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ABSTRACT

Vent DNA polymerase normally discriminates
strongly against incorporation of ribonucleotides, 3'-
deoxyribonucleotides (such as cordycepin) and 2',3'-
dideoxyribonucleotides. To explore the basis for this
discrimination we have generated a family of variants
with point mutations of residues in conserved
Regions Il and Il and assayed incorporation of
nucleotides with modified sugars by these variants,
all of which were created in an exonuclease-deficient
form of the enzyme. A Y412V variant incorporates
ribonucleotides at least 200-fold more efficiently than
the wild-type enzyme, consistent with Y412 acting as
a ‘steric gate’ to specifically exclude ribonucleotides.
The most striking variants tested involved changes
to A488, a residue predicted to be facing away from
the nucleotide binding site. The pattern of relaxed
specificity at this position roughly correlates with the
size of the substituted amino acid sidechain and
affects a variety of modified nucleotide sugars.

INTRODUCTION

DNA polymerases have evolved to efficiently and faithfully
replicate DNA. Fidelity requires the sensing of nucleotide bas

DDBJ/EMBL/GenBank accession no. M74198

(reviewed in 8) and this information has confirmed the
functional significance of the conserved regions identified by
amino acid sequence comparisons. Recently, the crystal co-
ordinates for RB69 phage DNA polymerase have become
available (9), allowing extrapolations of the spatial positioning
of conserved residues in other Family B DNA polymerases.

Mutational studies of amino acid residues in conserved
Region Il (10) are consistent with the involvement of these
residues in nucleotide binding (11-13). Region llI, later
expanded to include the Family A DNA polymerases and
renamed Motif B (14; Fig. 1), is characterized by the motif
KX, YG, where X is an amino acid residue amtias the value
7 or 6 for Family A or B DNA polymerases, respectively.
Tabor and Richardson (15) found in the case of several Family
A DNA polymerases that swapping Tyr and Phe residues
within Motif B (E.coli Pol | F762, Thermus aquaticu®ol |
F667 and T7 DNA polymerase Y526) makes a profound dif-
ference in the efficiency of ddNTP incorporation, with Tyr
promoting ddNTP incorporation. Similarly, Gaet al. (16)
have described reverse transcriptase variants from Motif A, a
region adjacent to Motif B in the three-dimensional crystal
structure, that are better able to incorporate NTPs; a property
shared by ark.coli Pol | mutant recently described by Joyce
and co-workers (17).

We have examined nucleotide insertion by the Family B DNA
polymerase from the hyperthermophilic archa&bermococcus

%oralis (Vent™ DNA polymerase; 18), assaying genetic variants

probe the determinants of sugar discrimination. Incorporation

complementarity, as well as additional structural features o

the sugar and heterocyclic base. The determinants for thd Moo~ 2- and 3-deoxyribo- and 2',3-dideoxyribonucleotides
was examined using variants with amino acid substitutions in

discrimination have been explored through X-ray crystallograph edions 1l and Ill. The areatest relaxation in specificity arose
and biochemical studies using modified substrates, with bot 9 L ; great o n Sp ty
rom substitution of an Ala residue within Region llI.

native and genetically engineered polymerases. From the

studies, a picture of sugar recognition has begun to emerge (1).
Almost all DNA polymerases appear to be members of a supeMATERIALS AND METHODS

family, based on sequence and structural similarities. Amino acid o

similarities allow the classification of most DNA polymerasesPNA modifying reagents and DNAs

into three families, A, B and C, according to similarities with Restriction endonucleases, DNA modifying enzymes, vent

Escherichia colDNA polymerases |, Il and Ill, respectively (2,3). (exo) DNA polymerase, thermostable inorganic pyro-

Of these enzymes, the Family A members are the best studied (fhosphatase, deoxyribonucleotides, dideoxyribonucleotides
The Family B DNA polymerases, including numerousand phage DNAs were from New England Biolabs (Beverly,

archaeal DNA polymerases, human DNA polymerasand MA) and were used in accordance with the supplier's

phage DNA polymerases from T4, RB69 a2, have been recommendations. Synthetic oligonucleotides were provided

less well characterized. Mutational data are available foby New England Biolabs Organic Synthesis Division

human DNA polymerasen (reviewed in 5), @29 DNA  (Beverly, MA). 5-Bromo-2'-deoxyuridine 5'-triphosphate and

polymerase (reviewed in 6,7) and T4 DNA polymerasecordycepin (3'-deoxyadenosine 5'-triphosphate) were obtained
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from Sigma (St Louis, MO) and ribonucleotides from motif =
Amersham-Pharmacia Biotech (Piscataway, NJ). Radio- fami1y 5 consencas
actively labeled nucleotides were from NEN Life Science vent DNA polymerase  Q
Products (Boston, MA). Primed M13mp18 template refers to ~ '27*3"¢s" s
primer 1224 (New England Biolabs) annealed to single- N
stranded M13 DNA, as described previously (13p-primed

