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DECLARATION UNDER 37 C.F.R. §1.132 OF JINGYUE JU, PH.D.

I, Jdingyue Ju, Ph.D., declare as follows:

1. I am the first named inventor on the above-identified patent
application.
2. I am a Professor of Chemical Engineering and Pharmacology and

the Director of the Center for Genome Technology and
Biomolecular Engineering at Columbia University in the City of

New York (“Columbia”).

3. Columbié is . the owner (assignee) of rights in the above-
identified patent application and has granted a license to the

patent application and any patent issued from it to Qiagen.

4. I have been a professor at Columbia since 1999 and my research
at Columbia has focused on developing new molecules and

methods for DNA sequencing.

5. Prior to 1999, I worked at Incyte Genomics, Inc. and my work
there focused on developing and improving DNA seguencing
methods for the discovery and sequence identification of genes

within the human genome.
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6.

A copy of my curriculum vitae is attached herecto as Exhibit A.
As indicated therein, I am a named inventor on 39 issued U.S.

patents and an author on 96 scientific publications.

Based on my extensive experience and expertise in the research
and development of DNA sequencing and related technologies,
including the design and synthesis of nucleotide analogues and
the preparation and use of labeled nucleotide analogues, I am
very well familiar with the level of education, knowledge and

experience of persons working in these areas.

Based on legal advice concerning the meaning of the phrase a
“person of ordinary skill in the art” or “POSA”, I think I am
well qualified to comment on the appropriate definition of a
POSA in the field of DNA sequencing and on issues in this
field from the perspective of a POSA as of October 6, 2000. In
this regard, my opinion is that a POSA would have been a
person with a Ph.D. degree in chemistry, chemical biology, or
a related discipline and at least two years postdoctoral
experience in the area of DNA sequencing, particularly the
design and synthesis of nucleotide analogues for use in DNA

sequencing.

This Declaration sets forth my opinions as to what a POSA’s
understanding would have been as of October 2000 concerning
various 1issues raised by the Examiner with respect to the
single claim pending in the above—identified patent

application.

I. Indefiniteness

A. Meaning of “small”

10.

I understand that the Examiner has raised a concern that the
term “small’”, which appears in the c¢laim, is indefinite and
that a POSA would not have had an understanding of the meaning

of the term in the context of the claim because the
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11.

12.

13.

14.

15.

specification does not provide a standard for assessing
whether a 3’-0 capping group R on the sugar of the claimed

nucleotide analogue is “small”.

In my opinion, a POSA reading the application, particularly
paragraphs 6-8 of the published wversion of the application and
Fig. 1 of the application including the brief description of
Fig. 1 in paragraph 35, would readily have understood that the
application indicates that the standard for assessing whether
a 3’'-0 capping group R is “small” is the ability of the group
to fit into the active site of the DNA polymerase shown in

Fig. 1 of the patent application.

The POSA would further have understcood that the 3D structure
shown in Fig. 1 is the same as Fig. 6 previously published by
Pelletier et al. (Science, Vol. 264, June 24, 1994, 1891-1903)
and referred to in paragraph 6 of the published version of
this patent application. A copy of Pelletier et al. 1is

attached hereto as Exhibit B.

The POSA would also have known the precise coordinates of the
polymerase structure based on the publication of Pelletier et
al. (see “References and Notes” 101, page 1903) and the
distances between the sugar of the nucleotide analogue and the
key amino acids located in the active site of the polymerase

(see Table 3, page 1897 of Pelletier et al.).

With the information in the patent application and the
information available in Pelletier et al. and software
available in October 2000, such as Chem3D Pro, the POSA could
have readily calculated the space available around the 37
position of a deoxyribose of a nucleotide analogue 1in the

active site of the polymerase.

I have performed an analysis of the space available within the

active site of the polymerase to accommodate a 3’'-0 capped
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le6.

17.

18.

dNTP and prepared a written summary of the result of this
analysis attached hereto as Exhibit C. As explained in greater
detail 1in the attached Analysis, the available space 1is
approximately 3.7A in diameter. Given this available space,
the POSA would have understood that the term “small”, in the
context of the claimed nucleotide analogue, assessed by the
standard provided in the patent application meant a 3'-0

capping group with a diameter less than 3.7A.

Using this standard the POSA could have readily determined
that the two examples of 3’-0 capping groups listed in the
application, Allyl and Methoxymethyl, had diameters of 3.0A
and 2.14, respectively, and therefore were “Vsmall.” (see

attached Analysis, Exhibit C)

Using this standard, the POSA could also have readily
determined which of the many known 3’-0 capping dJroups were
“small”. Thus, the POSA would have determined that
Methylthiomethyl and Azidomethyl, with diameters. of 2.4A and
2.14, respectively, were “small” while 2-Nitrobenzyl with a
diameter of 5A was not small (see attached Analysis, Exhibit

Cc).

In summary, a POSA reading the above-identified application
and relying on information publicly known as of October 2000
would have known that the standard for assessing whether any
specific 3'-0 capping group in a nucleotide analogue was
“small” was whether it had a diameter less than 3.7A so that
it could fit into the active site of the polymerase.
Therefore, the meaning of Vsmall” would not have Dbeen

indefinite.

B. Definition of R is clear

19.

With the meaning of “small” well defined, the POSA looking at

the structure shown in the pending claim and the definition of
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R in the claim would have been able to readily know whether
any given 37-0 capping group 1in a nucleotide analogue came
within the scope of the c¢laim. In this regard, prior art
references as of October 2000, such as Tsien (WO 91/06678, May
1o, 1991) and Stemple (WO 00/53805, September 14, 2000),
identify numerous, chemically cleavable 3’-0 capping groups
which could be readily evaluated to determine whether they
were “small” and also meet other conditions of the claim such
as the structural features “OR 1is not a methoxy or an ester
group” and R “does not contain a ketone group”. Thus, the POSA
would have understood with reasonable certainty the definition

of R in the context of the patent application as a whole.

C. The scope of ¥

20.

Y is defined as a chemically cleavable, chemical linker and as
shown 1in the structure shown in the pending claim,v Y 1is
attached by covalent bonds at one end to the base of a
nucleotide analogue at a specific position and at the other
end to a detectable fluorescent moiety. A POSA would have been
familiar with many such chemical linkers from the prior art as
of October 2000 including such linkers described by Tsien and
Stemple. Therefore, a POSA would have readily understood the
meaning of Y in the context of the pending claim as a whole

read in light of the patent application.

D. Other functional characteristics

21.

In the context of the pending claim as a whole read in light
of the patent application, a POSA would have readily
understood the meaning of the functional characteristics
recited in the claim with reasonable certainty. To the POSA
who had read the patent application, the scope of the
structures encompassed by the claimed nucleotide analogue

would have been clear and not indefinite.
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II. Written Description

22.

23.

Contrary to the Examiner’s assertion a POSA would have
understood that the inventors of the claimed invention had
possession of the invention for at least the following

reasons:

a. Only a limited number of 37-0 capping groups meet the
standard of “small” along with the other structural and
functional features recited in the claim. I estimate the
number of such groups would be less than 10 and 2 examples

of such groups were provided.

b. The application contains a detailed description, including
figures and examples, which shows that the invention was

complete.

c. There is literal support in the application for the claim

language.

d. The invention was ready for patenting as evidenced by the
previous grant of patents from the same specification cited

in the rejection for obviousness-type double patenting.

Based on the application, including the drawings and examples,
a POSA would have immediately envisioned the scope of
compounds encompassed by the specific chemical structure
recited in the claim, most of which is fixed and with only a
few variables which are well defined and not indefinite, for

the reasons set forth above.

Stemple’s 2-Nitrobenzyl Group And Obviousness

24.

As discussed in paragraph 17 above and 1in the attached
Analysis (Exhibit C), the 2-Nitrobenzyl 3’-0 capping group

referred to in Stemple has a diameter of 5A and therefore is
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26.

27.

not “small” by the standard provided in the patent

application.

Without the insight into the importance of the 3’-0 capping
group being small, a POSA, reading Stemple’s hypothetical
examples and the Metzker 1994 paper (Metzker et al., Nucleic
Acids Research, Vol. 22, October 11, 1994, 4259-4267) relied
upon by Stemple on pages 13, 29 and 31, would have expected
that a nucleotide analogue with a 2-Nitrobenzyl 3’-0 capping
group would be incorporated by a polymerase and therefore must
fit in the active site of the polymerase. A copy of the

Metzker 1994 paper is attached hereto as Exhibit D.

Therefore, from Stemple it would not have been obvious to a
POSA that the 3’'-0 capping group must be smaller than a 2-
Nitrobenzyl group for a nucleotide analogue containing the
group to be incorporated by a polymerase. The subject patent
application teaches for  the first time that Stemple’s
prediction based on the Metzker 1994 paper that a nuéleotide
analogue with a 2-Nitrobenzyl 3’'-0 capping group would be
incorporated by a polymerase was incorrect because the 2-
Nitrobenzyl group is not “small”. Subsequently Metzker, the
senior author of Wu et al., (Nucleic Acids Research, Vol. 35,
September 18, 2007, 6339-6349) acknowledged in 2007 that the
compound actually made and reported in the Metzker 1994 paper
was not, 1in fact, a 3’'-0 2-Nitrobenzyl capped nucleotide
analogue. Wu et al. further indicated that they had actually
made the 3"-0 2-Nitrobenzyl capped nucleotide analogue
described in the Metzker 1994 paper (but not, in fact, made in
1994) and had tested it for incorporation by polymerase. The
result was that the compound was 1nactive 1in DNA polymerase
incorporation assays. (see page 6339, lower right, and page

6340, left column, of Wu et al. attached hereto as Exhibit E.)

Thus, the insight into the critical importance of using a

“small” 3’/-0 capping group for a nucleotide analogue where
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“small” means that the 37-0 capping group must fit 4in the
active site of the polymerase and has a diameter less than
3.78A, would not Have been apprecidted by 'a PGSA prior to
having this patent application available.rlt would not have:
been obvious to a POSA in October 2000 from the prioxr ark,
such as Metzker and Stemple, which nmistakenly teach that a
nucleotide analogue with -a larger 3'-0 capping group, i.e. a
Z-Nitrobenzyl group, could bhe incorporated by polymerase, that
it was regquired to use a nucleotide analogue with a “small”
3-0 capping group R having the additional features recited in

the sole pending claim.

I hereby declare that all statements made herein of our own
knowledge are true and that all statements made herein on
information and belief are bhelileved to be true; and further that
these statements were made with the knowledge that willful false
statements and. the like s made are punishable by fine or
imprisonment, or both, under section 1001 of Title 18 of the United
States Code, and that such willful false statements may jeopardize
the wvalidity of the subiect application or any patent issuing

thereon.

=

Dated: éfj%?fgf}: ? "y éi;;::;sz‘

Jingyue Ju, Ph.D.
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Structures of Ternary Complexes
of Rat DNA Polymerase (3, a DNA
Template-Primer, and ddCTP

Huguette Pelletier, Michael R. Sawaya, Amalendra Kumar,
Samuel H. Wilson, Joseph Kraut

Two ternary complexes of rat DNA polymerase 8 (pol 8), a DNA template-primer, and dide-
oxycytidine triphosphate (ddCTP) have been determined at 2.9 A and 3.6 A resolution,
respectively. ddCTP is the triphosphate of dideoxycytidine (ddC), a nucleoside analog that
targets the reverse transcriptase of human immunodeficiency virus (HIV) and is at present
used to treat AIDS. Although crystals of the two compiexes belong to different space groups,
the structures are similar, suggesting that the polymerase-DNA-ddCTP interactions are not
affected by crystal packing forces. In the pol B active site, the attacking 3'-OH of the
elongating primer, the ddCTP phosphates, and two Mg®* ions are all clustered around
Asp'9°, Asp'92, and Asp?%5. Two of these residues, Asp'®® and Asp?°®, are present in the
amino acid sequences of all polymerases so far studied and are also spatially similar in the
four polymerases—the Klenow fragment of Escherichia coli DNA polymerase |, HIV-1
reverse transcriptase, T7 RNA polymerase, and rat DNA pol —whose crystal structures are
now known. A two-metal ion mechanism is described for the nucleotidyl transfer reaction and
may apply to all polymerases. In the ternary complex structures analyzed, po! 8 binds to the
DNA template-primer in a different manner from that recently proposed for other polymerase-
DNA models.

Dna replication (1) is a highly complex  their cellular ANTP counterparts by the

biological process, even for a relatively
simple organism such as Escherichia coli.
During replication, the double helical
DNA molecule is unwound, and the two
resultant single strands of DNA act as
templates to guide the synthesis, one com-
plementary base at a time, of antiparallel
primer strands. Although many auxiliary
proteins such as ligases, helicases, and
topoisomerases are usually involved, the
chemical reaction at the core of DNA
replication, the nucleotidyl transfer reac-
tion, is catalyzed by DNA polymerases and
may be depicted as follows:

Template—primer,, + dNTP —
template-primer-dNMPD, , , + PP,

where dNTP (2’-deoxyribonucleoside 5'-
triphosphate) represents any one of four de-
oxynucleotides (dATP, dGTP, dCTP, and
dTTP), and dANMP and PP, represent 2'-
deoxyribonucleoside 5'-monophosphate and
pyrophosphate, respectively (Fig. 1).
Inhibition of a polymerase that effects
genomic replication can be fatal to an
organism. In a common type of polymerase
inhibition, 2%3’-didcoxynucleotides (dd-
NTPs) act as chain terminators of the
primer strand. The ddNTPs differ from

H. Pelletier, M. R. Sawaya, and J. Kraut are in the
Department of Chemistry, University of California, San
Diego, CA 82093-0317, USA. A. Kumar and S. H.
Wilson are at the Sealy Center for Molecular Science,
University of Texas Medical Branch, Galveston, TX
775551061, USA.

absence of an attacking 3'-hydroxyl group
(3'-OH) (Fig. 2) and therefore, once a
dideoxynucleotide is successfully incorpo-
rated into a growing primer strand, there
can be no further incorporation of subse-
quent nucleotides. A well-known example
of this kind of inhibition involves HIV-1
reverse transcriptasc (RT), which is the
polymerase responsible for the replication of
the HIV genome. 3'-azido-2’,3’-dideoxy-
thymidine (AZT), 2,3'-dideoxyinosine

(ddI), and 2’,3’-dideoxycytidine (ddC) are
all anti-HIV drugs (2, 3) that become potent
chain termination inhibitors of RT after
they are converted by cellular kinases (4, 5),
in vivo, to their corresponding nucleoside
5'-triphosphates, AZT-TP, ddATP (6), and
ddCTP, respectively. In that all polymerases
ptobably share a common catalytic mecha-
nism, it is not surprising that some toxic
effects of these drugs have been attributed to
inhibition of host-cell polymerases, perhaps
including the pol 8 described here (7-9).
Therefore, a detailed understanding of the
nucleotidyl transfer reaction, as well as the
mechanism of inhibition of viral and host
cell polymerases by nucleoside analogs, may
lead to the design of more potent and less
toxic HIV-1 RT inhibitors for use in the
treatment of AIDS.

Despite limited sequence similarity to
the Klenow fragment (KF) of E. coli DNA
pol I {the only other polymerase for which a
crystal structure (10) was known at the
time], the crystal structure determinations
of HIV-1 RT (11, 12) revealed a common
polymerase fold consisting of three distinct
subdomains (designated fingers, palm, and
thumb because of the resemblance to a
hand) forming an obvious DNA binding
channel. The strongest structural overlap
between KF and RT comprised a trio of
carbexylic acid residues located in the palm
subdomain (11, 12). These observations led
to the hypothesis that perhaps all polymer-
ases share a common nucleotidyl transfer
mechanism centered around the highly
conserved carboxylic acid residues (11).
Strengthening this argument somewhat was
the subsequent crystal structure determina-
tion of an RNA polymerase (RNAP) from
bacteriophage T7, which showed strong
structural similaritics with KF (13). How-

Base
dNMP,,
‘o ‘o
HO i) o 1': o<|l= o5 Base Base
il IR o °©
Is) o o]
Y B o o 2f ONTP s _zf dNMP,,

OH
OH

Fig. 1. The nucleotidy! transfer reaction. The 3'-OH group of the terminal ANMP on the primer strand
attacks the 5'—a phosphate of an incoming dNTP, and a newly formed phosphodiester linkage
results in elongation of the primer strand by one dNMP. After refease of pyrophosphate (PP), the
catalytic cycle is complete and the 3'-OH group of the newly incorporated dNMP is now ready to
attack yet another incoming dNTP. Only the 3’ end of a primer is extended so that DNA
polymerization is said to proceed in a 5’ to 3 direction. if the polymerase molecule does not release
the template-primer before incorporation of a second dNMP, the mode of DNA synthesis is said to
be “processive”, but if the polymerase releases the template-primer after each successive
incorporation of a dNMP, the mode of DNA synthesis is said to be “distributive”.
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ever, because structural evidence for a com-
mon nucleotidyl transfer mechanism has so
far been limited to comparisons among
polymerases from a bacterium (KF), a virus
(RT), and a phage (RNAP), perhaps the
most convincing evidence for this hypoth-
esis is provided by the crystal structure
determination of a eukaryotic polymerase,
rat DNA pol B (14). Sequence alignments
show that pol B is so distantly related, even
from its eukaryotic relatives, polymerases o,
v, 8, and e, that it stands in a class of
its own along with only one other polymer-
ase, terminal deoxynucleotidyltransferase
(TdT) (15). The crystal structure of pol B
nevertheless revealed a polymerase fold
consisting of palm, fingers, and thumb
(along with an additional 8-kD domain
attached to the fingers), and the most
striking structural similarity with its distant
relatives, KF, RT, and RNAP, is a portion
of the palm that bears the highly conserved
carboxvylic acid residues (14). This suggests
that despite the large differences in size (pol
B, at 39 kD, is the smallest polymerase
known), in function [although pol B may
play a role in DNA replication (16, 17), its
primary function is in DNA repair (18-
20)], and in fidelity [pol B is the most error
prone eukaryotic polymerase studied to date
(21, 22)], pol B probably shares a common
nucleotidyl transfer catalytic mechanism
with all other polymerases.

Taking advantage of the chain termina-
tion method of polymerase inhibition with
ddNTPs, we have succeeded in growing
crystals of rat pol B complexed with two
pseudo substrates, namely, (i) a DNA tem-
plate-primer in which the 3’ end of the
primer has been “terminated” by ddCMP,
and (ii) ddCTP. In preparation for crystal-
lization experiments, we mixed pol B with
the DNA template-primer shown below
and a large excess of ddCTP on the assump-
tion that, prior to crystallization, the fol-
lowing reaction would occur:

3'GCCGCGGGAAAS’

5’CGGCGC 3’ + ddCTP —
3'GCCGCGGGAAAS’
5'CGGCGCC,y 3’ + PP,

where Cyy is the newly incorporated
ddCMP. If pol B then were to try to
incorporate another nucleotide onto the
primer terminus, a second nucleotidyl
transfer reaction could not occur because
the recently incorporated ddCMP lacks a
3'-OH group. This should result in a pseudo
Michaelis-Menten ternary complex in
which both “substrates” are present, name-
ly, a nonreactive template-primer and a
nucleoside triphosphate. Crystals were ob-
tained, and the subsequent structure deter-
minations revealed that this must have been
what happened. Electron density maps
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showed a primer strand that was seven nu-
cleotides long, although we started with a
primer that was only six nucleotides in
length, and the 3’ (deoxy) terminus of the
primer was positioned next to strong elec-
tron density resembling a nucleoside triphos-
phate, presumably ddCTP.

Such a detailed view of the active site in
the ternary complex allows us to propose a
two-metal ion mechanism for the nucleoti-
dyl transfer reaction that is similar, in many
ways, to the two-metal ion mechanism
previously proposed for another type of
phosphoryl transfer reaction—the exonu-
clease reaction of the 3'—>5’ exonuclease of
E. coli DNA pol I (23, 24). Our proposed
nucleotidyl transfer mechanism probably
applies to all polymerases, but when we
attempt to extend that mechanism to the
other three polymerases—KF, RT, and
RNAP—for which the crystal structures are
known, a problem arises: in our structures,
pol B is bound to the DNA in a manner
that differs from the recently proposed poly-
merase-DNA models for all three of these
polymerases.

