primer template complex-
es. Such a system could in turn be the basis for the 
development of a novel highly allele-specific PCR ap-
proach. Indeed, we were able to show that this concept is 
applicable and found significant increase of the specificity 
of PCR by using chemically modified primer probes.43 
We found that in all investigated single mismatches, sig-
nificantly higher amplification selectivity can be observed 
by use of 4'C-vinylated primer probes and Vent exo- DNA 
polymerase compared to cases were unmodified primers 
were used. Nevertheless, the exact knowledge about the 
processes in this system that govern for the increased 
single-nucleotide disyrimination remain mainly elusive 
and are the subject for future investigations. 

8 Conclusions and Outlook 

Our studies show that valuable new in sights into complex 
DNA polymerase mechanisms, that are otherwise difficult 
to access, can be gained through application of 4'C-alky-
lated nucleotide substrates. In future we will investigate 
the origins of the often striking variations of selectivity 
and substrate tolerance among several prominent high-
fidelity and error-prone DNA polymerases. First investi~ 
gations indicate that the 4'C-modified substrates are 
promising for the development of faithful methods for ge-
nome diagnostics. Nevertheless, further improvements 
along this line are strongly needed. Progress is envisaged 
employing chemical and genetical means. 
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