M13mp18 refers to the same substrate created with a 5'-end
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labeled primer 1224. An additional substrate for monitoring I;;ﬁffy : consensus

D
incorporation of NMP was created by digesting 0.5 kigNA 3NAtp§§Xmerise I 1 D
with 80 U of SaBAI endonuclease at 3T overnight,  r.nily 5 consensus 5
followed by heating at 68C for 20 min to inactivaté&SatBAl, M-MuLV RT LDLKD
to generate 5-GATC overhangs. The concentration of this RT consensus D

substrate refers to the numberSdBAI ends in the reaction.

[a - S =
[ RO RO
ROROFe R

Qp YO HH

eI R
oo

G fi f Vent DNA pol iant Figure 1. DNA polymerase conserved sequences. Consensus amino acid
eneration ot ven polymerase variants residues are shown for Motif B. The corresponding Vent DNA polymerase

Numbering of Vent DNA polymerase amino acid residueszeq“‘?gcg is ?L‘_OW” (VESid“es 486-498), a'(;mg Witha,'(if“”g, (;Jf pO:]m m#tgms
. . . . Il In this work. X non-conserv min Id resi ) ro-
refers to the maFure polymerase (i.e. without inteins; 18 ﬁgzic ‘reesidue;s—, aogap (’22).?:orcli)llo?i?Aecor?sen;)ug‘;mir?gagi?j'reéi?iugs aore
GenBank accession no. M74198). Vent DNA polymeras&nown for DNA polymerase Families A and B and reverse transcriptases (RT),
variants were expressed from derivatives of the plasmidiong with representatives of each class. Residues displayef.atdi DNA
pALK1 (19) that encodes an exonuclease-deficient form of th@olfmerase I fesliéiﬁlfesngi\%ﬁjsvmt ﬁuNf\\/ )ptiggiﬁ;lzgze,l igsifgfs \;ﬁ_ér{&
polym_erase_z due to the dual mutation D141A/E:.L43A [aép\)/looly%]g?/agjeurr«leg?due Y412 is underlined. E7’10 of DNA polymera.seland F155
contained in Vent (exo) DNA polymerase]. To simplify o \m.muLy appear in bold.
notation in this paper, this exonuclease-deficient form is
described as wild-type and indicated mutations are those
present in addition to D141A/E143A. Genes encoding the&xcept where indicated, were carried outd@ 4The cell pellet
variants were created by cassette mutagenesis, replacing eitt{gp g) was suspended in 100 ml buffer A [10 mM KPO
an Mfel-Nhd DNA fragment (encompassing residues P476-(pH 7.0), 1 mM dithiothreitol, 0.1 mM EDTA, 10% v/v
K490) or an Nhd-BsuB61 DNA fragment (encompassing glycerol] containing 0.075 M NacCl, heated at’&0for 20 min
residues N494-Y502). For Y412 variants, pALK1 wasand then centrifuged for 15 min at 10 000 r.p.m. in a Beckman
modified by making silent changes in codons S347JA-14 rotor. The supernatant was passed through a 10 ml
(TCG-TCT, destroys &hd site), G398 (GGT-GGC) and DEAE-Sepharose column (Amersham-Pharmacia Biotech)
L399 (TTG- CTG, creates &tu site), L426 (CTT-CTC) and the flow-through was immediately loaded onto a 10 ml
and E427 (GAA- GAG, creates &hd site), resulting in a heparin—Sepharose column (Amersham-Pharmacia Biotech),
plasmid designated pCFA1. These silent changes allowdgpth columns having previously been equilibrated with buffer
cassette mutagenesis of residues 400-425 via replacement dhaontaining 0.075 M NaCl. Vent DNA polymerase variants
Stu-Xhd fragment with a synthetic duplex containing the were eluted from the heparin column with a 100 ml 0.075-
desired changes. Variants were sequenced using an automafel M NaCl gradient in buffer A. Fractions of 0.75 ml were
PE-ABI DNA sequencer, with Dye-Deoxy™ terminators (PE-collected and assayed for DNA polymerase activity using a

ABI, Foster City, CA) to verify changes. previously described acid precipitation assay (19). Peak
_ o fractions were pooled and dialyzed against Vent Storage