Crystallizations and preliminary dif-
fraction studies. Recombinant rat DNA
pol B (25) was expressed in E. coli and
purified as described (26). After purifica-
tion, the protein was washed three times in
a microconcentrator (Centricon-10, Ami-
con) with a buffer solution (10 mM ammo-
nium sulfate, 0.1 M tris, pH 7.0), then
concentrated to 20 mg/ml and stored at
—80°C in sealed Eppendorf tubes (120-pl
portions). Prior to crystallization, a protein-

A NH, B

TP

o]
HyC H
3 \E“\N/
5' /K
N
(@)

DNA-ddCTP sample was prepared at room
temperature; approximately 1.2 mg of the
11-nucleotide (nt) template and 0.8 mg of
the 6-nt primer (27) were dissolved in 240
wl of a buffer solution (20 mM MgCl,, 0.1
M MES, pH 6.5) and the mixture was left
in a sealed Eppendorf tube for 1 hour to
allow annealing of the template-primer
(28). Two portions of pol B (240-pl of a
solution containing 20 mg/ml) were then
thawed and added, and the protein-tem-
plate-primer sample was allowed to stand
for an additional hour. A 4-pmol sample of
ddCTP (in 40 pl of H,0) (29) was the last
‘component to be added, resulting in a
reaction mixture containing pol B at ap-
proximately 10 mg/ml, 10 mM MgCl,, and
an excess of template:primer:ddCTP in mo-
lar ratios of 3:4:30, respectively, relative to
the amount of protein. The reaction, nu-
cleotidyl transfer of ddCMP to the primer
3’ terminus, was allowed to proceed for 2
hours before crystallization trays were set up
(30).

Two different crystal forms were ob-
served, depending on the concentration of
lithium sulfate in the reservoir solution.
One crystal form, obtained with lithium
sulfate concentrations from 40 to 75 mM,
was hexagonal and grew to dimensions of
0.8 by 0.8 by 0.6 mm in about 2 weeks.
These crystals belong to space group P6;
(@ =b =949, c = 117.6 A), with one
complex molecule per asymmetric unit.
Under similar conditions, but at lithium
sulfate concentrations from 75 to 150 mM,
platelike crystals grew to dimensions of

Fig. 2. Two normal cellular
nuclectides, (A) 2'-deoxy-
cytidine  5’-triphosphate
(dCTP) and (B) 2'-deoxy-
thymidine 5'-triphosphate
(dTTP), and their anti-HIV
(drug) counterparts (C)
o 2!,3'-dideoxycytidine  5'-
triphosphate (ddCTP) and
(D) 3'-azido-2',3'-dideoxy-
thymidine 5’-triphosphate

3 2
(AZT-TP). The triphosphate
moiety, which is linked via
OH a phosphoester bond to

the 5’ carbon of theribose,
is designated TP.

Na
AZT-TP

ddCTP
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1.0 by 0.6 by 0.2 mm in a few days. These
crystals belong to space group P2, (a
= 106.3, b = 56.8, c = 86.7 A, and B =
106.4°) and there are two complex mole-
cules per asymmetric unit. Often both crys-
tal forms grew in the same drop, and the
crystals on which data were collected (Ta-
ble 1) were grown at the same concentra-
tion of lithium sulfate, 75 mM. The unusu-
ally large excess of ddCTP (1:30 molar
ratio) was required in order to obtain the
P6, crystals, but the P2, crystals could be
grown under much lower ddCTP excesses
(1:10 molar ratio). Extreme purity of all
components in the crystallization medium,
particularly the DNA samples (27), seemed
to be an absolute requirement for growing
both types of ternary complex crystals.
Attempts were made to obtain ternary
complex crystals of rat pol 8, a DNA tem-
plate-primer, and AZT-TP (Fig. 2D) (31)
under similar conditions, even though incor-
poration of AZT-MP would result in a mis-
matched base pair (of a G-T type) at the
primer terminus (22). Orthorhombic crystals
grew in space group P2,2,2 (a = 188.4, b =
67.7, ¢ = 39.1 A) with one pol B molecule
in the asymmetric unit. A 4.0 A data set was
collected and preliminary structural studies
(32) showed that, because of crystal pack-
ing, it was not possible for the template-
primer to occupy the pol B binding channel.
Failure of pol B to form a tight complex with
the DNA template-primer under these con-
ditions might be attributed to steric hin-
drance by the azido group of a newly incor-
porated AZT-MP on the primer terminus.
Efforts to obtain a binary complex of pol
B and a DNA template-primer alone (nei-
ther ddCTP nor AZT-TP) resulted in crys-
tals that grew under much different condi-

tions, but were nonetheless isomorphous
with the P2,2,2 (AZT-TP) crystals men-
tioned above. Failure of pol B to bind to the
DNA in this case could be due to the higher
salt concentration of the crystallization me-
dium (about 250 mM salt compared to 75
mM). Because one crystallization medium
contained AZT-TP and the other did not,
we calculated Foazrrpy = Fogapeyr O dif-
ference Fourier maps to see whether an
AZT-TP binding site could be located.
Strong electron density was observed in an
area of the map adjacent to Arg'*®, which is
near the catalytically important residues,
Asp'®®, Asp'®?, and Asp?*°. This pol
B-AZT-TP binary complex which, as dis-
cussed below, is probably not catalytically
relevant, is similar to a KF-dNTP binary
complex in which the dNTP bound to Arg
residues near the catalytically important
carboxylic acid residues of KF (33).
Human pol B, which has been cloned
and expressed (34, 35) in a manner similar
to that of rat pol B, shares more than 95
percent sequence similarity with rat pol 8,
so it was somewhat surprising when at-
tempts to obtain ternary complex crystals
of human pol B, a DNA template-primer,
and ddCTP under the same conditions de-
scribed above for the rat enzyme resulted
in crystals that grew in two previously
unobserved orthorhombic crystal forms.
One form has unit cell parameters a =
158, b = 108, ¢ = 60 A, with probably
two complex molecules in the asymmetric
unit, but the crystals diffract only to about 5
resolution. In contrast, the second crystal
form diffracts quite well (to about 3.3 A),
but its unit cell parameters of a = 465, b =
168, ¢ = 56 A are so large that special data
collection techniques would be required.

Table 1. Data collection and refinement statistics. X-ray diffraction data were collected on a
multiwire area detector (98) (San Diego Multiwire Systems) with monochromatized CuKea radiation
(Rigaku rotating anode "x-ray generator), and intensity observations for each data set were
processed with a local UCSD Data Collection Facility software package (99). Reflections from 20 A
to the maximum resolution were included in all teast squares refinement steps. The final structures
for both complexes include all residues, with the exception of residues 1 to 8 of the disordered
NH,-terminus and residues 246 to 248 of a disordered surface loop. There are a few missing side
chain atoms in both coordinate sets that are mainly in lysine and arginine residues of the 8-kD
domain. Omit maps were used to confirm the modeling of the DNA template-primer, the ddCTP
nucleotide, and the cis-peptide bond between Gly27# and Ser??s,

Data collection Refinement
. rms
Reflections i
Space  Gpin 1 Complete- A+ Atormsk deviations Final
group (A) T+ ness (%) sym Bond  Angle Rl
Total Unigue (A) ©
P8, 29 1.8 53,583 13,281 99 0.087 2914 0.020 29 0.193
P2, 36 1.8 25046 10,650 96 0.059 5753 0.018 29 0.199

*Average ratio of observed intensity to background in the highest resolution shell of reflections. Thsym = Zllype
= laygElayg- $The number of nonhydrogen atoms includes 31 and 4 water oxygens for the P6, and the P2,
structures, respectively. §The rms bond and rms angle values are the deviations from ideal values of the bond
lengths and bond angles in the final model.  [IFinal B = 3F,., — Fouol/EF e including all data between 20 A
and the maximum resolution.
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Structure determination and refine-
ment. Data collection and refinement sta-
tistics for the structure determinations of
the two ternary complexes of rat pol B, a
DNA template-primer, and ddCTP are list-
ed in Table 1. Structure solutions utilized
the refined atomic coordinates of the high
resolution (2.3 A) structure of the 31-kD
domain of rat pol B (14). The molecular
replacement programs of XPLOR (36) gave
clear rotation solutions for the 31-kD do-
main of both ternary complexes, but only
after results from classical cross-rotation
searches had been filtered through the Pat-
terson-correlation (PC) refinement steps
(37). PC refinement techniques were par-
ticularly powerful for our structure determi-
nations because independent rigid body
movements of the fingers, palm, and thumb
subdomains of the 31-kD domain could be
allowed during PC refinement of the rota-
tion searches. Results from subsequent
translation searches gave solutions for the
P6, complex structure that were, in gener-
al, at higher peak height to background
ratios than translation solutions for the P2,
complex structure, but the highest transla-
tion peaks in both cases nevertheless were
the correct solutions (38).

The 31-kD partial structure solutions
obtained by molecular replacement tech-
niques were subjected to rigid body refine-
ment by XPLOR (36), where the entire
31-kD domain was first allowed to move as
a rigid body, then later, the fingers, palm,
and thumb subdomains were allowed to
move as independent rigid bodies simulta-
neously. Typical R factors at this stage were
about 50 percent. After subsequent posi-
tional refinement with the least squares
program package TNT (39) had lowered
the R factors of the partial solutions to
about 45 percent, we calculated Fy — F,
a, difference Fourier maps that revealed
clear electron density for many of the back-
bone phosphates of a double-stranded DINA
molecule as well as the three phosphates of
a ddCTP nucleotide, and even portions of
the 8-kD domain were evident at this early
stage. Cycles of model building and least
squares refinement improved the electron
density for the rest of the DNA as well as
the 8-kD domain for both complex struc-
tures, and once the R factors had dropped
below 30 percent, refinement of individual
isotropic temperature factors also improved
the maps and facilitated refinement.

Although we were unable to discern the
DNA base sequences at these resolutions,
the directionality (5’ — 3’) of the DNA
strands was evident early in our modeling
efforts, hence we knew that the 3’ terminus
of either the template strand or the primer
strand was positioned at the pol B active
site. What ultimately distinguished the
template from the primer was that we were
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able to model in seven nucleotides for one
of the DNA strands and at least 8 nt for the
second DNA strand. Provided that no un-
expected side reactions had occurred during
crystallization, we knew that the primer
could be no longer than 7 nt, and therefore
the DNA strand containing 8 nt was desig-
nated the template. We then concluded
that the first three bases of the template
(A AA) are disordered in both crystal struc-
tures. This interpretation of the dara is in
agreement with the idea that the 3’ termi-
nus of the primer should be positioned at
the polymerase active site. Analysis of the
DNA in our refined structures with the
program CURVES 1l (40) indicated that
the DNA is predominantly B form. Our
DNA may have some A-DNA characreris-
tics, however, in that the minor groove
width appears to increase as the DNA
approaches the pol B active site; the section
of the double-stranded DNA that is re-
moved from the active site and protrudes
into solution is characteristic of B-DNA
with a minor groove width of 11 A, whereas
nearer to the active site, the minor groove
width is almost 15 A (typical A-DNA has a
minor groove width of about 17 A).

Description of the structures. When
the pol B ternary complex structures are
compared with the structure of the apo
enzyme (Fig. 3), the most apparent differ-
ences consist of large movements of the
8-kD NH,-terminal domain relative to the
fingers, palm, and thumb of 31-kD COOH-
terminal domain. The 8-kD domain is teth-
ered to a proteolytically sensitive hinge
region (residues 80-90) and changes from
an open conformation in the apo structure
to more closed conformations in the com-
plex structures. Because of the precarious
position of the 8-kD domain in the pol B
apo structure, this type of conformational
change seemed inevitable even before the
structures of the ternary complexes were
determined. The only other significant con-
formational changes on complex formation
were noticeable rigid-body movements of
the thumb and, to a lesser degree, the
fingers, resulring in a somewhat more tight-
ly closed hand in the ternary com- plexes.
A greater degree of flexibility on the part of
the thumb subdomain has also been ob-
served in other polymerase-DNA structures
(12, 23, 24, 41). A least squares superpo-
sition of the 31-kD domain of the apo
structure (14) on the 31-kD domain of one
of the ternary complex structures (P6))
resulted in a root-mean-square (rms) devi-
ation in « carbon positions of 2.5 A,
whereas when the fingers, palm, and thumb
subdomains were treated separately, the rms
deviations in o carbon positions were only
0.71, 0.69, and 0.82 A, respectively.

The 8-kD domain has a net charge of
+10 (assuming neutral histidines) and
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binds to single stranded DNA with an
association constant of 2 X 10° M™! (26).
It has no obvious structural equivalent in
any of the other polymerases for which

crystal structures have been determined,
and crosslinking studies with gapped DNA
substrates (42) suggest that the 8-kD do-
main is probably responsible for the highly

Fig. 3. Stereoview ribbon diagrams (100} of (A) rat DNA pol B, apo structure (74) and (B and C)
ternary complexes of rat DNA pol B with a DNA template-primer and ddCTP in space groups F6,
and P2,, respectively. In (A) the 8-kD domain is designated 8-kD, and the fingers, palm, and thumb
subdomains of the 31-kD domain are represented by F, P, and T, respectively. A ball-and-stick
representation highlights the ddCTP nucleotide in (B and C). In (B) the positions of the two Mg?*
ions are marked with black spheres. These metals ions are not shown in (C) because we were
unable to see the Mg2* ions in electron density maps of the lower resolution P2, ternary complex

structure.
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processive short-gap filling activities found
exclusively in pol 8 (43). It has been
proposed that the 31-kD domain binds to
the double-stranded segment of the tem-
plate-primer, and the 8-kD domain binds to
the single-stranded template overhang
(44)—or in the case of binding to a short
gap in the DNA, to the 5'-phosphate of the
downstream oligonucleotide (42). We see
some evidence of this in that the 31-kD
domain clearly uses its palm, fingers, and
thumb to grasp the double-stranded seg-
ment of the template-primer while the
8-kD domain, although positioned quite
differently in the two complex structures, is
nevertheless close to where an extended
template would be. Unfortunately, our tem-

plate overhang was probably a little too short

(only four bases—GAAA) to interact
strongly with the 8-kD domain, causing the
first thiree bases of the template to be disor-
dered in both crystal structures. It is possible
that, because the highly flexible 8-kD do-
main had no template on which to anchor in
our crystallization experiments, its position
was determined almost entirely by crystal
packing forces, and probably neither of the
two conformations of the 8-kDD domain seen
in Fig. 3, B and C, is correct for template
binding in vivo. Nevertheless, kinetic stud-
ies of the 31-kD fragment alone showed that
pol B can still function as a polymerase
without the 8-kD domain, albeit at only
about 5 percent of its normal activity (44).

Table 2. Hydrogen bond interactions of 3.3 A or less between pol g and the DNA template-primer.

Residue Subdomain Atom Base* Atom Distance

oy
] Protein to DNA phosphate H bonds
Gly108 Fingers N P-6C o2pP 2.9
Gly'07 Fingers N P-5G O2pP 2.7
Ser10® Fingers N P-5G O1P 2.9
Alg110 Fingers N P-5G O2pP 3.1
Arg?s4 Fingers NH2 p-7C ozpP 2.7
Lys230 Paim N T-9C Oo2pP 3.0
Thr233 Palm N T-8G O2pP 3.1
Lys?34 Palm N 7-8G QozpP 2.7
Thrz92 Thumb OG1 T-5G o2pP 2.7
Tyr296 Thumb OH T-5C O2p 2.6
Protein to DNA base H bonds

Lys234 Patm NZ T-7C 02 29
Tyr27? Thumb OH pP-7C 02 2.7
Arg?8s Thumb NH1 T-4G N3 3.2

*DNA bases are designated T or P to distinguish template bases from primer bases, respectively. Starting from
the &' terminus of each strand, bases are numbered 1 to 11 for the template and are numbered 1 1o 7 for the
primer. C and G represent cytosine and guanine, respectively, and atom designations follow Protein Data Bank

nomenclature.

Fingers

Fig. 4. Omit map of the DNA template-primer and ddCTP overlayed on an a carbon diagram of the
refined P6, pol B structure. The view is that of Fig. 3 rotated by 90° about a horizontal axis in the
plane of the page so that the DNA binding channel is now vertical. The tempilate-primer sits on top
of the palm subdomain, which is not labeled. Before all omit maps were calculated, the part of the
structure in question was deleted from the coordinate file and the remaining partial structure was
subjected to 200 cycles of least squares positional refinement in XPLOR (36) in order to remove

bias from the phases.
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In contrast to the 8-kD domain, the rest
of the structure (the fingers, palm, and
thumb of 31-kD domain, as well as the
template-primer and ddCTP substrate) is
virtually identical in both crystal forms of
the ternary complex. This provides support
for the physiological relevance of our com-
plex crystals, at least with respect to the
polymerase-DNA-ddCTP interactions. Also
strengthening the argument is that, unlike
other reported crystals of polymerase-DNA
complexes (12, 41), our crystals were grown
at low, near physiological salt concentra-
tions. Finally, the fact that that a ddCMP
was incorporated into our template-primer
shows that the nucleotidyl transfer reaction
did proceed, at least for one turnover, in the
same medium from which crystals were
eventually obtained. In that the following
discussions do not apply to the 8-kD do-
main of pol § and will be limited mostly to
the 31-kD domain’s interactions with
DNA and ddCTP, we will henceforth
refer only to the complex structure that
has been refined to the highest resolution,
the P6, crystal structure.

The DNA binding channel in pol B, just
as in KF, RT, and RNAP, is lined with
positively charged lysine and arginine side
chains, and it has always been a reasonable
assumption that their function is to stabilize
the negatively charged backbone phos-
phates of the DNA (45). Therefore it was
quite surprising that, except for Arg?**,
which is hydrogen bonded to the phosphate
of the newly incorporated ddCMP of the
primer strand, there are no direct lysine or
arginine interactions with the backbone
phosphates of the DNA in our complex
(Table 2). Instead, nearly all of the inter-
actions of protein with DNA involve two
different clusters of protein backbone nitro-
gens located at the entrance to the DNA
binding channel (Table 2). One cluster,
consisting of four of the backbone nitrogens
between Gly'% and Ala!'®, is located at the
NH,-terminal end of helix G in the fingers
subdomain of pol B and interacts with the
phosphates of the primer strand. The sec-
ond cluster, comprising three of the five
backbone nitrogens between Lys?*° and
Lys?*%, is located in a beta turn, which
connects beta strands 3 and 4 of the palm
subdomain and interacts with backbone
phosphates of the template strand. The
only other hydrogen bonded interactions
(3.3 A or less) between pol B and DNA
phosphates are between the side chains of
Thr??? and Tyr?*, located on a loop be-
tween beta strands 6 and 7 of the thumb
subdomain, and the backbone phosphates
of the template strand (Table 2).

In addition to our observations that
there seemed to be fewer hydrogen bond
interactions between pol § and DNA than
expected (Table 2), we were also initially
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surprised to see that the DNA sits in the
binding channel at a slight angle and ap-
pears to “run into” alpha helices M and N
of the thumb subdomain (Fig. 4). It is
possible that rhe angle between the DNA
axis and the apparent axis of the pol B
binding channel would change considerably
if a longer template were used and, as
proposed above, the 8-kD domain partici-
pated in the positioning of the template-
primer. However, the acsthetically pleasing
observation that the base pairs of the DNA
are parallel to the beta strands of the palm
subdomain (Fig. 5) encourages us to believe
that interactions of pol § with the double-
stranded segment of any DNA template-
primer will not vary much from what is seen
in the present ternary complex structures.

Perhaps one of the most unvarying char-
acteristics of B-DNA is thar it has a spine of
well-ordered water molecules which inter-
acts with the O2 of pyrimidines and the
N3's of purines in the minor groove, and it
has been proposed that the disruption of
this particular water structure is the first
step in the B-DNA to A-DNA transition
(46, 47). In our complex structure, only
three protein side chains come within 3.3
A of the DNA bases, and they are all
located in the shallow minor groove of the
template-primer (Table 2). Two of these
(Lys*** and Tyr?"!) are hydrogen bonded to
the O2 of a template cytidine and the O2 of
a primer cytidine, respectively, while an-
other (Arg?®®) is hydrogen bonded to the
N3 of a template guanine. This leads us to
propose that perhaps Lys®**, Tyr?"!, and
Arg?® all function to break up the water
structure in the minor groove of the tem-
plate-primer upon complex formation, re-
sulting in a larger minor groove width,
characteristic of A-DNA, at the pol B
active site.

Unlike transcription factors and other
gene regulatory DNA-binding proteins,
polymerases must bind to DNA with little
regard for sequence specificity. This is evi-
dent from Table 2 where, as discussed
above, most of the protein to DNA inter-
actions are nOﬂSeqUenCe-SpeCiﬁC hydrogen
bonds between pol § backbone nitrogens
and DNA phosphate oxygens. Even what
appear to be sequence-specific interactions
between protein side chains and DNA
bases, upon closer inspection turn out to
be rather nonspecific in that each of the
three protein side chains mentioned
above—Lys?3*, Tyr?"!, and Arg?®’—that
are in contact with DNA bases can act as
an unbiased hydrogen bond donor to ei-
ther the O2 of pyrimidines or the N3 of
purines in the minor groove.