Expression and purification of Vent DNA polymerase Buffer [0.1 M KCI, 0.01 M Tris—HCI (pH 7.6), 1 mM dithio-

variants threitol, 0.1 mM EDTA, 0.1% v/v Triton X-100, 50% v/v

Plasmids coding for the desired amino acid changes wer@ycerol] and stored at —2C. Protein concentrations for
transformed into strains BL21(DE3) (20), WJ56 or ER2566 forspecific activity determinations were calculated by comparing
expression of the variant polymerase. WJ56 and ER2566 aféoomassie Brilliant Blue stained gel samples to known
derivatives of BL21 in which the T7 RNA polymerase hasamounts of Vent DNA polymerase run on the same gel. Gels
been integrated into the bacterial chromosome withidahg  were scanned and quantified using a Microtek ScanMaker I
coding sequence (W.E.Jack, J.F.Menin, M.Sibley andttached to a Macintosh 8100 computer running NIH Image
E.Raleigh, unpublished results). In this strain, T7 RNAV.1.59 software (National Institutes of Health, Bethesda, MD).
polymerase expression is under the control of the indudéiale
promoter. Expression in these three strains was found to
comparable and the strains were used interchangeably in theB&A polymerases were assayed by adding 2 U to reactions
experiments. Cultures (4 ) were grown af@7n LB medium  containing 10 nM32P-primed M13mp18 in 14l of 0.01 M

(10 g tryptone, 5 g yeast extract, 10 g NaCl, 1 g dextrose, 1 &Cl, 0.01 M (NH,),S0O,, 0.02 M Tris—HCI (pH 8.8), 5 mM
MgCl,-6H,0 per liter, pH adjusted to 7.2) containing 0.1 mg/MgSQ,, 0.2% (v/v) Triton X-100. A 3.2ul aliquot of this

ml ampicillin. When the density of the culture reached a Klettreaction mixture was distributed to A, C, G and T sequencing
reading of 200, isopropylB-D-thiogalactopyranoside was reactions, each of which contained 8 of the nucleotide
added to a final concentration of 0.4 mM and incubation amixture listed in Table 1. After incubation for 15 min at’2
37°C was continued overnight with shaking. The culture waghe reaction was halted by addingd Stop/Loading Dye
centrifuged at 4000 r.p.m. for 30 min at@in a Beckman JA (0.3% xylene cyanol FF, 0.3% bromophenol blue, 0.37%
4.2 rotor and the supernatant discarded. All subsequent ste@&)TA, pH 7.0) and heating at 100 for 3 min. Reaction

pReduencing assays
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products were separated by electrophoresis on a 6% ureld/TP (or dNTP), 4QuCi/ml [a-32P]CTP (or dCTP), 100 U/ml
polyacrylamide gel in Tris—borate EDTA (21) buffer at 45 W. thermostable inorganic pyrophosphatase and incubated at
The gel was fixed by soaking in 5% acetic acid/5% methanof2°C for 15 min, following which acid-precipitable radio-
and dried. Alternatively, samples were separated on a Quickctivity was determined. Counts were corrected for back-
Point DNA sequencing gel (Novex, San Diego, CA) andground radiation as described above.

processed as recommended by the manufacturer. In both case$he ability to synthesize ribonucleotide-substituted products

samples were visualized by autoradiography. was measured by primer extension reactions in the presence of
dNTP and varying amounts of NTP. DNA sequencing ladders
Table 1. Deoxy/dideoxy sequencing mix nucleotide were generated by alkali cleavage and separated on a dena-
concentrationsy(M) turing polyacrylamide gel (22). Specifically,|8 of 0.02 uM
82p-primed M13mp18, 0.02 M KCI, 0.02 M (N}HSO,,

AMix CMix GMix T Mix 0.04 M Tris—HCI (pH 8.8), 4 mM MgS@ 0.2% (v/v) Triton
ddATP 900 _ _ _ X-100, 200 U/ml thermostable inorganic pyrophosphatase,
ddCTP B 480 B B 0:1_5 U po]ymerase was a_ldded tp3of each NTP:ANTP mix,

giving a final concentration of 0.05 mM dNTP and varying
ddGTP - - 400 - concentrations of NTP. Reactions were overlaid with a drop
ddTTP - - - 720 of sterile mineral oil and incubated for 20 min at°@ The
resulting ribonucleotide-substituted extension products were
aATP %0 %0 %0 %0 cleaved by adding KOH to 0.1 M and incubating at 4©@or
dcTP 100 37 100 100 20 min. Reactions were terminated and products visualized as
dGTP 100 100 37 100 described above.
dTTP 100 100 100 33 Metal ion optima
Values are from the CircumVent™ Thermal Cycle Dideoxy DNA polymerase activity was assayed in the presence of
Sequencing Kit Instruction Manual, v.2.0, Appendix E varying Mg¢?* or Mn?* by adding 0.1 vol of a 19 MnSQ, or
(New England Biolabs). MgSQ, stock to reactions containing 62 U/ml polymerase,