Description of the active site. Much of
the ddCTP binding pocket in the ternary
complex is made up of the 3’ terminus of
the primer strand (Fig. 6A, toward the left)
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and the template overhang {(at the top),
where the base pairing of ddCTP with a
complementary base, guanine, is evident in
the crystal structure (Fig. 6A and Table 3).
The idea that the template-primer makes
up a large part of the binding site in pol B
for the incoming ddCTP is consistent with
kinetic studies showing that there is a strict
kinetic order of binding for the substrates in
nucleotidyl transfer reactions catalyzed by
pol B (48), E. coli pol 1 (49), and RT (50),
the polymerase binds to the template-prim-
er first, and then nucleotide binding takes
place. Supporting this view, structural stud-
ies of a pol p—dATP binary complex (14)
and of a KF-dATP binary complex (33),
both of which were crystallized in the ab-
sence of a template-primer, revealed nucle-
otide binding sites that differed somewhat
from that seen in our ternary complex.
Making up most of the right side of the
nucleotide binding pocket and interacting
primarily with the base and ribose moieties
of the ddCTP is a structural motif consist-
ing of a sharp kink, made possible by a
cis-peptide bond, between a helices M and
N in the thumb subdomain of pol B (Fig.
6A). This was the only cis-peptide found in
the pol B apo structure (between Gly*™* and
Ser?”) (14) and even though it appears to
have remained as a cis-peptide upon com-
plex formation with DNA, its proximity to
the active site nevertheless suggests that it
may play a dynamic role in catalysis. For
instance, it is evident that a cis- to trans-
peptide bond transition, perhaps occurring
during or just after the incorporation of a
nucleotide, could result in a large displace-
ment of one or both helices (M and N),
which in turn could push the enzyme off the
template-primer. Thus, we propose that the
cis-peptide in pol B may function to facili-
tate the product-off step of catalysis, which
is typically the steady-state rate-limiting
step for polymerases when in a distributive
mode of synthesis (21, 51, 52). Another

SCIENCE <+ VOL. 264 -

24 JUNE 1994

possibility is that the cis-peptide bond,
which links the active site to the template
overhang via helix N (Fig. 6A), functions
only to facilitate the translation of the
enzyme along the template during proces-
sive polymerization.

It is quite appropriate that the protein
side chain that interacts specifically with
the base of ddCTP, Asn?”® of helix N
(Table 3), is unbiased toward all four pos-
sible incoming nucleotides in that it can act
either as a hydrogen bond accepror or a
hydrogen bond donor. The only other in-
teractions (of 4 A or less) between pol
and the base moiety of ddCTP are nonspe-
cific van der Waals contacts between the
side chain cartbon (CB) of Asp?’® and ring
carbon atoms (C4 and C5) of the cytidine
base (Table 3).

Pol B interacts intimately with the sugar
moiety of ddCTP as is evident from the
close van der Waals contacts between the
protein backbone atoms of Tyr?™!, Phe???,
and Gly??™ (53), and the ribose ring car-
bons, C2' and C3', of ddCTP (Fig. 6A and
Table 3). Because the only difference be-
tween a ribonucleotide and a deoxyribonu-
cleotide is a hydroxyl at the C2’ of the
ribose ring, the protein backbone segment
Tyr?1-Gly*"* may participate in nucleotide
selectivity of DNA over RNA for pol B. For
example, a DNA polymerase can be con-
verted to a relatively efficient RNA poly-
merase by changing the metal ion in the
reaction medium from Mg?* to Mn?* (54).
The two metal ions in the pol B active site
together bind to all three phosphates (e, B,
and vy) of ddCTP (Table 3), and therefore
the metal ions probably participate to some
extent in the positioning of the incoming
nucleotide. As seen in our structure, only a
slight change in ddCTP orientation, which
could be induced by a change from Mg?* to
Mn?* ions in the active site, would be
required to reduce steric hindrance at the
C2' ribose of ddCTP, possibly making

Fig. 5. Alignment of the template-
primer base pairs with the beta
strands of the palm subdomain.
The view is the same as that in
Fig. 4. Beta strands are labeled
B-2 through B-5. The a carbon
positions of the catalytically im-
portant residues, Asp'®°, Asp92,
and Asp?°8, are shown, as well as
the nucleotide substrate, ddCTP.
The two Mg2* ions in metal sites
A and B are labeled A and B,
respectively. Base designations
defined in Table 2.
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RNA just as good a substrate as DNA.

Another example of nucleotide selectiv-
ity, this time dTTP over AZT-TP, might
also be explained by steric hindrance in the
pol B active site, particularly at the ribose
C3’. The cellular nucleotide dTTP, which
has a hydroxyl group attached to its ribose
C3' (Fig. 2B), binds more tightly to a pol
B-DNA complex than does its analog AZT-
TP, which has a bulky azido group at C3’
(Fig. 2D) (55). Such observations might
explain why a drug like AZT specifically
targets the HIV-1 RT and not host cell
polymerases like pol B; in contrast to pol B,
RT shows no selectivity in binding dTTP
compared to AZT-TP during reverse tran-
scription (56), and thus, perhaps RT lacks
the structural equivalent of the pol B “se-
lective” Tyr*™' to Gly?™* backbone seg-
ment, making RT more susceptible to
- AZT-TP inhibition. :

Three of the six hydrogen bonds be-
tween the protein and the negatively
charged phosphate moiety of ddCTP in-
volve nitrogen backbone atoms of pol $
(Table 3). Although this is reminiscent of

the nitrogen clusters mentioned above that
help to stabilize the template and primer
phosphates in the DNA binding channel,
the geometry of the nitrogen backbones
differ in that they more closely resemble the
mononucleotide binding motifs found in
other enzymes. This and other aspects of

the interactions between protein and
ddCTP phosphates in the pol B active site
are discussed in (14).

The strongest interactions with ddCTP
in the pol B active site, however, are not
with protein side chains directly, but rather
with two Mg?* ions that in turn coordinate
the side chain oxygens of Asp'®®, Asp!®?,
and Asp?® (Fig. 6 and Table 3). These
three carboxylic acids are present in all
DNA polymerases for which amino acid
sequences are known (15), and mutagenesis
studies show that they are critical for catal-
ysis in pol B (57), KF (58, 59), and RT
(60). However, we avoid referring to these
three aspartic acids as a “catalytic triad”
because only two of the three (Asp!®® and
Asp?®®) are present in all known RNA
polymerase amino acid sequences (15). As

Table 3. Interatomic distances of interest for the pol B active site.

ddCTP moiety Atom Base* or residue Atom D‘S(?? ce
Contacts between ddCTP and DNA or protein
Base N4 T-4 G 06 3.0
N3 T4 G Nt 2.7
02 T-4 G N2 2.7
C4 Asp?76 CB 35
C5 Asp?76 CcB 3.7
02 Asn?279 ND2 3.0
Ribose cz Tyr27? (6] 3.5
ca’ Phe?7? 0O 3.2
cz2’ Gly274 CA 3.2
a Phosphate PA pP-7 C (oX] 4.3t
B Phosphate O1B Ser180 N 3.0
01B Arg'e3 NH2 2.7
03B Sert8o oG 2.8
v Phosphate 011G Gly18° N 2.8
O1G Asp?90 N 3.0
02G Arg'49 NH2 2.5
) Distance
Al
Ligand om ( A)
Mg?* site A Asp190 OD1 2.0
Asp192 0D2 2.7
ddCTP, B phosphate 0oD2 1.7
ddCTP, y phosphate o1G 2.3
Water O 2.6
Mg?+ site B Asp190 oD2 20
Asp'92 oDt 2.6
Asp?96 OD1 3.0
ddCTP, a phosphate O1A 2.7
p-7 C ox3 2.9t
Water (@] P ¢

*Base designations are in Table 2.

into the active site because the newly incorporated ddCMP primer terminus lacks this group.

1These distances were obtained with a O3’ atom that had to be modeled

}This water is not

seen in our crystal structures, but because the Mg2* ion in site B has octahedral geometry, we propose that a

water might occupy this empty sixth-ligand position.
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discussed above, converting a DNA poly-
merase to a relatively efficient RNA poly-
merase can be as simple as changing the
metal ions in the active site from Mg?* to
Mn?* (54), and consequently there is not
much reason to suppose that the RNA
polymerases utilize a nucleotidyl transfer
mechanism that differs drastically from the
mechanism proposed below for a DNA
polymerase such as pol 8. In support of this
view, mutagenesis experiments that target-
ed catalytically important residues in KF
(59) showed that Asp®®? and Asp’® (the
equivalents of Asp'®® and Asp?*¢ in pol 8)
are much more critical to catalysis than
the third carboxylic acid of the trio,
Glu®®® (equivalent to Asp'®? in pol B),
which is not conserved in the RNA poly-
merases. In agreement with these observa-
tions and as discussed below, the primary
function of Asp?’9 in the pol B active site
appears to aid in stabilizing the pentaco-
ordinated a phosphate of the transition
state, whereas the primary functions of
Asp'° and Asp!?? are to aid in positioning
the nucleotide substrate. This suggests
that pol 8 could quite possibly still func-
tion in the absence of one of the two latter
carboxylic acids, such as Asp!%?, which
would be the case for an RNA polymerase.
Perhaps also significant is the observation
thar the metal-to-oxygen bonds are longer
for Asp'?? than they are for Asp'®° in the
pol B active site (Table 3).

Mechanism of nucleotidyl transfer. In
1979, with results from kinetic experiments
on E. coli pol I that utilized phosphorothio-
ate dATP analogs, Burgers and Eckstein
proposed that the pol I catalyzed nucleoti-
dyl transfer reaction had the following
properties (61): (i) A divalent metal ion
(Mg2™*) is bound specifically to the B and -y
phosphates of the nucleotide (dATP) as a
B,y-bidentate; (ii) the negative charge on
the a-phosphate of the nucleotide is neu-
tralized by a positive group on the enzyme;
and (iii) attack by the 3'-OH group of the
primer on the « phosphate and subsequent
release of the PP, (or Mg-PP,) proceeds in
an in-line fashion.

All three of these properties are in good
agreement with the geometry seen in the
active site of our ternary complex, and in
fact, our active site (Fig. 6) does not differ
significantly from that proposed by Burgers
and Eckstein [figure 4 of (61)]. In agree-
ment with criterion number (i), the pol B
active site shows a Mg?* ion (metal site A)
bound as a bidentate to the B and vy
phosphates of ddCTP (Table 3). As for
criterion number (ii), we now know that
the originally undefined “positive group on
the enzyme” that stabilizes the o phosphate
of the nucleotide is simply the second Mg?*
ion in metal site B (Fig. 6). In fact, the
geometry of the Mg?™ ion in site B of our
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structure can explain why polymerases are
highly selective for only the S, as opposed
to the R, absolute configuration of dATPaS
phosphorothioate analogs whenever Mg?™
is the meral ion in the reaction mixture
(61). Mg** coordinates oxygen much more
strongly than sulfur, and in our active site
the Mg?™ ion in metal site B coordinates a
specific, nonesterified oxygen of the
a-phosphate of the nucleotide. If this par-
ticular oxygen were replaced by a sulfur, as
would be the case for the R configuration of
dATPaS, coordination by the Mg?* ion in
site B should be weakened considerably, at
least according to the geometry our struc-
ture. Finally, the geometry of the active site
is also in accord with an in-line mecha-
nism, criterion number (iii), for the nucle-
otidyl transfer reaction. An in-line mecha-
nism, proposed because the polymerase re-
action proceeds with inversion of configura-
tion at the a phosphate (61), restricts the
possible orientation of the attacking group
with respect to the leaving group. The

attacking and leaving groups must be oppo-
site one another, relative to the « phos-
phate, in order to occupy the two apical
positions of the pentacoordinated a phos-
phate in the transition state. In the pol §§
active site, the 3’ carbon of the primer
strand (which normally possesses the at-
tacking 3'-OH) lies just opposite, relative
to the a phosphate, to the scissile oxygen of
the PP, leaving group.

It is not too surprising that the active
site of pol B is similar to the active site of
the 3’ — 5' exonuclease domain of E. coli
pol I, which is known, through extensive
structural (23, 24) and mutagenesis (62,
63) studies, to employ a two-mectal ion
mechanism for phosphoryl transfer, and
like pol B, proceeds with invetsion of con-
figuration at the scissile phosphate (64).
Like the 3' — 5’ exonuclease, pol B has
three carboxylic acids that position two
divalent metal ions about 4 A apart in the
active site and, although the orientations of
the carboxylic acids are quite different in

1898

Fig. 6. The pol B active site. (A)
Stereo diagram of the active site
showing the ddCTP binding
pocket. Large spheres labeled A
and B indicate the positions of the
Mg?* ions in metal sites A and B,
respectively. The cis-peptide
bond is between Gly?’* and
Ser??5, and a carbons labeled
264 and 288 represent GIn?%* and
Glu?88, respectively. (B) The tran-
sition state showing the pentaco-
ordinated a phosphate of ddCTP.
The 3’-OH of the primer strand,
which is missing from the crystal
structure in (A), was modeled in
for clarity. For comparison pur-
poses, this view of our active site
was chosen because it most
closely resembles that shown for
the 3’ — 5" exonuclease of KF
(23, 24).
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the two structures, the geometries of the
metal sites are strikingly similar. The metal
ion in site A in both cases tightly coordi-
nates four oxygen ligands with highly dis-
torted tetragonal geometry and has a fifth,
weakly bound water ligand (Table 3). In
fact, a better description of the unusual
geometry around metal site A in our struc-
ture would be that of a square pyramid in
which the Mg?* is at the apex, rising about
1.8 A out of the square plane described by
four oxygen ligands (one from Asp'®°, one
from Asp!®?, one from the f phosphate,
and one from the y phosphate) (Fig. 6)
(Table 3). In contrast, the metal ion in site
B (for both pol B and the 3’ — 5’ exonu-
clease) is not as tightly bound as the metal
ion in site A and has slightly distorted
octahedral geometry (65)}. Just as with the
3’ — 5’ exonuclease, we propose that the
primary function of the metal ion in site A
is to aid in binding and positioning of the
substrate, and the primary function of the
metal ion in site B is to help stabilize the
pentacoordinated phosphate of the transi-
tion state, though both metal sites probably
participate in both of these functions to
some degree. Finally, as is the case with the
3’ — 5’ exonuclease, we propose that a
metal ion activates the attacking oxygen by
acting as a Lewis acid, while a protein side
chain acts as a proton acceptor (Fig. 6B).
For the 3’ — 5’ exonuclease, the metal ion
in site A activates an attacking water mol-
ecule, while Glu*7 acts as the proton ac-
ceptor and, in the case of pol B, the metal
ion in site B activates the attacking 3'-OH
of the primer, while Asp?>® acts as the
proton acceptor. All of these features of the
transition state of the nucleotidyl transfer
reaction of pol B are evident from the
crystal structure, and only the missing 3'-
OH of the primer strand was added in order
to draw the schematic in Fig. 6B.

Despite all the similarities, we caution
against thinking of the 3’ — 5’ exonuclease
reaction as “the polymerase reaction in
reverse.” In fact, the polymerase reaction in
reverse is pyrophosphorolysis and differs
from the exonuclease reaction as follows:

3’ — 5’ Exonuclease reaction:
primer-dNMP + H,O—primer + dNMP

Pyrophosphorolysis:
primer-dNMP + PP,—primer + dNTP

so that the metal ion in site A for the 3’ —
5' exonuclease interacts primarily with a
water molecule (24), whereas the metal ion
in site A for the polymerase interacts pri-
marily with PP, (or the PP, moiety of
ddCTP) (65).

In summary, the overall nucleotidyl
transfer reaction, as catalyzed by pol B,
probably proceeds as follows (Fig. 6):

i) As pol § binds to the template-prim-
er, Lys?*, Tyr?™Y, and Arg?®? break up the
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water structure of the minor groove, caus-
ing the minor groove width to increasc near
the active site.

ii} An incoming nucleotide is posi-
tioned in the active site by base-pairing
with the template, by a hydrogen bond to
Asn??, by a van der Waals contacts with
Asp?76, by steric hindrance with the pro-
tein backbone between Tyr?”! and Gly?™,
by six hydrogen bonds between protein and
ddCTP phosphates, and by two Mg?>* ions
that are, in turn, positioned by Asp'®°,
Asp!'??, and Asp?°.

iii} The Mg?* ion in metal site B,
acting as a Lewis acid, activates the 3'-OH
of the primer terminus, while one of its
ligands, Asp?°®, probably acts as the proton
acceptor for the 3'-OH.

iv) After attack on the a-phosphate by
the activated 3'-OH, the reaction proceeds
through the transition state in which the o
phosphate is pentacoordinated, with the
attacking 3’ oxygen of the primer terminus
and the leaving oxygen of the PP, group
occupying the two apical positions. The
pentacoordinated transition state is stabi-
lized by the Mg?™ ion in site B, which
coordinates both an apical and an equato-
rial oxygen of the a phosphate.

v) After PP, (or Mg-PP)) is released, pol
B is ready for another cycle, but only after
the enzyme either releases from the tem-
plate-primer (distributive mode of synthe-
sis) or pulls itself along the template {pro-
cessive mode of synthesis); one or both of
these activities may be facilitated by a
conformational change of cis- to trans-
peptide ar Gly?74-Ser?75.

Metal ions play crucial roles in the
mechanism of pol B and of the 3’ — 5’
exonuclease of pol I. This kind of indepen-
dence from direct involvement of protein
side chains during catalysis has led to pro-
posals that perhaps hydrolysis reactions in-
volving nonprotein catalysts such as self-
splicing ribozymes (66, 67), where position-
ing of the two metal ions can be achieved
just as easily by RNA backbone phosphates,
proceed through a similar two-metal ion
mechanism as that proposed for the 3’ — 5’
exonuclease of pol I (23, 68). In much the
same way, perhaps the nucleotidyl transfer
mechanism that we present also applies, to
some extent, to those ribozymes that are
capable of cartalyzing the nucleotidyl trans-
fer reaction (69, 70).

Comparisons with other polymerases.
As discussed in the accompanying report
(14), the most obvious structural overlap
among all four polymerases, KF, RNAP,
RT, and pol 8, consists of a conserved pair
of carboxylic acid side chains located in the
palm subdomain. As revealed by the pol B
active site, the primary function of these
carboxylic acids is to position two catalyti-
cally critical divalent metal ions. The ob-

servation that even the most divergent
polymerase structures retain this catalytic
core is compelling evidence that all poly-
merases share a common catalytic mecha-
nism (11, 14). We believe that the pol B
ternary complex structures presented here
are physiologically relevant and that the
nucleotidyl transfer mechanism that we
propose based on these structures represents
a common catalytic mechanism found in all
polymerases. In the absence of evidence
that suggests otherwise, the next logical
argument would be that all polymerases,
because they share a common catalytic
mechanism, should bind to the DNA (or
RNA) template-primer in a fashion very
similar—at least with respect to the highly
conserved catalytic residues—rto that in
which pol B has attached itself to the DNA
template-primer in our ternary complex
(Fig. 7, A to C). All of the polymerase
structures discussed have a DNA binding
channel that can grasp a stationary rodlike
DNA template-primer in one of two gener-
al directions, so the only other possibility
for binding to the template-primer, provid-
ed that there are no gross conformational
changes on the part of DNA or protein, is
shown for the RT structure (Fig. 7D). In
order to generate Fig. 7D, the template-
primer in Fig. 7C was held stationary while
the RT molecule was rotated by 180° about
an axis normal to the plane of the page and
passing through the polymerase active site.
The mode of DNA binding depicted in Fig.
7D, which is opposite to that found in pol B
(anti-pol B), is the one proposed for KF
(41), for RNAP (13), and for RT (11, 12).
We are thus faced with a dilemma.

Three main possibilities can be pursued.
First, it could be argued that the other three
polymerase-DNA models are basically cor-
rect, and that the pol B ternary complex
structures presented here are not physiolog-
ically relevant. However, as stated above,
there is strong evidence in favor of the
physiological relevance of our structures,
and we therefore bypass this possibility for
the present. A second possibility could be
that all four of the polymerase-DNA models
are correct, including the pol B-DNA
structures presented here, and that pol B
uses an entirely different mode of template-

primer binding from the other polymerases.-

However, that pol B has a palm subdomain
that is structurally homologous with the
other polymerases (I14), and that this palm
subdomain also contains the highly con-
served catalytic residues, suggests other-
wise. The two-metal ion mechanism that
we propose for the nucleotidyl transfer re-
action seems to depend heavily on the
positioning of the metal ions by the con-
served carboxylic acid residues. Further-
more, the catalytic site appears to be asym-
metric in that the two metal sites possess
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different geometries and different binding
affinities (65). This leads us to the third
possibility, which is the one we choose to
pursue in the following discussions. The
other polymerases must bind to a template-
primer in a manner similar to that of pol B
so as to conserve the critical, asymmetric
geometry of the active site. An inescapable
inference, then, is that the other poly-
merase-DNA models are not correct with
respect to the directionality of the tem-
plate-primer in the binding channel. Be-
cause of the complexity of the existing data
and interpretations, we address each of the
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Fig. 7. (A) Schematic drawing showing the
position of the template-primer as seen in the
pol B ternary complex structure and (B and C)
our proposed models for the KF-DNA and RT-
DNA complexes, respectively. To generate (B
and C) the palms of KF and RT were aligned
with the palm subdomain of pol g as viewed in
(A). In the text, (A to C) represent the pol 8-like
mode of binding to the template-primer. To
generate (D), which represents the anti—pol B
mode of binding to the template-primer, the
template-primer in (C) was held stationary, and
the RT molecule was rotated by 180° about an
axis normal to the plane of the page and
running through the RT active site. The tem-
plate-primer was kept stationary in ali four dia-
grams because that is a reasonable represen-
tation of in vivo polymerization, where the DNA
molecule is usually very long and immovable in
comparison to the polymerase molecule. The
active site in all four diagrams is at the 3’
terminus of the primer strand, and the view
looks down at the palm, which forms the bottom
of the template-primer binding channel.
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three other polymerases, KF, RNAP, and
RT, separately.

DNA pol I of E. coli is a 103-kD mono-
mer and can be cleaved by limited proteol-
ysis into a large (68-kD) COOH-terminal
fragment [commonly referred to as the Kle-
now fragment (KF)], and a smaller (35-kD)
NH,-terminal fragment (I). KF has both
polymerase and 3’ — 5’ exonuclease (edit-
ing) activities, whereas the small NH,-
terminal fragment functions solely as a 5’
—> 3" exonuclease. The crystal structure of
KF alone revealed two distinct domains
(10), confirming previous proposals that
the polymerase and 3’ — 5’ exonuclease
functions of KF lie on separate, indepen-
dent folding units. From its position in the
pol I amino acid sequence, it was then
inferred that the missing NH,-terminal 5’
—> 3" exonuclease domain should be posi-
tioned somewhere to the right of the 3’ —
5’ exonuclease as viewed in Fig. 7B (10).
During nick translation, a function intrin-
sic to pol 1, it is proposed that the polymer-
ase, starting at a nick in the DNA and
polymerizing in a 5’ —> 3’ direction, works
in conjunction with the activities of the 5’
— 3’ exonuclease so that the net result is
simply a translation of the nick along the
DNA ina 5’ — 3’ direction (1). It was this
property of pol I that led to proposals that
the polymerase domain of pol I bound to
the DNA template-primer in a manner not
too different from that shown in Fig. 7B, so
that the polymerase and the 5’ — 3’ exo-
nuclease were positioned properly, relative
to the DNA nick, to perform their separate
activities in conjunction with one another
(10). Subsequent KF-DNA models were
proposed to show how the polymerase and
the 3’ — 5’ exonuclease of KF could work
in conjunction with one another during the
DNA editing process (23, 24, 71, 72).
Once again, these earlier models require
that KF binds to the DINA template-primer
in a manner similar to that shown in Fig.
7B. Therefore, all of the earlier pol I-DNA
models are in agreement with a pol p-like
mode of DNA binding.

The recent crystal structure determina-
tion of KF crystallized in the presence of a
putative template-primer revealed an unex-
pected complex in which the KF had bound
to the template-primer in neither of the two
binding modes discussed above, but in-
stead, in such a way that the DNA lay in a
separate, less obvious channel running be-
tween the thumb subdomain of the poly-
merase and the 3’ — 5’ exonuclease (41).
From this structure it was proposed that
during polymerization, the KF bent the
DNA by 80° so that the DNA entered the
larger, more obvious DNA binding channel
in a direction opposite to that of all the
previously proposed KF-DNA models. We
now find ourselves in the awkward position
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of presenting arguments in favor of the idea
that the initial KF-DNA models were cor-
rect, at least with respect to the direction of
DNA binding, and that the recent KF-
DNA crystal structure (41) might not be
physiologically relevant.

Possibly the most compelling reason to
believe that the previously reported KE-
DNA crystal structure (41) might not be
physiologically relevant is that it is not in
accord with the nick translation activities
of pol I. Other reasons, which concern the
nature of the KF-DNA crystals themselves,
are (i) the complex crystals were grown
under relatively high, nonphysiological salt
concentrations; (ii) the template-primer in
the crystallization experiments included an
unnatural epoxy-ATP; (iii) the template-
primer had been unexpectedly modified
during crystallization in such a way that the
primer strand was longer than the template
strand in the crystal structure; and finally,
(iv) the complex crystals were isomorphous
with the apo KF crystals, which in itself is
not a strong argument, but is made stronger
by the observation that none of the pol B8
ternary complex crystals presented here is
isomorphous with the apo crystals. Because
the 3’ — 5’ exonuclease domain of KF was
shown to have a high affinity for the primer
terminus during other attempts at obtaining
KF-DNA complex crystals (23), perhaps
the recently reported KF-DNA structure
(41) is solely an editing complex in which
the primer terminus bound to the 3’ — 5’
exonuclease site, and the leftover “teth-
ered” DNA, guided by crystal packing
forces, bound wherever it could under the
circumstances. This is similar to the argu-
mént presented above that the position of
the tethered 8-kD domain in our complex
crystals, though ordered in both structures,
is probably not physiologically relevant.

Further support for the idea that the KF
binds to the template-primer in a manner
very similar to that of pol B comes from
closer inspection of the DNA binding
channels of both enzymes. KF possesses
what appears to be the structural equivalent
to helices M and N of the pol B thumb
subdomain. As described above, helices M
and N protrude into the pol B DNA bind-
ing channel and interact with the nucleo-
tide substrate (Fig. 3). Though not struc-
turally homologous with helices M and N,
helices ] and K of KF also protrude into the
KF-DNA binding channel in an area near
the catalytic carboxylic acids that overlaps
quite well with helices M and N of pol B,
suggesting a similar role for helices J and K
in nucleotide specificity for KF.

RNA polymerase (RNAP) from bacterio-
phage T7 is a monomer of molecular weight
99-kD, and the crystal structure determina-
tion of RNAP revealed that it folds into two
distinct domains (13). One domain possesses
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a polymerase fold that is highly homologous
with the polymerase domain of KF, while a
smaller, NH,-terminal domain, though not
an exonuclease, is located in the same rela-
tive position as the 3’ — 5’ exonuclease
domain of KF. That the polymerase domains
of RNAP and KF are so structurally homol-
ogous was one of the strongest arguments
presented in favor of a model (13) wherein
RNAP binds to a DNA-RNA duplex in a
manner similar to that of the recent KF-
DNA model (41). However, as pointed out
above, we believe that the recent KF-DNA
complex structure might not be physiologi-
cally relevant and that the KF, instead,
probably utilizes a pol B-like mode of bind-
ing to the template-primer. Therefore, we
propose that like KF, RNAP also utilizes a
pol B-like mode of binding to an RNA-
DNA duplex.

Other evidence besides homology with
KF was also presented in favor of an anti—
pol B mode of template-primer binding for
RNAP (13)—in disagreement with our pro-
posals for an RNAP-RNA-DNA complex
structure. Results from mutagenesis studies
(73, 74) as well as binding studies with
proteolytically modified RNAP fragments
(75) suggest that the NH,-terminal domain
of RNAP binds to the nascent RNA of the
emerging RNA-DNA duplex (73, 75) and
that GIn™® of RNAP recognizes the -10
and -11 bases of the DNA promoter upon
complex formation (74). These observa-
tions suggested positioning the RNA-DNA
duplex in the template-primer binding
channel of RNAP in an anti—pol B fashion
(13). Although more work will be required
to settle this issue, the structural evidence
presented by the pol B ternary complex
seems very compelling and interpretations
of results from the mutagenesis studies as
well as binding studies of proteolytically
modified RNAP fragments may require a
more careful analysis. As an example of the
difficulties involved in interpreting muta-
genesis and binding studies in the absence
of structural data on a polymerase-DNA
complex, mutagenesis studies on pol B im-
plicated Arg!® as taking part in primer
strand recognition upon complex formation
(76), and binding studies with pyridoxal
5’-phosphate suggested that the 8-kD do-
main of pol B formed a part of the nucleo-
tide binding pocket (77). Neither of these
conclusions is in agreement with our terna-
ry complex structures, though the results
from these studies, when re-evaluated, are
not necessarily in disagreement with our
structural work [reference 41 in (14)].

Retroviral RTs, responsible for making
double-stranded DNA  copies of single-
stranded RNA viral genomes, had been
well studied (78) prior to the discovery that
the retrovirus HIV-1 was the cause of AIDS
(79-81). This facilitated the study of the
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HIV-1 RT because its mechanism of oper-
ation is similar to that of many previously
studied RTs (82). HIV-1 RT functions as a
heterodimer, and the crystal structure de-
termination of RT showed that one mono-
mer of the heterodimer, called p66 because
it has a molecular mass of 66 kD, folds into
two distinct domains: a typical polymerase
domain (palm, fingers, and thumb) and a
connected ribonuclease (RNase) H domain
(11, 12). The second monomer of the RT
heterodimer, p51, is simply a copy of p66 in
which the 15-kD RNase H COOH-termi-
nal segment has been proteolytically
cleaved. In contrast to the fingers, palm,
and ‘thumb of the polymerase domain of
p66, the fingers, palm, and thumb of p51
occupy relatively different positions in the
crystal structure, resulting in something
other than a typical polymerase fold for p51
in the p66-p51 heterodimer (11, 12). Only
p66 is shown in Fig. 7C for clarity and to
highlight how the RNase H domain lies in
approximately the same direction with re-
spect to the polymerase as the 3' — 5’
exonuclease domain of KF. The function of
the RNase H is to remove the viral RNA
template from the RNA-DNA hybrid that
results after RNA-directed DNA polymer-
ization (reverse transcription) of the viral
genome.

In keeping with our proposals that all
polymerases share a common catalytic mech-
anism, and hence a common template-prim-
er binding mode, we suggest that the poly-
merase domain of the p66 monomer of RT
also binds to a template-primer in a manner
similar to that of pol B (Fig. 7C). Some
evidence of this exists in that, as with KF
and RNAP, RT also seems to possess the
structural equivalent to helices M and N of
pol B. Though not quite as obvious and
pronounced as in the other polymerases,
beta strands 12 and 13 of RT do protrude
into the template-primer binding channel
near the catalytically important carboxylic
acid residues in an area that overlaps quite
well with helices M and N of pol B and
helices J and K of KF, implicating beta
strands 12 and 13 of RT as possibly playing a
similar role in substrate specificity.

In disagreement with this proposal is the
crystal structure of RT complexed with a
template-primer, which shows that HIV-1
RT has bound to the template-primer in a
manner opposite to that of pol B (12) (Fig.
7D may serve as an approximate represen-
tation of that structure). We can present
some of the same reservations as to the
physiological relevance of the RT-DNA
complex as were presented above for the
KF-DNA complex: (i) The RT-DNA com-
plex crystals were grown at relatively high,
nonphysiological salt concentrations; (ii)
the template-primer in the crystallization
experiments was odd in that it had only a

single base template overhang; and (iii) the
complex crystals were isomorphous with the
apo structure crystals. However, unlike KF,
there exists strong evidence in favor of the
idea that the RT nevertheless binds to a
template-primer in the manner depicted in
Fig. 7D, regardless of the physiological rel-
evance of the RT-DNA crystal structure.
This evidence comes from kinetic studies
that show a tight temporal coupling be-
tween the polymerase and RNase H activ-
ities of RT during the reverse transcription
process (83). These results suggest that RT
binds to the template-primer in such a way
that the RNase domain comes in contact
with the RNA template of the emerging
RNA-DNA duplex during reverse tran-
scription, which would be possible only if
the anti-pol B mode of binding were em-
ployed, as shown in Fig. 7D.

Although we have presented strong
structural evidence in favor of the idea that
RT binds to the template-primer in a man-
ner similar to that of pol B, KF, and RNAP,
there seems to be equally strong kinetic
evidence (83) in support of an anti~pol B
mode of template-primer binding for RT
during RNase H coupled polymerization
activity. Thus it may be that RT can bind
to the template-primer in two different
catalytically competent ways; an RNase H
independent, pol B-like mode of binding
and an RNase H—coupled, anti—pol 8 mode
of binding.

The method by which RT makes dou-
ble-stranded DNA copies of the single-
stranded RNA genome is quite complicated
(82), so it is not too difficult to imagine that
one enzyme performing so many different
functions might employ two modes of bind-
ing to a template-primer (Fig. 7, C and D).
Although this appears to be in disagree-
ment with our arguments that the asymmet-
ric geometry of the polymerase active site
must be conserved, closer inspection of the
RT active site reveals that our arguments
may nevertheless hold true. As it turns out,
the 180° rotation performed on the RT in
Fig. 7C to produce Fig. 7D resulted in an
active site where Asp!®® and Asp!® of RT
(the equivalent to Asp'™ and Asp'®? in pol
B) have simply switched positions, and
Asp!'® (the equivalent to pol B’s Asp?°®)
has been replaced by Tyr'83. Instead of
Asp*®, Tyr'®3 is now near the primer 3’
terminus for RT in the anti—pol B mode of
template-primer binding, suggesting that
perhaps Tyr'®? performs some of the same
functions that Asp'!° performs when RT is
in a pol PB-like binding mode. Thus the
geometry of the active site seems to be
conserved. In support of this idea, the
YMDD sequence of RT (Tyr'83, Met!®4,
Asp'®, Asp'®) is the most highly con-
served amino acid sequence in all known

RTs, and mutations to the tyrosine residue
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of this segment have shown it to be highly
critical for catalysis (84). None of the other
polymerases discussed, neither pol 8, KF,
nor RNAP, has a structural equivalent to
Tyr!8 in RT.

Another aspect of the models in Fig. 7,
C and D, is that a much smaller part of RT
is in contact with duplex DNA in Fig. 7C,
possibly suggesting a more distributive
mode of synthesis when RT invokes a pol
B~like mode of template-primer binding. A
more distributive mode of polymerization
has been observed for RT when a DNA
template is utilized instead of an RNA
template (85, 86). All this leads us to
propose that RT might use a pol B-like
mode of binding for a DNA template, and
the reverse, anti—pol B mode of binding for
an RNA template, thus making it a reverse
transcriptase in another sense of the word.
The anti~pol § mode of template-primer
binding (Fig. 7D) could be operative during
the highly processive, RINase H-coupled,
RNA-directed DNA polymerization of the
viral minus strand (82), whereas a pol
B-like mode of template-primer binding
(Fig. 7C) could be employed during the
more distributive DNA-ditected DNA pol-
ymerization of the viral plus strand (82),
when RNase H coupled polymerization is
no longer required. The most salient feature
of this proposal is that RT may distinguish
between the two types of DNA substrates
involved: the A form of an RNA-DNA
hybrid versus the B form of a DNA duplex.
For instance, RT might possess the struc-
tural equivalents of pol B’s Lys?*4, Tyr?"?,
and Arg?®® (which, as discussed above,
break up the water structure of the minor
groove near the active site) only when RT
employs a pol B—like mode of binding. If all
DNA-directed DNA polymerization steps
require that the water structure in the
minor groove of the B-DNA template-
primer be disrupted, this would make it
unfavorable for RT to bind to a B form
substrate in any other way but in a pol
B—like fashion.

Although the aforementioned proposals
restrict RT from utilizing an anti-pol 8
mode of binding on B form substrates, they
do not necessarily restrict RT from utilizing
a pol B-like mode of binding on A-form
substrates, which already possess a broad
minor groove. It is therefore feasible that
other, possibly non—RNase H coupled steps
during the replication of the viral genome,
such as tRNA primed synthesis of the mi-
nus strand strong stop DNA or synthesis of
the RNase H insensitive polypurine tract
(ppt) (82), might employ a pol B-like mode
of template-primer binding for RT as well,
despite the fact that an RNA template is
utilized during these steps. That it might be
possible for RT, under certain circum-
stances, to employ the same mode of bind-
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ing for an RNA template as for a DNA
template is supported by kinetic studies
showing that pol I, under the appropriate
conditions, can utilize an RNA template
almost as efficiently as its natural DNA
template (87). In the case of the synthesis
of minus stand strong stop DNA, the length
of the tRNA primer (18 nt) is the same as
the distance between the polymerase active
site and the RNase H active site (about 18
bp) (83). Accordingly we suggest that per-
haps the bulky tRNA molecule attached to
the primer strand functions as a steric hin-
drance to binding at the RNase H active
site, forcing RT to use the pol B-like mode
of template-primer binding during this step
of the cycle. In favor of this argument is the
observation that RT polymerization during
minus strand strong stop synthesis appears to
be more distributive than during reverse
transcription of the viral genome (88, 89).
Also supporting this idea are results from
primer utilization studies showing that
tRNA primed synthesis of minus strand
strong stop DNA, at least in vitro, does not
require a specific tRNA such as human
tRNA] , which is utilized by RT in vivo
(90).

Further indication of -a possible dual
mode of template-primer binding by RT
comes from many independent studies. Ac-
tive site titration studies showed that the
RT heterodimer possesses a possible second
template-primer binding site, but what is
most intriguing about these results is that
this second binding site only reveals itself
after the template strand of the template-
primer has been shortened to 16 nt (91).
Along the same lines, although a model
proposing an RNA-DNA-RNA intermedi-
ate for a RT strand transfer mechanism does
not suggest a second mode of template-
primer binding (92), perhaps some of the
kinetic and crosslinking data leading up to
that model can also be interpreted as evi-
dence in favor of our arguments. Further-
more, kinetic studies on the individual p66
and p51 monomers of RT showed that both
of these monomers are fully capable of
catalyzing the nuclectidyl transfer reaction,
but only under optimal conditions for each
monomer (93). That the optimal template
for p66 was RNA and the optimal template
for p51 was DNA strengthened the proposal
that the RT heterodimer “may be function-
ally asymmetric with distinct plus and mi-
nus strand polymerases” (93). It was further
suggested that the p66 monomer of the
p66-p51 RT heterodimer was responsible
for RNA-directed DNA polymerase func-
tions (reverse transcription), whereas the
p531 monomer of the heterodimer was re-
sponsible for the DNA-directed DNA poly-
merization activities of RT (93). However,
as discussed above, the crystal structure of
the p66-p51 RT heterodimer cleatly shows
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that the p51 monomer does not possess a
polymerase fold, at least while p51 RT is a
part of the p66-p51 heterodimer (11, 12).
Therefore, our hypothesis that the p66
monomer of the p66-p51 RT heterodimer
may act as two different polymerases that
happen to share a common active site is not
only in agreement with the idea that the
RT heterodimer is functionally asymmetric
with distinct plus and minus strand poly-
merases (93), but is in accord with the
structural work (11, 12) as well.

Finally, a dual mode of template binding
by RT might go a long way toward explain-
ing why drugs such as AZT can specifically
target HIV-1 RT in preference to host cell
polymerases. Pol 8, KF, RNAP, and even
RT (when in a pol B-like mode of template-
primer binding) all seem to possess structural
features near the active site, such as helices
M and N of pol B, that may be responsible
for nucleotide selectivity. However, there
appears to be no structural equivalent to
helices M and N of pol B when RT is in an
anti~pol B mode of template-primer bind-
ing, which might explain why RT is so error
prone and more sensitive to AZT-TP inhi-
bition. In support of this idea are kinetic
studies that show decreasing K; values for
AZT-TP in its binding to pol B (K; = 73
pM) and to RT (K; = 0.3 uM) when calf
thymus DNA is utilized as a template in both
cases, as compared to RT when the native
RNA template is utilized (K; = 0.01 pM)
(55). The decreasing order of K; wvalucs
(tighter binding) might reflect the decreas-
ing number of structural elements in the
active site that can, through steric hin-
drance, induce nucleotide specificity, the
order of structural hindrance being: the pol
B’s helices M and N >> RT’s $ strand 12
and 13 (when employing a pol B-like mode
of template-primer binding on a DNA tem-
plate) > RT when employing an anti-pol B
mode of binding on an RNA template. With
this in mind, one could imagine how AZT,
ddC, and ddlI resistant RT mutants might
arise in AIDS patients after prolonged treat-
ment with these drugs (94-97). As discussed
above, much of the nucleotide binding
pocket in pol B is determined by the exact

.position of the template-primer, so a single

mutation that affects how RT binds to the
template-primer could in turn affect the
nucleotide binding site. Indeed, it has been
proposed that many of the drug resistant
mutations in RT, because they are so distant
from the active site, interact primarily
with the template strand (11). Perhaps
these RT mutants affect template-primer
binding in such a way as to introduce
structural elements, similar to helices M
and N of pol B, into the nucleotide
binding pocket of RT, possibly causing
greater sclectivity and morc resistance to
these anti-HIV drugs.
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Analysis of Space Available Within the Active Site of a DNA Polymerase Ternary Complex
{polymerase, DNA template/primer, nucleotide) to Accommodate a 3'-Capped dNTR

Based on the 3-dimensional structure of the ternary complex {polymerase, DNA templote/primer, nucleotide)
determined by Pelletier et al. {Pelletier et al. “Structures of ternary complexes of rat DNA polymerase beta, a
DNA templote-primer, and ddCTP.” Science 1994, 264, 1891-1203), which is cited in U.5. Serial No. 15/384,284
{Ju et al. Massive parallel method for decoding DNA and RNA), an analysis was performed to determine the space
available for a 3-0 capping group on the 3’ carbon of the deoxyribose of the nucleotide. The results indicate
that there is only a small space available between amino acids in the active site of the polymerase and the 3’
carbon of the deoxyribose of the nucleotide, as shown in the Figure below {corresponding to Fig. 1 of U.5. Serial
No. 15/380,284 and to Fig. 6 of Pelletier et al.; color and labels added for clarity). This space can only
accomimedate a capping group of limited diameter on the 3’ position of the deoxyribose of the nucleotide.
Pelletier et al. {1994) determinad that three amino acids of the polymerase, Tyr 271, Phe272, and Gly274, are in
close proximity to the 3’ carbon of the deoxyribose of the nuclectide. {Pelletier et al. 1994, Table 3}. in Table 3
Pelletier et al. highlight the distances from the nuclectide to these amino acids in the polymerase ternary
complex as follows: 3.2 A between the 3’ carbon of the deoxyribose ring and Phe272; 3.2 A between the 2’
carbon of the deoxyribose ring and Gly274; and 3.5 A between the 2’ carbon and Tyr271.

The distances given in Pelletier et al. were used to calculate the available space around the 3’ carbon of the
deoxyribose ring of the nucleotide. it was determined that the diameter of the available space in the active site
of the polymerase ternary complex is approximately 3.7 A,

The Figure above from Pelletier et al. {1994) shows the 3-dimensional structure of the ternary complexes of rat
DNA polymerase, a DNA template-primer, and dideoxycytidine triphosphate. The active site of the polymerase
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is highlighted. Note that the 3' position of the dideoxyribose ring (blueg) is very crowded. (See also Brief
Description of the Figures of U.S. Serial No. 15/380,284 for FIG. 1).

The diameters of five groups possibly useful as 3% -oxygen capping groups for a nucleotide analogue (allyl,
methoxymethyl (MOM]), methyithiomethyl, azidomethyl, and 2-nitrobenzyl, whose structures are shown below)
were calculated. The calculations were based on the lengths and angles of the bonds beyond the 3’ carbon of
the deoxyribose ring of the nudeotide, and were determined using Chem3D Pro software {(MC Sguared,
“Software Review: (S Chem3D Pro 3.5 and (S MOPAC Pro” Electronic Jlournal of Theoretical Chemistry, 1897, 2,
215-217).
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The calculated diameter (D) for each group is as follows:
1. Al {(~CH-CH=CH,: D=3.04
2. Methoxymethyl (MOM; —CH-OCH;): D= 2.1 A

3. Methylthiomethyl {(~CH;-SCH3): D= 2.4 A
4. Azidomethyl {—=CH.-Na}: D=2.1 A

5. 2-Nitrobenzyl {(-CHON;: D =504

Conclusion:

The available space in the active site of the polymerase arcund the 37 position of the deoxyribose ring of the
nucleotide in the polymerase ternary complex has a diameter of approximately 3.7 A The allyl, MOM,
methylthiomethyl and azidomethyl groups {(diameters ranging from 2.1 A to 3.0 A} will fit into the available
space, but the rigid aromatic 2-nitrobenzyl group {(diameter 5.0 A} will not fit into the active site of the
polymerase due to its larger diameter.
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ABSTRACT

Eight 3’-moditied-dNTPs were synthesized and tested
in two different DNA template assays for incorporation
activity. From this enzymatic screen, two 3'-0O-methyl-
dNTPs were shown to terminate DNA syntheses
mediated by a number of polymerases and may be used
as alternative terminators in Sanger sequencing. 3'-O-
(2-Nitrobenzyl)-dATP is a UV sensitive nucleotide and
was shown to be incorporated by several thermostable
DNA polymerases. Base specific termination and
efficient photolytic removal of the 3'-protecting group
was demonstrated. Foliowing deprotection, DNA
synthesis was reinitiated by the incorporation of natural
nucleotides into DNA. The identification of this labile
terminator and the demonstration of a one cycle stop-
start DNA synthesis are initial steps in the development
of a novel sequencing strategy.

INTRODUCTION

2’-Deoxyribonucleoside-5'-triphosphates (dNTPs) modified at
their 3’-hydroxyl position can act as terminators of enzyme-
directed DNA synthesis (1 —12). These nucleotide analogs are
useful as DNA sequencing tools, mechanistic probes,
antimetabolites, and as antiviral agents. Consequently, such
compounds have been used for analytical and therapeutic studies
(2). Overall, however, the number of compounds that are well
characterized is small, and there is considerable scope for new
combinations of terminators and polymerases to be identified.
Among the most familiar terminators of DNA synthesis are
the 2’, 3'-dideoxyribonucleoside-5'-triphosphates (JdNTPs) that
are the basis for Sanger DNA sequencing (13). In that method
oligonucleotide-primed DNA or RNA templates are enzymati-
cally extended ina 5’ — 3’ direction in the presence of a mixture
of dNTPs and ddNTPs to generate a population of molecules that
are terminated at specific base positions. DNA fragments of
different lengths are resolved by denaturing polyacrylamide gel

electrophoresis and detected either by radioactive or fluorescent
labels to reveal the underlying base sequence. Despite the obvious
limitations of gel electrophoresis for sequencing long DNA
strands, this method has been the favored approach for more than
ten years (13,14).

Improvements to the Sanger protocols are being sought to meet
the increasing demands of large scale sequencing of whole
genomes (14). We and others (15-—18) have independently
conceived a radically different, gel-free alternative to the Sanger
scheme for DNA sequencing. This method, called the Base
Addition Sequencing Scheme (BASS), is based on novel
nucleotide analogs that terminate DNA synthesis. BASS involves
repetitive cycles of incorporation of each successive nucleotide,
in siru monitoring to identify the incorporated base, and
deprotection to allow the next cycle of DNA synthesis, (Figure
1). Compared to Sanger sequencing, BASS has two major
advantages: base resolution would not require gel electrophoresis
and there is a tremendous capacity for simultaneous analyses of
multiple samples. The complete scheme demands nucleotide
analogs that are tolerated by polymerases, spectroscopically
distinct for each base, stable during the polymerization phase,
and deprotected efficiently under mild conditions in aqueous
solution. These stringent requirements are formidable obstacles
for the design and synthesis of the requisite analogs.

The investigation of the interactive patterns between various
terminating analogs and different enzymes is an important
preliminary phase in the development of the BASS method.
Consequently, eight 3’-modified-dNTPs were synthesized and
examined for their ability to terminate DNA synthesis mediated
by a variety of polymerases. The majority of 3'-modified analogs
have labile protecting groups that have the potential to be
incorporated into BASS. Active combinations of terminators and
enzymes were identified using two different primer-template gel
assays. One of these compounds, 3’-O-(2-nitrobenzyl)-dATP [7],
was used to demonstrate one complete cycle of termination,
deprotection, and reinitiation of DNA synthesis.

*To whom correspondence should be addressed
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Figure 1. Cartoon of the Base Addition Sequencing Scheme (BASS). A primer
is annealed to a biotinylated-labeled template bound to a solid support. Four
deoxynucleotides triphosphates that have spectroscopically unique blocking groups
attached to the 3’-position are added. Polymerase extension is terminated after
the addition of one base. Upon imaging of the reporter group, the protecting group
is removed resulting in a ‘free’ 3’-OH group, allowing the addition of the next
complement base.

MATERIALS AND METHODS

General

High field Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker AC250 (*H at 250 MHz, 13C at 62.9
MHz, 3P at 101.26 MHz) or a Varian XL 200 (*H at 200
MHz, 13C at 50 MHz, 3'P at 81 MHz). Ultraviolet (UV) spectra
were recorded on a Hewlett-Parkard model 8452A diode array
spectrophotometer. Thin layer chromatography was performed
on Whatman silica gel 60 A F,s4 plates. Flash chromatography
was performed on SP silica gel 60 (230—600 mesh ASTM). Ion-
exchange chromatography was performed on Fluka DEAE
cellulose C451 (HCO;— form). Photodecomposition of 3'-O-
(2-nitrobenzyl)-dATP [7] was performed using a FisherBiotech
transilluminator.

Organic syntheses

The chemical structures of compounds [1]—[8] are shown in
Figure 2. Compounds [1]—{4], [6], [8] were prepared according

to the general scheme:
Base
o
imidazole, DMF

OH OH
9

HO TBDPSO
Base 4+ BuPh,SiCl

——————— >

TBDPSO HO

Base Bu, NF Base
O

OH OH

add 3* group

The 5’-hydroxyl was protected with a rers-butyldiphenylsilyl
(TBDPS) group, and the specific addition of the 3'-protecting

where P’ = OF'
o g e

1 2 3 4
;,J' O ;l‘ O ~

NO,

5 6 7

g 9 %
HO-?-—O—{*‘-—O—{' Thymine
O-
OCH,

Figure 2. Chemical structures of the 3’-modified-nucleotides. Details of the
chemical syntheses are described in the Materials and Methods section.

groups (P’) are described below. Desilylations were performed
by the addition of 1.0 equiv. of tetrabutylammonium fluoride
(Bu,NF) to the 3'-protected-5'-silyl-adenosine or thymidine
derivatives. The reactions were monitored by TLC; after
completion (ca. 15 min.), the reactions were quenched with 1.0
equiv. of glacial acetic acid. The solvent was removed, and the
residues were purified by silica column chromatography (10%
methanol/ethyl acetate).

2"-Deoxy-3'-O-methyladenosine [1]. To 2'-deoxy-5'-tert-
butyldiphenylsilyladenosine [9] (200 mg, 0.4 mmol) in benzene
(5 mL), methyl iodide (568 mg, 4.0 mmol, 10 equiv.),
tetrabutylammonium hydroxide (TBAH) (40% solution, 325 pL),
and 1 M NaOH (5 mL) were vigorously stirred at 25°C for 16
h. The organic layer was extracted with ethyl acetate and washed
with deionized (D.1.) water, saturated NaCl, dried over Na,SO,
and purified by flash chromatography using a stepwise gradient
(0% methanol/ethyl acetate to 5% methanol/ethyl acetate in 2%
intervals) (180 mg, 89%) (19).

The O-methy! derivative from the above procedure (80 mg,
0.16 mmol), after desilylation and flash chromatography gave
compound [1} as colorless crystals (30 mg, 70%). High resolution
mass spectrometry (HRMS) m/e calculated for C;H;sNsO5:
265.1172, observed 265.1154.

2'-Deoxy-3'-O-acyladenosine [2]. 2’-Deoxy-5'-tert-butyldi-
phenylsilyladenosine [9] (100 mg, 0.2 mmol), acetic anhydride
(28 mg, 0.27 mmol), and 4-dimethylaminopyridine (DMAP) (5
mg, 0.05 mmol) in dry pyridine were stirred at 25°C for 6 h.
After removing pyridine under vacuum, the residue was dissolved
in D.1. water, extracted in chloroform, washed with D.I. water,
10% HCI, saturated NaHCO,;, saturated NaCl, dried over
Na,SO, and flash chromatographed (96 mg, 90%).

The 3’-0O-acy! derivative (100 mg, 0.19 mmol) following
desilylation and flash chromatography afforded compoud [2] (44



mg, 80%). HRMS m/e calculated for C;,H;sNsO,: 293.1121,
observed 293.1107.

2'-Deoxy-3'-O-allyladenosine [3]. 2’-Deoxy-5'-tert-butyldi-
phenylsilyladenosine [9] (200 mg, 0.4 mmol) in benzene (5 mL),
allyl bromide (484 mg, 4.0 mmol, 10 equiv.), TBAH (40%
solution, 390 pL), and 1 M NaOH (5 mL) were stirred at 25°C
for 15 h. Following ethyl acetate extraction, the organic phase
was washed with D.I. water, saturated NaCl, dried over
Na,SO,, and flash chromatographed (157 mg, 74%).

The O-allyl derivative (198 mg, 0.37 mmol) following
desilylation and flash chromatography gave compound [3] (106
mg, 98.5%). HRMS m/e calculated for C3H;;NsO;: 291.1328,
observed 291.1318.

2'-Deoxy-3'-O-tetrahydropyranyladenosine [4]. 2'-Deoxy-5'-tert-
butyldiphenylsilyladenosine [9] (2.90 g, 5.92 mmol), dihydro-
pyran (4.89 g, 59.2 mmol, 10 equiv.) and pyridinium nitro-
benzenesulfonate (1.67 g, 5.92 mmol) were dissolved in
methylene chloride (20 mL) and stirred at 40°C for 20 h. The
reaction mixture was washed with D.I. water, saturated NaCl,
dried over Na,SO, and flash chromatographed to give a
diastereomeric mixture of 2’-deoxy-3'-O-tetrahydropyranyl-5’-
tert-butyldiphenylsilyladenosine (0.4 g, 12%).

The tetrahydropyran derivative formed above, after desilylation
and flash chromatography yielded compound [4] (147 mg, 84 %)
as a mixture of diastereomers. HRMS m/e calculated for
C;sH, 1 NsO4: 335.1589, observed 335.1581.

2'-Deoxy-3'-O-(2-aminobenzoyl)adenosine-5'-triphosphate [5].
This compound was prepared according to the procedure of
Hiratsuka ez al. (20) directly from the 2’-deoxyadenosine-5'-tri-
phosphate sodium salt.

2"-Deoxy-3'"-O-(4-nitrobenzoyl)adenosine [6]. 2'-Deoxy-5'-tert-
butyldiphenylsilyladenosine [9] (100 mg, 0.2 mmol), 4-nitro-
benzoyl chloride (89 mg, 0.48 mmol), DMAP (5 mg, 0.04 mmol)
were dissolved in pyridine and stirred for 8 h. Following solvent
removal, the residue was dissolved in chloroform and was washed
D.I. water, saturated NaHCOQO;, D.I. water, saturated NaCl,
dried over Na,SO, and flash chromatographed giving a
colorless solid (73 mg, 57%).

The 4-nitrobenzoyl derivative (66 mg, 0.1 mmol) following
desilylation and flash chromatography gave compound [6] (22
mg, 57%). HRMS m/e calculated for C;;H;¢N¢Og: 400.1128,
observed 400.1140.

2'-Deoxy-3'-O-(2-nitrobenzyl)adenosine [7]. 2'-Deoxyadenosine
(100 mg, 0.4 mmol) [dried by repeated coevaporation with
pyridine] was dissolved in hot DMF and cooled to 0°C in an
ice bath. To the above solution, NaH (26 mg, 0.52 mmol [50%
in mineral oil] in DMF after washing with dry benzene was added
and stirred for 45 min. 2-Nitrobenzyl bromide (95 mg, 0.44
mmol) in DMF was added, and the reaction stirred for 3 h. The
reaction was quenched with cold D.1. water and stirred overnight.
The solid obtained was filtered, dried, and recrystalized in ethanol
(122 mg, 79%). HRMS m/e calculated for C;;H;gN¢Os:
386.1335, No m/e was observed. Fast atom bombardment MS,
nitrobenzyl alcohol (NBA) m/e 387.1 M +1).

2'-Deoxy-3'-O-methylthymidine [8]. 2'-Deoxy-5'-tert-butyldi-
phenyisilylthymidine [9] (100 mg, 0.21 mmol) in benzene (5 mL),
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methyl iodide (43 mg, 0.3 mmol), TBAH (40% solution, 325
pL), and 1 M NaOH (5 mL) were vigorously stirred at 25°C
for 6 h. The organic layer was extracted with ethyl acetate and
washed with D.1. water, saturated NaCl, and dried over Na;SOy
(100 mg, 98%).

The above sample, following desilylation and purification by
flash chromatography, gave compound [8] (36 mg, 88%). HRMS
m/e calculated for C; H;¢N,Os: 256.1059, observed 256.1082.

Syntheses of nucleoside 5'-triphosphates

In general, the 3’-modified nucleoside (1.0 equiv.) was dissolved
in trimethylphosphate under nitrogen atmosphere. Phosphorus
oxychloride (POCIls3) (3.0 equiv.) was added, and the reaction
stirred at —10°C for 4 h. The reaction was quenched with a
solution of tributylammonium pyrophosphate (5.0 equiv.) in
DMF and tributylamine (0.2 mL) (21). After stirring vigorously
for 10 min., the reaction was quenched with 2 mL. of 2 M TEAB,
pH 7.5. The solution was concentrated, and the triphosphate
derivative was isolated by linear gradient (0.01 M to 0.5 M
TEAB) using a DEAE cellulose (HCO;— form) column.

Reverse-phase high performance liquid chromatography
(RP-HPLC)

The RP-HPLC hardware system consisted of a Beckman
controller and model 100A pumps, a Rheodyne model 7125
injector, an Applied Biosystems (ABI) model 759A absorbance
detector, and a Spectra-Physics model SP4600 Datalet integrator.
Gradient RP-HPL.C was performed using an ABI aquapore
OD-300 column (4.6 mm X250 mm) where ‘Buffer A’ is 100
mM triethylammonium acetate (TEAA), pH 7.0 and __Buffer
B’ is 100 mM TEAA, 70 % (v/v) acetonitrile. Compounds
[1]—[6] and [8] were purified using the following gradient
conditions: 0% B, S min.; 0% B — 40% B, 60 min.; 40% B
— 100% B, 18 min.; 100% B, 5 min. at a flow rate of 0.5 mL
per min. Compound [7] was purified using the following gradient
conditions: 30% B, 5 min.; 30% B — 70% B, 60 min.; 70%
B — 100% B, 15 min.; 100% B, 5 min. The gradient conditions
used to analyze individual nucleotides were: 0% B, 5 min.; 0%
B — 40% B, 30 min.; 40% B — 100% B, 18 min.; 100% B,
5 min.

Polymerases

Avian Myeloblastosis Virus (AMV) and Moloney Murine
Leukemia Virus (M-MuLV) reverse transcriptases, Klenow
fragment of DNA polymerase I, and T4 polynucleotide kinase
were purchased from Pharmacia. Bst DNA polymerase was
purchased from Bio-Rad Laboratories. AmpliTaq® DNA
polymerase and r7th DNA polymerase were purchased from
Perkin Elmer. Sequenase® was purchased from United States
Biochemical. Ventz® (exo~) DNA polymerase was kindly
provided by New England Biolabs. Pfu (exo™) DNA
polymerase was purchased from Stratagene.

DNA templates

M13mpl9 DNA was obtained from a 250 mL culture by
polyethylene glycol precipitation and purified by a QIAGEN-tip
100 column according to the manufacture’s protocol. Universal
primer (5'-TGTAAAACGACGGCCAGT), biotinylated and
unbiotinylated oligonucleotide template (5’-TACGGAGGTGG-
ACTGGCCGTCGTTTTACA) and biotinylated oligonucleotide
template (5'-TACGGAGGTTTTTGGACTGGCCGTCGTTT-
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ACA) were synthesized using an ABI model 380B DNA
synthesizer and purified by trityl-on RP-HPLC. All
nonradioactive nucleotides were purchased from Pharmacia, and
[v-2P]ATP was purchased from Amersham.

Polymerase incorporation assays

Two different template assays were used to test for 3’-modified
nucleotide incorporation. In the first, designated the ‘M13mp19-
template assay’, [32P]-labeled universal primer was annealed to
single-stranded M13mp19 DNA (0.1 pmol to 0.45 pg respect-
ively, per 5 pL) in the specific enzyme buffer by heating to 80°C
for 5 min. and cooling slowly to 25°C. The subsequent enzymatic
extension of the primer —template complex was performed under
conditions that are analogous to Sanger sequencing, where the
natural nucleotides were mixed with either a dideoxynucleotide
or 3'-modified nucleotide terminator to generate a sequencing
ladder. For the second assay, designated the ‘Oligo-template
assay’, [*?P]-labeled universal primer was annealed to an
oligonucleotide template (0.05 pmol to 0.1 pmol respectively,
per 5 pL) in the same fashion. Subsequent extensions were
performed in the absence of the natural nucleotide when either
a dideoxynucleotide or 3'-modified nucleotide was tested.
For each reaction, 5 uL aliquots of the annealed primer-
template samples were dispensed into separate tubes containing
5 uL mixtures of each enzyme and nucleotides in their specific
buffers. The final buffer conditions, concentrations of nucleotides,
enzymatic units, and incubation temperatures are given in Table
1. The reactions were incubated for 10 min. and then stopped
by the addition of 5 uL. of stop solution containing 98% D.I.

formamide, 10 mM EDTA, pH 8.0, 0.025% bromophenol blue,
and 0.025% xylene cyanol. The samples were heated to 85°C
for 3 min., chilled on ice, and either 4 uE. (M13mp19-template
Assay) or 3 uL (Oligo-template assay) were loaded on a 10%
or 20% polyacrylamide gel, respectively. Following
electrophoresis, the gel was fixed in an aqueous 10% acetic acid,
10 % methanolic solution (v/v), dried, and autoradiographed on
HyperfilmTM-MP (Amersham).

Biotinylated Oligo-template assay

The conditions of this assay are similar to the Oligo-template
assay except prior to primer annealing, 2.0 pmol of biotinylated
template was captured on 10 mL streptavidin coated magnetic
beads (Dynal Dynabeads® M-280) in 1 M NaCl for 15 min.
After washing the bound template in the specific enzyme buffer,
0.1 pmol of {32P]-labeled universal primer was annealed to an
oligonucleotide template and extension reactions were performed
as described in the Oligo-template assay.

RESULTS

Syntheses and purification

Compounds [1] through [8] were synthesized, desilylated,
phosphorylated and purified as described above. In general, the
yields of 3’-protection reactions ranged from 57% to 98% with
the exception of 3'-O-THP-dATP [4]. This low yield (12%) is
believed to be due to the acidic properties of the silica gel
hydrolyzing the linkage to the THP group. For the desilylation
reactions, the yields ranged from 70% to 98 %, except for 3'-O-

Table 1. Specific enzymatic conditions for both the M13mp19-template and Oligo-template assays

Enzymatic | AMV-RT | M-MuLV-RT| Kienow |Sequenase®| Bst DNA | AmpliTaq®| Pfu(exo) tIth DNA | Vent(exo)® |
Conditions fragment polymerase DNA DNA polymerase DNA
polymerase | polymerase | polymerase
Buffers
[Tris-HCl] 50 mM, pH 8.3| 50 mM, pH 8.3 {10mM pH 8.5| 40mM, pH 7.5 |10 mM pH 85| 10 mM, pH 85| 20 mM pH 8.75 |50 mM, pH 8.3| 20 mM, pH 88
[MgClz] smM 8 m 5mM 5mM 10 mM 10 mM 2 mM MgSO4 smM 2 mi Mg50,
30 mM KCl 10 mM DTT 50 mM NaCt 50 mM NaCl | 10 mM KCl1 10 mM DTT 10 mM KC1
10 mM (NH4)7804 10 mdd (NHy)2S04
0.1% Triton X-100 0.1% Triton X-100
0.1 mg/mL BSA
Incubation
Temperature (°C) 37 37 37 37 65 68 75 74 72
Units 13 19 1.0 13 0.1 0.3 0.1 03 0.1
M13mp19-Templ.
[AATP} (WM) 40 N/D N/D 10 1 25 N/D N/D N/D
[dCTP] (uM) 40 N/D N/D 10 1 25 N/D N/D N/D
[dGFP} (uM) 40 N/D N/D 10 1 2.5 N/D N/D N/D
{dTTP} (uM) 40 N/D N/D 20 1 2.5 N/D N/D N/D
{ddATP) (uM) 2 N/D N/D 0.25 10 150 N/D N/D N/D
[ddCTP} (uM) 2 N/D N/D 0.25 10 75 N/D N/D N/D
{ddGTP] (uM) 2 N/D N/D 0.25 10 15 N/D N/D N/D
{AdTTPY (uM) 2 N/D N/D 0.5 10 150 N/D N/D N/D
Oligo-Templ.
[dATP) (uMd) 05 25 0.5 2.5 0.025 0.25 2.5 05 0.5
[4CTP) (uM) 0.5 25 0.5 2.5 0.025 0.25 2.5 25 0.5
[dTTP} (WMD) 25 25 0.5 25 0025 0.25 2.5 0.5 05
[ddATP} (12M) 2.5 250 0.05 2.5 0.25 25 /T 125 125
{ddGTP] (M) 0.5 250 0.05 2.5 0.25 0.25 74y 25 25
[ddTTP] (uM) 5 5 0.5 25 25 25 /T 100 100

N/D means the assay conditions were not determined and I/T means ddNTP termination was incomplete.



(4-nitrobenzoyl)-dATP [6]. The yield was reduced in that case
to 57% due probably to a rearrangement of the 4-nitrobenzoyl
group from the 3’-position to the 5'-position (data not shown).
The phosphorylation yields of compounds [1]—[4] and [6] —[8]
ranged from 25% to 40%. Thymidine analogs including 3'-O-
methyl-dTTP [8), however, had to be handled more cautiously
since they were more rapidly degraded by tributylammonium
pyrophosphate than were the adenosine analogs.

The 3’-modified-dNTPs were further purified by RP-HPLC
to = 99% prior to the polymerase assay. Each nucleotide
synthesis initially contained several major peaks that were
individually tested in the Oligo-template assay to determine the
active species. In general, the adenosine analogs contained both
the natural dATP and 3’-modified-dATP.

Termination assays :

A series of polymerases were chosen to test the candidate
3'-modified terminators, based on their broad template
specificities and their commercial availability. The conditions for
screening compounds [1]1—[8] using each enzyme were first
defined by a series of control polymerization experiments. For
the M13mp19-template assay, a range of dNTP and ddNTP
concentrations was identified that gave a clear sequencing ladder.
Each test gel subsequently contained constant ANTP/ddNTP ratios
in control lanes for three bases, while the concentrations of the
test compound and its corresponding ddNTP were varied.
The Oligo-template assay was also standardized before testing
each 3'-modified-dNTP for termination. The synthetic template
contained all four bases to allow for the incorporation of the
remaining natural nucleotides, so that other aspects of the enzyme
performance could be identified. We found that all the
polymerases misincorporated other dNTPs in the absence of the
complement dNTP, and this nucleotide readthrough was
concentration dependent. Thus, minimum dNTP concentrations
that gave efficient incorporation, but no apparent misincorporation
were first defined in this assay. These dNTP concentrations were
then used to determine the minimum ddNTP concentration that
yielded complete termination. Pfu (exo~) DNA polymerase was
excluded from the Oligo-template assay since a dJddNTP
concentration that yielded complete termination for this enzyme
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could not be identified. In each of the Oligo-template gels, the
reactions contained all the required nucleotides except the natural
nucleotide corresponding to the analog tested. The samples
routinely used in this assay were a blank control (absence of
corresponding ANTP or dANTP), a titration of the corresponding
ddNTP, a readthrough control (presence of corresponding
dNTP), and a titration of the corresponding 3’-modified-dNTP.

Terminator screen

Table 2 summarizes the data from the enzymatic screen of
compounds [1] —[8]. Three main classes of activity were defined:
termination, inhibition, and inactive. Termination was apparent
when the reaction containing the test compound mimicked the
migration pattern of the ddNTP control. Inhibition was revealed
when the presence of the test compound prevented the polymerase
from incorporating the natural nucleotides. No activity was
recorded when the 3'-modified-dNTPs mimicked either the blank
or readthrough controls. In addition, a fourth effect related to
an alteration in enzymatic fidelity is discussed below. Compounds
[1], [8], and [7] showed specific termination and were further
evaluated with respect to their concentration dependent effects.

3'-O-methyl-dATP [1] incorporation

The MI13mpl9-template assay in Figure 3A shows the
incorporation of 3'-O-methyl-dATP {1] by AMV-RT. The
termination of DNA synthesis by 3’-O-methyl-dATP [1] mimics
the ddATP controls in a concentration dependent manner,
although each band appears to migrate slightly slower. From the
comparison of termination band intensities, it can be estimated
that 3'-O-methyl-dATP [1] is approximately 200 to 250-fold less
efficiently incorporated by AMV-RT than ddATP (compare lanes
6 and 8: 5 mM and 1 mM, respectively). In Figure 3B, the Oligo-
template gel also shows the incorporation of 3’'-O-methyl-dATP
[1] by AMV-RT. In addition to termination, some readthrough
was also observed due to the presence of contaminating dATP.
All RP-HPLC purified 3’-modified-dATPs (compounds [1]1—{7])
showed approximately 1% dATP contamination, and these trace
levels could not be removed by subsequent RP-HPLC.
3'-0-Methyl-dATP [1] was also incorporated by M-MuLV-
RT and inhibited DNA syntheses by r7th and Ventge (exo™)

Table 2. Activity matrix of RP-HPLC purified 3'-protecting dNTPs challenged against commercially available polymerases

F-modificd-dATP AMV-RT |M-MuLV-RT] Klenow | Sequenase®]| BsI DNA | AmpliTaq® [Ventr(exo)®| rTHiDNA |
(except compound [8]) fragment polymerase |DNA ‘DNA polymerase
poly poly
[1] O-methyl Termination | Termination®| - - - Inhibition | Inhibition*
{2} O-acyl - - - - Inhibition
[3) O-allyl - - - - Termination*|
{4]) O-tetrahydropyran - -
(5] O-(4-nitrobenzoyl) - - - - -
[6] O-(2-aminobenzoyl) - -
{7} O~(2-nitrobenzyl) - Inhibition [Termination |Termination*|Termination*
{8] 3'-O-methyl-dTTP - Inhibition Inhibition |Termination } Termination ) Termination | Termination
All compounds were assayed at a final concentration of 250 M according to the conditions speciﬁed in Table 1. ‘—' means

no activity was detected, ‘Termination’ means that the termination bands mimic ddNTP termination bands, and ‘Inhibition’
means the rate of DNA synthesis is reduced in a nonspecific manner. ‘*’ means the activity was incomplete at a final concentration

of 250 uM .



4264 Nucleic Acids Research, 1994, Vol. 22, No. 20

Figure 3. Incorporation of 3’-O-methyl-dATP by AMV-RT. (A)
M13mpl9-template assay: In addition to the conditions specified in Table 1, lane
1 contained no ddNTPs, and lanes 2 —5 contained ddTTP, ddGTP, ddCTP, and
ddATP, respectively. Lanes 6 and 7 contained 5 ¢M and 10 pM of ddATP,
respectively. Lanes 8 — 10 contained 1 mM, 5 mM, or 10 mM of 3'-O-methyl-
dATP, respectively. (B) Conditions for the AMV-RT Oligo-template assay were
used where lanes 1 and 6 contained no dNTPs or ddNTPs. Lanes 2—S5 contained
dATP, dCTP and ddGTP. In addition, lane 3 contained ddTTP, lane 4 contained
dTTP, and lane 5 contained 500 uM of 3'-O-methyl-<dTTP. Lanes 7 14 contained
dCTP, dTTP and ddGTP. In addition, lane 8— 10 contained 0.1 M, 0.5 uM,
and 2.5 uM of ddATP; lane 11 contained dATP; and lanes 12—14 contained
10 M, 50 pM, and 250 uM of 3'-O-methyl-dATP.

DNA polymerases. In the M-MuLV-RT Oligo-template assay,
we observed a batch-to-batch difference in assaying both 3'-O-
methyl-dATP [1] and 3'-O-acyl-dATP [2], (data not shown).
While, the ddN'TP controls gave similar results in both M-MuL V-
RT batch assays, 3’-O-methyl-dATP [1] showed minor
termination, and both 3’-O-dATP analogs ([1] and {2]) showed
partial inhibition of DNA synthesis in M-MuLV-RT batch 1. In
contrast, 3’-O-methyl-dATP [1] showed significant termination
of DNA synthesis, and both 3’-O-dATP analogs ([1] and [2])
showed significant readthrough in M-MuLV-RT batch 2. This
observation illustrates the importance of assaying candidate
compounds with multiple enzyme batches.

3'-O-methyl-dTTP [8] incorporation

Unlike 3'-O-methyl-dATP {1], 3’-O-methyl-dTTP [8] was not
incorporated by AMV-RT, (Figure 3B). A similar result was

obtained by using the AMV-RT M13mp19-template assay (data
not shown). However, 3’-O-methyl-dTTP [8] was efficiently
incorporated by AmpliTaq® DNA polymerase in the
M13mp19-template assay, and the termination pattern mimicked
the ddTTP DNA ladders in a concentration dependent manner,
(Figure 4A). Additional bands, however, were observed in the
3’'-O-methyl-dTTP [8] ladders that were generated by both
AmpliTaq® DNA polymerase (see arrows) and Bst DNA
polymerase (data not shown) assays. The position of these
additional bands corresponded to ddATP termination bands
suggesting misincorporation of the thymidine analog in place of
the deoxyadenosine analog. The efficiency of incorporation
relative to ddTTP was, therefore, not determined in the
M13mpl9-template assays because of the additional bands.

Figure 4B shows the results of challenging 3'-O-methyl-dTTP
[8] against four thermostable DNA polymerases in the Oligo-
template assay. 3'-O-Methyl-dTTP [8] terminates all four
polymerases in a concentration dependent manner. From the
comparison of band intensities of 3'-O-methyl-dTTP [8] to ddTTP
termination products, it can be estimated that 3'-O-methyl-dTTP
[8] is approximately 50-fold less efficiently incorporated by Bst
DNA polymerase than ddTTP, 20-fold less efficiently
incorporated by AmpliTaq® DNA polymerase than ddTTP,
2-fold less efficiently incorporated by r7th DNA polymerase than
ddTTP, and 10-fold less efficiently incorporated by Venty®
(exo™) DNA polymerase than ddTTP.

Further investigation of a different nucleotide composition in
the Oligo-template assay revealed altered base specificity of 3'-O-
methyl-dTTP [8]. In the absence of dATP, 3’-O-methyl-dTTP
[8] was incorporated by both Bst and AmpliTaq DNA
polymerases, and the termination bands mimicked the ddATP
controls, (Figure 4C). It is noteworthy that in addition to 3’-O-
methyl-dTTP {8] incorporation in Figure 4C, significant levels
of readthrough were observed. Since the Oligo-template assay -
was performed in the absence of a deoxyadenosine analog, the
readthrough must reflect the misincorporation of dNTPs in the
noncomplement base position. This result suggests that 3'-O-
methyl-dTTP [8] alters the base specific properties of DNA
polymerases, not only in its incorporation, but in the incorporation
of other natural nucleotides present in the reaction. This result
also highlights the importance of the precise conditions of
incorporation assays.

3'-0-Q2-nitrobenzyl)-dATP [7] incorporation by Bst DNA
polymerase

3'-0-(2-Nitrobenzyl)-dATP [7] terminated Bst DNA synthesis
in a base specific manner. In the Bst M13mp19-template assay,
however, the termination did not correspond to any of the ddNTP
controls, (Figure 5A). This result made it difficult to assign a
specific mode of action to 3’-O-(2-nitrobenzyl)-dATP (7). The
assignment was resolved using the biotinylated Oligo-template
assay that gave strong evidence for termination. As shown in
Figure 5B, 3’-O-(2-nitrobenzyl)-dATP [7] terminates Bst DNA
synthesis where the DNA fragment migrates slower than the
ddATP control, (compare lanes 3 and 7). 3’-O-(2-Nitrobenzyl)-
dATP {71 is a UV sensitive compound that undergoes an
intramolecular rearrangement by irradiation to give dATP and
nitrosobenzaldehyde (22). Following UV exposure, the DNA
termination fragment migrated at the same rate as the ddATP
control, (compare lanes 3 and 8). This observation suggests that
the 2-nitrobenzyl group can significantly alter the mobility of
DNA in the gel and may provide a possible reason for the
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Figure 4. Incorporation of 3'-O-methyl-dTTP by Bst, AmpliTaq® , r7th , and
Ventz® (exo™) DNA polymerases. (A) M13mp19-template assay (AmpliTag® ):
Enzymatic conditions in Table 1 were used where lane 1 contained no ddNTPs,
and lanes 2—5 contained ddATP, ddCTP, ddGTP, and ddTTP, respectively. Lanes
6 and 7 contained 450 uM and 750 of uM ddTTP, respectively. Lanes 8—10
contained 1 mM, 2.5 mM, or 5 mM of 3’-O-methy-dTTP, respectively. Arrows
correspond to termination bands that are observed in the ddATP control (compare
lanes 2 with 8~10). (B) Conditions for the Oligo-template assay were used for
Bst, AmpliTaq® , rTth , and Ventzg® (exo”) DNA polymerases. Lane 1
contained no dNTPs or ddNTPs. Lanes 2—7 contained dJATP, dCTP and ddGTP.
In addition, lanes 3—35 contained (Bst) 0.1 zgM, 0.5 pM and 2.5 yM ddTTP;
(AmpliTag® ) 1.0 uM, 5.0 uM and 25 M ddTTP; (rTth ) and (Ventg® (exo™))
4 uM, 20 pM, and 100 M ddTTP, respectively; lane 6 contained dTTP; and
lanes 7—9 contained (Bst ) 4 uM, 20 uM, and 100 M of 3'-O-methyl-dTTP;
(AmpliTaq® ), (tTth ), and (Venig® (exo™)) 20 uM, 100 M, and 500 M of
- 3'-0-methyl-dTTP, respectively. (C) Oligo-template assay (Bst, and AmpliTaq®
DNA polymerases): Lane 1 contained no dNTPs or ddNTPs. Lanes 29 contained
dCTP, dTTP and ddGTP. In addition, lanes 3 —5 contained (Bst ) 0.01 uM, 0.05
#M, and 0.25 uM of ddATP and (AmpliTag® ) 0.1 uM, 0.5 M, and 2.5 uM
of ddATP, respectively; lane 6 contained dATP; and lanes 7—9 contained (Bst
) and (AmpliTaq® ) 20 uM, 100 uM, and 500 uM of 3'-O-methyl-dTTP,
respectively.

complicated pattern observed in the M13mp19-template assay.
However, after exposing the DNA fragments to UV, a complex
pattern was still observed in the M13mp19-template assay (data
not shown).

The biotinylated Oligo-template assay was used to examine the
reinitiation of DNA synthesis after 3’-O-(2-nitrobenzyl)-dATP
[7]1 incorporation and UV deprotection. Following 3'-O-
(2-nitrobenzyl)-dATP [7] termination, the solid-phase bound
template was thoroughly washed and exposed to UV for 10 min.
All the nucleotides required for the reinitiation of Bst DNA
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synthesis were then added in the absence of a deoxyadenosine
analog. DNA synthesis clearly continues subsequent to 3'-O-
(2-nitrobenzyl)-dATP [7] incorporation and UV deprotection,
(Figure 5C).

DISCUSSION

In this study, the behavior of a series of novel nucleotide analogs
was evaluated. Two different template tests were developed using
various nucleotide compositions to assay the 3’-modified-dNTPs
for incorporation by a variety of polymerases. Three compounds,
3’-O-methyl-dATP [1], 3’-O-methyl-dTTP [8], and 3'-O-
(2-nitrobenzyl)-dATP [7], proved to be interesting DNA synthesis
terminators. In Sanger sequencing, the 3'-O-methyl analogs
generated clean terminating ladders, thus demonstrating their
possible role as alternative terminators to ddNTPs. One of the
labile nucleotide analogs, 3'-O-(2-nitrobenzyl)-dATP [7] was
incorporated by Bst DNA polymerase. Subsequent removal of
the 2-nitrobenzyl group and the reinitiation of DNA synthesis
were used to demonstrate one complete cycle in BASS DNA
sequencing.

Some notable correlations were observed between the structure
of the 3’'-modified-dNTPs and the specificity of enzymatic
incorporation. First, the protecting groups containing ether
linkages at the 3’-position, compounds [1], [3], [4], [7], and [8]
were incorporated by some of the polymerases. With the
exception of inhibition of Ventg® (exo~) DNA synthesis by
3'-O-acyl-dATP [2], those substrates containing ester linkages
at the 3'-position, i.e., compounds [2], [S], and [6], were not
accepted for any of the polymerases examined here. A
comparison of compounds [5] and [6] with [7] illustrates this
point. Both 3'-O-benzoyl-dATPs [5] and [6] were determined
to be inactive in all the polymerase assays, whereas the 3'-O-
(2-nitrobenzyl)-dATP [7] was incorporated by Bst, AmpliTaq®,
and" Ventg® exo~) DNA polymerases and inhibited
Sequenase® DNA synthesis. Second, no consistent activity
pattern between the polymerases and the analogs could be
discerned. However, the incorporation of 3'-O-methyl-dATP [1]
and of 3'-O-methyl-dTTP [8] was favored by reverse
transcriptases and by thermostable DNA polymerases,
respectively.

The data presented here are consistent with previous reports
(1,3-9,11). A number of other 3’-modified-dNTPs have been
synthesized and tested by various incorporation assays. Some
examples from this nucleotide set include the 3'-O-methyl (5-7),
3’-amino (3), 3'-azido (1,6), 3'-chioro (8), 3'-fluoro (4), and
3’-mercapto (11) nucleoside-5'-triphosphates. The compounds in
this study, with the exception of 3’-O-methyl-dATP [1], represent
novel 3’-modified-dNTPs. The activity of 3'-O-methyl-dATP [1]
has previously been shown to be incorporated by AMV-RT (4,6)
and was shown to be inactive using Klenow fragment (5). We
have expanded the list of polymerases to include those enzymes
developed for DNA sequencing purposes (23 —26).

The assay conditions are important determinants for evaluating
the combined behavior of enzymes and 3’-modified-dNTPs.
Here, two different template assays were used to enhance the
chances of detecting enzymatic activity. Typically in the past,
either a ‘short’ or a ‘long’ template assay has been used to monitor
nucleotide incorporation (23 —27) and misincorporation (28 —30),
and it is not clear that either template assay mimics the natural
environment of DNA replication more than the other (31). In
addition to patterns of termination, the sensitivity of these assays
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Figure 5. Incorporation of 3'-O-(2-nitrobenzyl)-dATP by Bst DNA polymerase.
(A) M13mp19-template: In addition to the conditions specified in Table 1, lane
1 contained no ddNTPs, and lanes 2 ~5 contained ddTTP, ddGTP, ddCTP, and,
ddATP, respectively. Lanes 6 and 7 contained 25 uM and 50 pM of ddATP,
respectively. Lanes 810 contained 0.25 mM, 0.5 mM, or 1 mM of 3'-0O-
(2-nitrobenzyl)-dATP, respectively. (B) Bst Biotinylated Oligo-template assay
conditions specified in Table 1 were used. Lane 1 contained no dNTPs or ddNTPs.
Lanes 2—8 contained 0.05 uM of dCTP and 2.5 uM ddGTP. In addition, lane
3 contained 0.05 uM of dTTP and 5 M of ddATP, lane 4 contained 0.05 M
of dATP, lanes 5 contained 0.05 uM of dATP and 50 M of ddTTP, lane 6
contained 0.05 uM of dATP and dTTP. Lanes 7 and 8 contained 0.05 M of
dTTP and 250 uM of 3'-0O-(2-nitrobenzyl)-dATP. Lane 8 was exposed to UV
for 10 minutes. (C) The reactions conditions for lanes 1—8 are equivalent to
(B) except for lane 8. Following UV deprotection, the reinitiation reaction were
performed under the conditions specified in Table 1 and 0.05 uM of dCTP and
dTTP and 2.5 uM ddGTP.

revealed isolated cases of DNA synthesis inhibition. The mode
of inhibition is potentially of biological significance and is worthy
of further investigation.

The short and long template assays employed in this study were
tested either in the absence or in the presence of its competing
dNTP, respectively. Each template assay, therefore, generated
additional information not provided by the other. The Oligo-
template assay was particularly useful for examining the
incorporation of 3’-modified-dNTPs at reduced concentrations
and revealed the presence of natural nucleotide contamination

in the RP-HPLC purified 3'-modified-dNTP solutions. The
M13mpl19-template assay revealed the reduction of enzymatic
fidelity in the incorporation of 3’-O-methyl-dTTP [8] by the
thermostable DNA polymerases which was subsequently
confirmed in the Oligo-template assay. These observations were
possible because the assays were performed by varying the
nucleotide composition and were not dependent of the length of
the template.

The 3'-modified-dNTPs synthesized here were tested in a
Sanger-type DNA sequencing scheme as alternative chain
terminators. The 3’-O-methyl analogs best fit this class of dideoxy
sequencing terminators because they generated clean sequencing
ladders. In comparison to the ddNTPs that terminate the syntheses
of DNA polymerases, both 3’-O-methyl-dATP [1] and 3'-O-
methyl-dTTP [8] were less efficiently incorporated by these
enzymes. The incorporation efficiency of the 3'-O-methyl analogs
relative to their ddNTP analogs was variable and dependent upon
the enzyme examined. For instance, the incorporation efficiency
3'-0-methyl-dTTP [8] ranged from 50-fold less for Bst DNA
polymerase to 2-fold less for r7th DNA polymerase relative to
ddTTP.

Several unexpected results were observed in the use of the
3'-O-methyl-dNTPs as terminators in DNA sequencing. First,
the 3'-O-methyl-dTTP [8] reduced enzyme fidelity. Also, we
have not identified a polymerase that will incorporate both 3'-O-
methyl-dATP [1] and 3’-O-methyl-dTTP [8]. These problems
could be resolved by increasing the concentration of dATP in
the former case to titrate away artifact termination bands and by
testing more polymerases in the latter case. This issue, however,
could also be resolved by substituting 2’-deoxy-3'-O-methyl-
uracil-5'-triphosphate (3'-O-methyl-dUTP) for 3'-O-methyl-dTTP
[8]. Kutateladze et al. have shown the incorporation of 3'-O-
methyl-dATP, 3’-O-methyl-dCTP, 3’-O-methyl-dGTP, and 3'-O-
methyl-dUTP by AMV-RT in a base specific manner (7). The
use of these 3’-O-methyl terminators, however, has not been
exploited in DNA sequencing strategies. We have synthesized
the 3’'-O-methyl-dUTP, and we are currently evaluating its
activity with AMV-RT in the M13mp19-template assay. The
eventual utility of the 3’-O-methyl terminators in Sanger
sequencing and whether these novel terminators can eliminate
artifacts such as gel compression remains to be determined.

The base specific incorporation of a labile terminator, the
efficient removal of its 3’-protecting group, and the reinitiation
of DNA synthesis demonstrate a one-cycle example of BASS.
3'-0-(2-Nitrobenzyl)-dATP [7] is a UV sensitive compound that
decomposes to dATP, and both the incorporation and deprotection
characteristics of this nucleotide analog made it an ideal
compound to test the feasibility of this system. Here, it has been
shown that 3'-O-(2-nitrobenzyl)-dATP [7] terminates Bst DNA
synthesis in a base specific manner, and that following
incorporation into DNA, the 2-nitrobenzyl group can be
efficiently removed by UV. This UV deprotection was
demonstrated by a band shifting pattern of the terminated reaction
that mimicked the ddATP control and by the reinitiation of DNA
synthesis in the Oligo-template assay, (Figures 5B and 5C,
respectively). The band shifting experiment was crucial in
demonstrating base specificity in that it discriminates between
true incorporation of the nucleotide analog and nonspecific
termination followed by incorporation of the natural,
contaminating dNTP that we and others (7) have observed in the
synthesis of 3’-modified-dNTPs.



Identification of a labile terminator sets the stage in the
development of BASS. Investigations into the efficiencies of each
step are required to further develop this strategy into a working
model. We are currently evaluating both different base analogs
containing the 2-nitrobenzyl protecting group and 3'-O-
fluorescently labeled dNTPs for enzymatic activity. Efforts into
high-density solid support technologies and quantitative imaging
systems are also being pursued to integrate BASS into a feasible
alternative to Sanger sequencing.
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ABSTRACT

The Human Genome Project has facilitated the
sequencing of many species, yet the current
Sanger method is too expensive, labor intensive
and time consuming to accomplish medical rese-
quencing of human genomes en masse. Of the
‘next-generation’ technologies, cyclic reversible
termination (CRT) is a promising method with the
goal of producing accurate sequence information at
a fraction of the cost and effort. The foundation of
this approach is the reversible terminator (RT), its

chemical and biological properties of which directly

impact the performance of the sequencing technol-
ogy. Here, we have discovered a novel paradigm in
RT chemistry, the attachment of a photocleavable,
2-nitrobenzyi group to the N°-position of 2’-deoxy-
adenosine triphosphate (dATP), which, upon incor-
poration, terminates DNA synthesis. The 3'-OH
group of the N°-(2-nitrobenzyl)-dATP remains
unblaocked, providing favorable incorporation and
termination properties for several commercially
available DNA polymerases while maintaining good
discrimination against mismatch incorporations.
Upon removal of the 2-nitrobenzyl group with UV
light, the natural nucleotide is restored without
molecular scarring. A five-base experiment, illus-
trating the exquisite, stepwise addition through a
homopolymer repeat, demonstrates the applicability

of the N®-(2-nitrobenzyl)-dATP as an ideal RT for.

CRT sequencing.

INTRODUCTION

Next-generation technologies are being developed to
advance sequencing to the $100000, and eventually the

$1000 genome. A number of strategies, albeit at different
stages of development, have been proposed including
pyrosequencing, sequencing-by-ligation (SBL), cyclic
reversible termination (CRT), real-time sequencing and
nanopore sequencing (1-6). CRT is a promising approach,
which is comprised of a three-step process of incorporat-
ing modified nucleotides, fluorescence imaging and
deprotecting after which the cycle begins again (5,6).
CRT reactions can be performed in a high-density format
using single-molecule arrays (3) or oligonucleotide arrays
(5,7), eliminating the requirement for gel electrophoresis
while significantly increasing sequence throughput. At the
center of this technology is the reversible terminator (RT),
whereby DNA polymerases exhibit specific and efficient
incorporation of the modified nucleotide into the growing
primer strand, with deprotection chemistries resulting in
the efficient removal of the terminating group.

To date, known RTs have contained labile blocking
groups at the 3-OH of the ribose sugar resulting
in termination of synthesis (7-11). In 1994, Metzker
et al. reported the synthesis of 3'-O-(2-nitrobenzyl)-
2'-deoxyadenosine and incorporation of its triphosphate
by several DNA polymerases (8). The 2-nitrobenzyl group
and its derivatives are widely used as photocleavable,
‘caging’ functionalities for altering normal biomolecular
processes (12). Recently, we discovered that the reported
synthesis of 3’-0-(2-nitrobenzyl)-2'-deoxyadenosine Ia
[designated as compound 7 in Metzker er al. (8)]
was incorrect, and that the actual product obtained from
the reaction of 2'-deoxyadenosine with 2-nitrobenzyl
bromide using NaH in DMF is N® NSbis-(2-nitro-
benzyl)-2’-deoxyadenosine Ma (Scheme 1). To investigate
whether the 3'-O-alkylated compound could act as a
terminator of DNA synthesis and confirm the identity of
the active triphosphate reported by Metzker et al. (8), we
synthesized and characterized 3'-O-(2-nitrobenzyl)-
2'-deoxyadenosine analogs Ia—Xc and N® N®-bis-(2-nitro-
benzyl)-2’-deoxyadenosine analogs Ha-IIc (Figure 1),
both of which Ic and Ile triphosphates proved inactive
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Figure 1. Structures of 3'-O-alkylated and N®-alkylated 2'-deoxyadenosine analogs.

(.

by DNA polymerase incorporation assays. This finding
led to the synthesis and characterization of a third set of
N®.(2-nitrobenzyl)-2’-deoxyadenosine analogs Xla-Ic
- (Figure 1), of which compound XIb was originally
identified by us as an intermediate during the ultraviolet
(UV) light-induced deprotection of compound b to its
corresponding parent analog. Here, we report that the
active triphosphate described by Metzker e al. (8) is
actually the N°-(2-nitrobenzyl)-dATP e, representing a
novel, ¥-unblocked terminator of DNA synthesis and an
ideal candidate as a RT for the CRT approach.

MATERIALS AND METHODS
Reagents and materials

Chemical reagents and solvents were purchased from Alfa
Aesar, Sigma-Aldrich, or EM Sciences. Oligonucleotides
were purchased from Integrated DNA Technologies.
2'-Deoxyadenosine triphosphate (dATP), 2/,3-dideoxy-
adenosine triphosphate (ddATP) and Q Sepharose Fast
Flow anion-exchange resin were purchased from GE
Healthcare Life Sciences. All DNA polymerases and
apyrase were purchased from New England Biolabs,
with the exception of AmpliTagFS being purchased

from Applied Biosystems (AB). Analytical silica gel 60
Fasqa TLC plates were purchased from Whatman, and
silica gel 60 (230-400 mesh) was purchased from EM
Sciences.

Nucleasides and nucleotides synthesis

Complete experimental procedures describing synthesis of
the compounds used in this work are available in the
Supplementary Data.

UYV deprotection studies for compounds Ib, IIb and HIb

5’-0O-tert-butyldimethylsilyl (TBS) derivatives Ib, IIb and
HIIb in methanol (0.2ml, 1mM) were transferred to a
Wheaton scintillation vial and irradiated with a 0.5mW
transilluminator light source at either 302 or 365nm.
Aliquots of the irradiated solution were taken at different
time intervals and analyzed for the loss of starting
material and appearance of the deprotected product by
reverse-phase (RP) HPLC. Deprotection half-life times
(DT,,z) were determined from kinetic plots at which 50%
of the compound was deprotected (i.e. loss of the
2-nitrobenzyl group). UV deprotection experiments were
performed in triplicate for each compound.



Oligonucleotide template assay

As described for the polymerase end-point (PEP) assays,
compounds Ye¢, IIe and Ie were tested for incorpo-
ration with Bst DNA polymerase at concentrations
of 200nM and 100 pM using the BODIPY-R6G labeled
primer-1 (5-TTGTAAAACGACGGCCAGT) (13) and
oligoTemplate-1 {(5-TACGGAGCAGTITITACTGGC
CGTCGTTTTACA, interrogation base is underlined
and bolded) complex. Reactions were quenched with
10 pl of stop solution and analyzed using an AB model 377
DNA sequencer.

PEP assay

All DNA polymerases (see Supplementary Data for
definitions) were assayed in 1x ThermoPol buffer
(20mM Tris—HC], pH 8.8; 10mM (INH,),SO,; 10mM
KCL 2mM MgSOy; 0.1% Triton X-100, New England
BioLabs). We found that the addition of Triton X-100
stimulated the activity of many of the enzymes tested (data
not shown), which is consistent with other reports (14,15).
For all polymerases evaluated in this study, 5nM
BODIPY-FL labeled primer-1 was annealed with 40 nM
of oligoTemplate-2 (§-TACGGAGCAGTACTGGCC
GTCGTTTTACA, interrogation base is underlined and
bolded) in 1 ThermoPol buffer at 80°C for 30s, 57°C for
30s and then cooled to 4°C. The primer/template complex
was then diluted in half (i.e. its final concentration was
2.5nM in a volume of 10pul) by the addition of DNA
polymerase, nucleotide analog and ThermoPol buffer.
This defines the lower limit of the ICsq value for nucleotide
titrations to 1.25nM (i.e. [primer] = [primer plus incor-
porated nucleotide]). Polymerase reactions were incubated
at their appropriate temperature (Supplementary Table 1)
for 10min, then cooled to 4°C and quenched with 10pl
of stop solution (98% deionized formamide; 10mM
Na,EDTA, pH 8.0; 25mg/ml Blue Dextran, MW
2000000). Stopped reactions were heated to 90°C for
30s and then placed on ice. The extension products were
analyzed on a 10% Long Ranger (Cambrex) polyacryl-
amide gel using an AB mode] 377 DNA sequencer, the
quantitative data of which are displayed as a lincar-log
plot of product formation versus compound concentra-
tion. PEP assays were performed in triplicate, for each
DNA polymerase/nucleotide analog combination, to
calculate the average ICso:1 SD.

Compound IIlc and ddATP were then titrated using the
PEP assay with the eight DNA polymerases (unit activities
defined in Supplementary Table. 1) in the concentration
range of either 0.1nM to 100 nM, 1 nM to 1 uM, 10nM to
10uM or 100nM to 100puM. Average ICso£1 SD values
were calculated for compound Xfc and ddATP using
oligoTemplate-2 as described above.

PEP termination assays for compound Ilc

OligoTemplate-2 was substituted with 40aM of
oligoTemplate-3 (5-CCGTTTETTTITTTACTGGCCGT
CGTTTTACAGCCGCCGCCGCCGAACCGAGAC-
Biotin, interrogation bases are underlined and bolded),
annealed to 5SnM BODIPY-FL labeled primer-1 and
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assayed as described above. The PEP titrations were then
performed at 1x, 5% and 25x ICsq values for compound
Hlc, using the eight DNA polymerases, and reported as %
primer product, % first-base product and % second-base
product.

PEP mismatch assays for compound I¥c

OligoTemplate-2 was substituted with either 40nM of
oligoTemplate-4 (5-TACGGAGCTGAACTGGCCGTC
GTTTTACA), 40nM of oligoTemplate-5 (5-TACG
GAGCAGCACTGGCCGTCGTTTTACA) or 40nM of
oligoTemplate-6  (5-TACGGAGCAGGACTGGCCGT
CGTTTTACA, interrogation bases are underlined and
bolded), annealed to 5nM BODIPY-FL labeled primer-1,
and assayed as describcd above. Compound IIc and
dATP were assayed in the concentration range of 100 nM
to 100 pM, and ddATP in the range of 500nM to 500 pM.
Average ICs5q+ 1 SD values were calculated for AATP and
compound IHe using oligoTemplate-4, -5 and -6, as
described above.

UYV deprotection studies for compound Ilc incorporated
into the primer/template complex

As described for the PEP assays, compound Iflc was
incorporated at a concentration of 100nM, using the
BODIPY-FL labeled primer-1/oligoTemplate-2 complex,
and quenched with 10l of stop solution. The stopped
reactions were exposed to 365 nm light for 0, 10, 20, 30, 45
or 60s, using our custom-designed UV deprotector
(Supplementary Figure 1), then analyzed using an AB
model 377 DNA sequencer. The quantitative data are
displayed as a linear—log plot of product formation versus
time. Deprotection assays were performed in triplicate to
calcuiate the average DT+ 1 SD.

Five-base sequencing experiment using compound IIlc as
reversible terminator

An 80nM solution of oligoTemplate-3 in 1 M NaCl and
1x ThermoPol buffer (final volume: 12.5 pl) was incubated
for 15min at room temperature with 5pl of streptavidin-
coated M-270 magnetic Dynabeads (Invitrogen), which
had been previously washed three times with 5ul 1x
ThermoPo! buffer. The oligoTemplate-3 bound beads
were then washed an additional three times with 5pl 1x
ThermoPol buffer and annealed with 5pl 20nM
BODIPY-FL labeled primer-2 (5-GGCGGCGGCG
GCTGTAAAACGACGGCCAGT) in 1x ThermoPol
buffer at 80°C for 30s, 57°C for 30s and then cooled to
4°C. The beads were then washed twice with 5ul 1x
ThermoPol buffer.

Incorporation step. The BODIPY-FL labeled primer-2/
oligoTemplate-3 complex bound beads were incubated
with four units of Bst DNA polymerase and 250nM of
compound Ilc in 1x ThermoPol buffer (reaction volume:
20 pl) at 65°C for 6min, then placed on ice. Compound
Iflc-incorporated beads were washed four times with 50 ul
W10 washing solution (10mM Tris-HC], pH 8.0; 10 mM
NaEDTA; 0.1% Triton X-100), then once with 20 pl W10
washing solution.



6342 Nucleic-Acids Research, 2007, Vol. 35, No. 19

Deprotection step. The beads were resuspended in 20pl
deprotection solution (20% aqueous deionized forma-
mide; 10mM Na,EDTA, pH 8.0; 16.6mg/ml Blue
Dextran, MW 2000000), exposed to 365nm light for
9min (i.e. 3 x 3min exposures interrupted with a 15-s
mixing step to ensure good resuspension of the beads)
using the customized UV deprotector (Supplementary
Figure 1), then washed four times with 50 ul 1x apyrase
buffer (100 U/l apyrase in 1x ThermoPol), three times
with 50 ul W10 washing solution, twice with 50pul 1x
ThermoPol buffer and then once with 20 ul 1 x ThermoPo]
buffer.

The entire cycle was then repeated from the incorpora-
tion step. Final reactions were washed twice with 50 pl
W10 washing solution, once with 20pl W10 washing
solution, quenched with 10p} of stop solution, heated to
50°C for 30s and placed on ice. The extension products
were analyzed on a 10% Long Ranger polyacrylamide gel
using an AB model 377 DNA sequencer.

Ab initio calculations

Adenine-thymine and N°-(2-nitrobenzyl)-adenine-thymine
base pairs were created with the nucleobases planar to
each other, using Watson—Crick hydrogen-bond distances
of 282A (N'...H-N® and 2.91A (N*-H...0% (16),
utilizing ChemDraw and Chem3D Ultra 9.0
software packages (CambridgeSoft). A series of 3D,
NS-(2-nitrobenzyl)-adenine~thymine base pairs were then
created by rotating the 2-nitrobenzyl group, pivoted on
the NS-position of adenine, 360° at 5° intervals, with the
nitro group at 0°, 30°, 45°, 60° and 90° intervals relative to
the plane of the phenyl group. Chem3D structures were
then further optimized using the GAMESS program (17).
Restricted Hartree~Fock (RHF) epergy calculations were
initially determined using the STO-3G atomic orbital/shell
data set, and each nitro group conformation (i.e. 0°, 30°,
45°, 60° or 90° intervals) was plotted as RHF energy
versus degrees of rotation of the 2-nitrobenzyl group. Our
calculations revealed that a 45° rotation of the nitro
group, relative to the plane of the phenyl group, gave the
lowest RHF energy calculations. The N°-(2-nitrobenzyl)-
adenine-thymine base-pair conformations were further
characterized using the more stringent 6-31G™ atomic
orbital/shell calculations and plotted as RHF energy
versus degrees of rotation of the 2-nitrobenzyl group
(data not shown). To evaluate the efficacy of our existing
software tools, we modeled the natural adenine—thymine
base pair and compared our results to those reported by
Sponer et al. (18,19). Here, we used the 6-31G™ atomic

orbital/shell set, with the X, Y, Z coordinates described

in Ref. (19) to perform the calculations. Showing
good agreement with these reports (Supplementary
Table 3), this served as an independent validation of our
method.

RESULTS
Nucleosides and nucleotides synthesis

To synthesize the 3'-0-(2-nitrobenzyl)-2’-deoxyadenosine
analog Ia, the 5-hydroxyl and 6-amino groups of

2/-deoxyadenosine were protected with tert-butyldimethyl-
sily] (TBS) and .terr-butyloxycarbonyl (Boc) groups,
respectively, to yield intermediate 1, according to Furrer
and Giese (20). Transformation of this precursor into
intermediate 2 occurred via deprotection and selective
reprotection procedures, as outlined in Scheme 2.
Alkylation of intermediate 2 with 2-nitrobenzyl bromide,
using phase transfer catalysis under basic conditions, gave
the desired 3’-0 alkylated intermediate 3 in 91% yield.
The bis-Boc groups were removed by heating on silica gel
under vacuum (20) to give compound Ib in 91% yield,
followed by the removal of the 5-0-TBS group with
tetra(n-butyl)ammonium fluoride to give compound Ia in
23% yield. Synthesis of the triphosphate was performed
using the ‘one-pot’ procedure described by Ludwig (21),
followed by purification using Q Sepharose FF anion-
exchange chromatography to yield compound Ic as an
ammonium salt.

Treatment of 2’-deoxyadenosine with NaH in DMF
at 0°C followed by 2-nitrobenzyl bromide gave bis-NS,
NS-(2-nitrobenzyl)-2'-deoxyadenosine a in 22% yield
(Scheme 3). The assignment of the Ia structure was
based on the "H NMR spectra (in DMSO-dy), which
showed a total of cight aromatic hydrogens derived from
the two 2-nitrobenzyl moieties and two D,0O-exchangeable
signals from 3- and 5-hydroxyl groups of the
2’-deoxyribose. Selective 5-O-TBS protection gave com-
pound IIb in 57% yield. Phosphorylation of compound
Hla was performed using the same procedure described for
compound Ya, with the exception that purification of
triphosphate Hc was achieved by preparative HPLC.

N°®-(2-Nitrobenzyl)-2'-deoxyadenosine Iia was pre-
pared based on the work of Wan et al. (22). Treatment
of 2-deoxyinosine with 2-nitrobenzylamine in the pre-
sence of I1-H-benzotriazol-1-yloxy-tris(dimethylamino)
phosphonium  hexafluorophosphate (BOP) and N,
N-diisopropylethylamine (DIPEA) in anhydrous DMF
gave compound IHa in 98% yield. Selective 5-O-TBS
protection gave compound b in 63% yield (Scheme 4).
Triphosphate IIlc was prepared from compound IIa
using the one pot procedure (21) and purified in a manner
similar to that for triphosphate Ic.

Triphosphates Ic, He and Hlc (Figure 1) were further
purified by preparative RP-HPLC, without UV detection,
to provide modified triphosphates free from contamina-
tion by dATP, resulting from the deprotection of the
2-nitrobenzyl group under ordinary laboratory light
conditions during synthesis and purification processes.

Identification of active nucleoside triphosphate Ilc

Triphosphates ¥e and Hc were initially tested for base-
specific termination of DNA synthesis using a fluorescent-
based oligonucleotide template assay. All compounds
were handled in low light conditions to minimize
2-nitrobenzyl deprotection. A five-base poly-thymidine
template was employed to test for specific incorporation of
natural and modified dATP analogs. As shown in
Figure 2A, compounds Ic and ¢ did not show significant
incorporation using Bst DNA polymerase, even at
high concentrations (160 uM), although compound Ic
did exhibit natural nucleotide contamination, even after
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a second round of RP-HPLC purification was performed.
The dATP contamination could, however, be substantially
reduced using the Mop-Up assay (23). Next, we examined
the rates of UV deprotection for 5-O-TBS analogs Ib
and IOb, conducted at wavelengths of 302 and 365 nm.
Compound @b exhibited the expected first-order profile
with deprotection half-life times (DT;;,) of 60 and 1525 at
302 and 365nm, respectively. The deprotection rate for
compound Hb was approximately 3-fold faster than that
of compound Ib at both deprotection wavelengths
(Figure 2B). UV deprotection of compound IIb, however,
revealed a transient intermediate before the appearance of
the §'-0-TBS-2'-deoxyadenosine product (Figure 2C). We
suspected, and later confirmed, the identity of the
intermediate to be the mono N®-(2-nitrobenzyl)-2'-deoxy-
adenosine analog.

Following synthesis of N°-(2-nitrobenzyl)-dATP IIlc,
we examined its incorporation using Bst DNA polymerase,
which showed efficient, base-specific termination of DNA
synthesis at a final concentration of 200nM (Figure 2A).

The 2-nitrobenzyl group was efficiently removed from the

DNA duplex using a custorn built UV deprotector
(Supplementary Figure 1), evidenced by the band shift

of the extended dye-primer to the termination position of -
the first thymidine of the oligonucleotide template.

Examination of the UV deprotection data for compound

IIIb revealed a first-order reaction with DTy, values of
46 and 1445 at 302 and 365 nm, respectively (Figure 2B).

The UV deprotection data suggest that the attachment of
a single 2-nitrobenzyl group to either the 3’-O or the

N®-aromatic amine position does not significantly alter the

rate of reaction for UV light-induced cleavage.

These data help to explain the structure misassignment
and positive incorporation data presented in the Metzker
et al. paper (8). Alkylation of adenosine with 2-nitrobenzyl
bromide using NaH in DMF has been reported to occur
on either the 2’- or 3’-hydroxyl group of the ribose ring
(24), but not on the exo-cyclic amino group of the adenine
base. -Alkylation of 2’-deoxyadenosine under the same
conditions, however, exclusively gave bis-N° NC-alkylated
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HNELHCO,, 60%.

compound IHa, albeit in lower yield. Based on the data
presented here, we now conclude that the structure of
the alkylation product reported by Metzker et al. (8) is
the bis-N® NS-(2-nitrobenzyl)-2’-deoxyadenosine analog
(Scheme 1). The reported termination of the correspond-
ing triphosphate, ocourring at a concentration of 250 uM
[Figure 5 in Metzker ez al. (8)], is most likely the result of
the contamination of minute quantities of triphosphate
Ic, derived from triphosphate Yle during its handling
under ordinary laboratory light conditions. One of the
minor termination bands observed for compound He
incorporation with Bsz DNA polymerase (Figure 2A,
100pM lane) reveals the presence of Ie triphosphate.
Our data in Figure 2C further support our supposition
that during UV light-directed deprotection, compound IIb
is transformed into intermediate IIIb before undergoing
loss of the sccond 2-nitrobenzyl group to yield the natural
nucleotide (Figure 2D), From this investigation, we have
discovered that the NS-(2-nitrobenzyl)-dATP Hc is the
active species of the three triphosphates examined here.

€Compound XIc is active with a variety of DNA polymerases

Numerous groups have employed qualitative, Sanger-
based assays to estimate incorporation efficiencies,

although these methods are not feasible for assaying
modified analogs in the absence of natural nucleotides
(8,25,26). This led us to develop a quantitative, PEP assay,
which could be utilized for high-throughput screening of
modified nucleotides against commercially available DNA
polymerases. The PEP assay is designed with a polymerase
concentration in excess of the primer/template complex,
thereby limiting the reaction to nucleotide binding and
coupling steps. The desired nucleotide is then titrated
across the appropriate concentration range to observe
extension of a dye-primer by gel electrophoresis. The end-
point concentration, or ICsq value, is the point at which

the number of moles of substrate equals that of the

product. The primer/template complex concentration
(2.5 nM) defines the lower limit of the IC5, value for nucleo-
tide titrations to 1.25nM (i.e. [primer] = [primer plus
incorporated nucleotide]). The number of activity units
for eight commercially available DNA polymerases was
dctermined by titration with JATP (concentration range
from 0.1 to 100nM), with the goal of reaching the PEP
ICsp limit of 1.25nM. In general, increasing the number
of units reduced the 1Csq value for dATP towards this limit,
the exceptions being Therminator and Therminator II
(see Supplementary Data for polymerase definitions).

(-
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For these enzymes, increasing the number of uniis
vielded' an increase in ICsy values for dATP. This
observation was not  investigated further. In  these
cases, the number of units wsed for subsequent PEP
assays were those yielding the lowest ICq value for
dATP (Supplementary Table I, highlighted blue boxes).

{2 N;tmberwyl)—d!\'l? ﬂIc was tested for base-
spemﬁc incorporation using eight pelymerases with the
PEP assay and compared with assay data for dATP and
ddATP. Compound Hle was incorporated by all poly-
merases examined, with 1Cse values ranging from 2.1 uM
to 2.1 uM (Table 1). Five of the cight polyvmerases revealed
a less than 4-fold preference for dATP over compound
e, with Therminator and Vent{exo—) showing the least
bias of 1:1.3, providing evidence that compound e is

incorporated almost as efficiently as dJATP itsclf. In all
cases except AmpliTagES, compound e was preferred
over ddATP with an incorporation bias range of
3.8 % 107211 to 0.32:1, respectively. The F667Y mutation
in AmpliTagFS has bcen shown to prefer ddATP over
dATP, with a ratio of 0.59:1 {25}, which is in good
agreement with the ratio of 0.62:1 reported in Table 1.
Next, we examined the ability of N (?“mtmbenzyl)v
dATP 1He to terminate DNA  synthesis using an
oligonucleotide template containing a streteh of 1B
thymidine bases, As expected, Bst DNA  polymerase
extended the growing primer utilizing dATP as a subsirate
in a concentration-dependent manner. Al a concentration
of 253 its 1Csq value, the enzyme completely extended the
10 thymidine template and partially misincorporated:
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Table 1. PEP assay results for dATP, compound e and ddATE

DNA polymerase Average ICqpd 1 8D

Incorporation bias

dATP . Cpd e ddATP Cpd HIe/dATP Cped Wie/dan1Tpy AAATPIGATP
Byt 1.2::8.1aM 21 & 3nM 03724003 uM 18 (.057 310
Klenow{exa—) I.640.1aM 4.3:5820M 203 5aM 2.7 .15 18
Tay 55:40.5aM 2120200 128409uM- 380 017 2300
AmpliTagFS 53400 aM 0.89 & 0.06 pM 3340 10M 170 270 .62
Thenniaator 23&0.3aM 3120400 8710 nM .3 .32 4.2
Therminator 11 4.4 :£0.6aM 7.8+0.7nM G23:E0.03 M 1.8 0.034 32
Ventfexo—) LA 0.28M 2.1 %02aM 3.535 4 0.04 udt 1.3 0.0038 340
DeepVent{exo—}- 2.8-5028M 110 06nM 34b04pM 39 0.0032 1300
Table 2. PEP termination resulls for compound e
G
Polymerast Adiusted ICs 28x ICx
i vahie {nhi)
3 T % Primer % Ist Base % 2nd Basge
LT Bst 10 09403 991403 <0
T Klenow{exa~) 4.3 127422 761418 62105
] T Tay 300 1304 887404 <31
i AnmphTog¥F3 356 48209 952409 <01
a T Therminator 1.8 G204 13010 985413
= Therminator I 30 1201 3359208 130%10
; Ventfexow} 2:1 0.8%0.3 6834186 309415
T DeepVentfexo—) 11 15407 844404 14310
-+ 15t Bage Cpd llic
S SR————
T

P iz Bx 2Bx ix 8x 25x

AATP cptd e
050 1.2 00 1T 100N

Figure 3. PEP termnination assay comparing dATP with compound Hic
using fsi DNA polymerage.

dATP against 2 *G” template base at the 11th base position
(Figure 3). In contrast, the NS-(2-nitrobenzyl}-dATP Hle
efficiently incorporated and terminated Bz DINA synth-
esis at the first-base position up to 25% its I value. The
difference in electrophoretic mobility of the first-base
product for dATP and that of compound e is due to the
Nattached 2-pitrobenzyl group.

ICsp values for compound ¥le were retitrated using the
poly(dT) template. In some cases, 1Cs values differed
from those in Table 1, reflecting DNA sequence context
effects. PEP termination assays were performed for the
eight polymerases at 1x, 5x and 23x% the I, values
{Table 2). Three of the four Family A DNA polvmerases
resulted in efficieat termination of DMNA synthesis at the
first-base position using compound e, while all Family
B DNA polymerases showed significant, but variable,
levels of sccond-base product. Therminator provided
the most extreme example with ~98.5% of the growing
primer extended as a second-base product. The majority

of polymerases extended the primer with an efficiency of
~$9%. Based upon the desired properties of termination
at the first-base position and efficient primer extension, Bst
emerged as a promusing CRT polymerase in combination
with compound Hic.

Compound 1c shows good mismateh diserimination with
Bst DNA polymerase

PEP diserimination assays were then performed 1o
evaluate the specificity of NS-{Z-nitrobenzyli-dATP Yilc
against mismaiched template bases {f.e. A, C or G)
Comparing ICy values of mismatched versus maiched
bases for compound e revealed nucleotide discrimina-
tion of greater than two orders of magnitude (Figure 4A).
Surprisingly, the cytosine—adenine mismatch revealed the
highest discrimination ratio of 1100-fold over the comple-
ment thymidine base, and only slightly less than that for
dATP (Supplementary Table 2). The ddATP analog did
not show mismatch incorporation at a fina! concentration
of 500uM {data not shown). These data suggest that
compound Ifc incorporates as a base-specific terminator
and. reveals nucleotide characteristics more similar o
dATP than those of ddATP, which we atiribute 10 the
presence of the 3-OH group.

The Niproton of 2-nitrobenzyl-adenine base, still
capable of base pairing, may aid in the specificity observed
in Figure 4A. To examine this further, we performed
ab initio caleulations for a thymine-N%-(2-nitrobenzyl)-
adenine base pair, using the Hartree-Fock method coupled
with the 6-31G* alomic shell set (17). The optimal
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molecular structure was a nitro group positioned 45° and.
a 2-nitrobenzyl group positioned 80° counterclockwise,
relative to the aromatic amino group (Figure 4B)
Hydroéen bond distances were determmed to-be 2.93 A
NV UH-ND and 297 A (N%-H ... O%), which are longer
than those reported by Watson and Crick (16}. A AFE of
-2.68 kealimol for the modified base pair, however,
suggests that hydrogen bonding is favorable. Active site
tighiness (27,28) of compound e, involving hydro-
phobic interactions of the 2-nitrobenry! with key amino
acids, may also contribute to the obscrved cnzymatic
properties. Upon incorporation, these interactions
may also be involved with misaligoment of the 3-OH
group, preventing nucieophilic attack by the incoming
nucleotide, thus terminating DNA synthesis,

deprotection ‘b’ products are shown in the gel,

Five-base CRT sequencing with compound Ilie

To test No-{2-nitrobenzyl}-dATP IHe as a RT in CRT
sequencing, a five-base experiment was performed using
a biotinylated template containing a poly{dT) streteh
attached 1o streptavidin-coated  magnetic  beads
{Figure 5A). For the first cycle, incorporation ‘a’ and
with
subsequent cycles showing only incorporation products.
The data illustrate an advantage over the pyrosequencing
method (29}, namely the stepwise addition through a
homopolymer repeat. The gel image in Figure 5A was
analyzed further by quantitating the fiuorescent bands at
different CRT eyeles (Figure 5B). During the first cycle,
the product of incorporation efficiency (I 98.6%) and
deprotection efficiency (I 94.0%) resulted in a cycle
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efficiency (C.q) of 92.7% on a solid support. The estimated
signal ‘S, calculated from the equation [S = (C.0~"] (5),
is 68.4% for the five-base read. At cycle five, the signal for
the correct + 1 product is 40% (i.e. 7' x C), the difference
of which we attribute to photobleaching of the dye-primer
with increasing exposure to the UV light (data not shown).
Signal loss is also due to dephasing, observed as n—1
(incomplete deprotection) and »n + 1 products (natural
nucleotide carryover from the previous cycle). While
ongoing efforts are focused on reducing dephasing
products, >80% of the total signal is derived from the
correct +1 product, with base-calling easily performed
from the primary data in Figure 5A and B.

DISCUSSION

We have discovered that the attachment of a small,
photocleavable 2-nitrobenzyl group to the N®-position
of 2’-deoxyadenosine results in this triphosphate acting
as a RT ‘without blocking the 3'-end’. The novel RT,
N®-(2-nitrobenzyl)-dATP Ic, provides favorable enzy-
matic properties with a variety of wild-type and mutant
DNA polymerases. This is unlike the situation for
3-modified nucleotides, which typically act as poor
substrates for DNA polymerases. For example, screening
3-0-allyl-dATP with eight different DNA polymerases
revealed limited activity at high micromolar concentra-
tions with only Vent(exo—) DNA polymerase (8). The
highly related 9°N(exo—) DNA polymerase (30), con-
taining the A485L and Y409V amino acid variants
(Therminator II), has been shown to incorporate
3-0-allyl-dNTPs, however, efficient incorporation
requires up to 50 min per single base addition, highlighting
the difficulty of incorporating these analogs (7,10). The
A485L and Y409V mutations are analogous to those
described for Vent(exo—) DNA polymerase (26), with the
Y409V residue acting as a ‘steric’ gate for incorporation of
ribonucleotides (26,31-33). Little is known regarding the
mechanism by which a 2'-steric gate residue alters the
incorporation of 3'-O-allyl terminators.

Research efforts have been focused on optimizing the
cycle efficiency and time, which determine read-length and
throughput, respectively. Targeting a 50% loss in signal as
an end-point (5), the cycle efficiency must be >97.3% to
achieve a 25 base read-length. Although we show a slightly
smaller cycle efficiency of 92.7% with compound IMle,
primarily due to its deprotection efficiency of 94%, work
is ongoing to improve this by substitution of the
2-nitrobenzyl group. We also anticipate further improve-
ments in cycle efficiency with development of instrumenta-
tion supporting the CRT chemistry, allowing for
integration and automation of the incorporation, imaging,
deprotection and washing steps.

Although the cycle cfficiency is primarily the product of
incorporation and deprotection efficiencies of the RT,
other factors including dephasing (natural nucleotide
carryover) and accumulating ‘molecular scars’ (residual
linker structures left over after deprotection) can also
influence the efficiency in an adverse manner. The

-attachment to the adenine nucleobase is also unique,

differing from that of the traditional 7-deaza position of
BigDye terminators (34) and 3/-O-allyl terminators (7,10).
Upon chemical deprotection of the 3’-0O-allyl terminators,
a residual propargyl amino group remains on the
nucleobase, resulting in an accumulating molecular scar
with subsequent CRT cycles. The primary advantage of
NS.alkylation is that, upon directed photocleavage with
365nm UV light, the modified nucleotide is transformed
back into its natural state without molecular scarring
(Figure 2D). The enhanced enzymatic properties and the

-cleavage site, transforming the efficiently incorporated
RT back into natural DNA, are anticipated to improve
the cycle efficiency and read-length of the CRT method.

These observations suggest that the N°-(2-nitrobenzyl)-
dATP Hc represents an ideal candidate as a RT for CRT
sequencing, illustrated by stepwise, single base addition
through a homopolymer repeat. Of the polymerases tested
here, however, not all exhibited this property, with the
Family B polymerases revealing incorporation of a second
modified nucleotide, albeit at varying levels. Recently, we
have discovered that substitution of the 2-nitrobenzyl
group can also ‘tune’ the termination propertics of
these polymerases to give exclusively single-base
products (unpublished data). To exploit the application
of 3-unblocked RTs in CRT sequencing, cfforts are
underway to create fluorescently labeled analogs of
compound Ille, and extrapolate this nucleotide model to
the remaining nucleobases for production of a novel, four-
color RT set. We note that the adenine example as a RT
may not be directly applicable to the remaining nucleo-
bases, which presént their own unique challenges.
Nonctheless, a base modification strategy can still be
employed with careful selection of the attachment site of
the 2-nitrobenzyl group on each nucleobase structure, the
triphosphates of which exhibit similar enzymatic proper-
ties described in this report and transform into its natural
nucleobase structure upon UV deprotection {(manuscript
in preparation).

We anticipate that 3’-unblocked terminators will have
utility beyond the application of CRT sequencing. For
example, a complete set of non-fluorescent RTs could be
used in pyrosequencing, with the advantage of improving
accuracy through homopolymer repeat stretches. Reduced
incorporation biases of 3’-unblocked terminators over
natural nucleotides, exhibited by several polymerases, may
also prove useful for more accurate heterozygote analysis
in Sanger sequencing. With other applications envisioned,
3’-unblocked terminators may well find their way into the
general arsenal of molecular biology tools used in genomic
sciences today. .

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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