15 nM primed M13mp18, 0.01 M KCI, 0.01 M (NjSO,,

The relative ability to use the chain terminator ddATP or0-02 M Tris—HCI (pH 8.8), 0.1% Triton X-100, 0.05 mM
cordycepin was measured by completing sequencing reactio@N TP, 40 uCi/ml [a-3P]dCTP and 100 U/ml thermostable
as described above (i.e. saturating enzyme conditions) using3rganic pyrophosphatase. Reactions were incubated’@x 72
terminator:dATP nucleotide mixture which containedyg@  for 15 min. Acid-insoluble material was quantified as
dATP and varying concentrations of terminator. Reaction&escribed above.
were overlaid with a drop of sterile mineral oil and incubated
at 72C for 20 min. The reaction was terminated and reactiorResyLTS
products visualized as described above.

, ) Generation and purification of variants
Assays for NTP incorporation

; . , _Prior studies on Family A and B DNA polymerases implicated

buffer containing 0.u1M A/SaBAl ends, 0.01 M KCI, 0.02M  jmportant for dNTP utilization (23). Accordingly, we mutated
Tris—HCI (pH 8.8), 0.01 M (NK),SO,, 2 MM MgSQ,, 0.1%  residues in these regions, emphasizing changes that introduced
Triton X-100, 100 U/ml thermostable inorganic pyrophos-or removed potential hydrogen bond interactions, such as
phatase, JuM NTP or dNTP and 4QuCi/ml [a-*P]CTP or  A488S, N494D and S495A. In addition to these changes, the
dCTP, respectively (NTP and dNTP concentrations denote thgotential involvement of aromatic residues in ddNTP discrim-
amount of each_ nucleotide in the m|>§). The reaction wasnation (24), dNTP binding (5,25) and template binding
initiated by adding polymerase to a final concentration of(25,26) led us to make additional alterations in Tyr residues in
200 U/ml and incubated at 7€ for 20 min, at which time vent DNA polymerase Region lil. An additional Region I
20 pl aliquots were removed and the amount of acid-insolubleryr, Y412, whose analog is near the catalytic site in RB69 (9)
material quantified as described above. Parallel samples witland is predicted to affect ribonucleotide insertion (1,9), was
out added enzyme were also analyzed and used to correct falso mutated. All variants were created in an exonuclease-
background radiation in the assay. The relative incorporation igeficient form of the polymerase to eliminate exonuclease
represented as the ratio of incorporation of ribonucleotides tproofreading, thus accentuating misincorporation by the
deoxyribonucleotides. The limit of detection in these assayesnzyme.
was taken as a corrected value equal to the backgroundvariants were expressed iB.coli and purified by heat
radiation. When this threshold was not reached, the relativReatment of the cell extract, a process that obliterated host
incorporation is listed as being less than the ratio defined bpNA polymerase activity and led to the loss of >80% of the
this limit of detection. host proteins (19). Two further column purification steps
Incorporation into a primed single-stranded substrate wagielded proteins that were ~80% pure, as judged by Coomassie
similar: 1 U of polymerase was added to 1ibof 0.01 M stained SDS—PAGE. All purified variants were active as DNA
KCI, 0.02 M Tris—HCI (pH 8.8), 0.01 M (NK,SO,, 2 mM  polymerases, although several had specific activities at least
MgSQ,, 0.1% Triton X-100, 15 nM primed M13mp18, %M 10-fold lower than the wild-type enzyme (K490N, N494D and
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Table 2. Relative activities of Vent DNA polymerase variants using nucleotides with modified sugars

Enzyme Specific activity Gel assays Ppt assay
ddNTP Cordycepin  ATP NTP
Vent (exo) 1.0 1 1 1 <0.0083
Region Il
Y412V 1.0 2 2 200 0.018
Y412L 0.77 1 1 4 0.014
Y412F 0.75 1 1 1 <0.007
Region Il
Q486E 25 0.25 0.013
Q486L 13 0.25 0.005
Q486N 0.89 0.25 <0.005
R487K 0.20 n.d.
A488C 1.2 4 2 0.014
A488S 0.89 7 10 0.011
A488L 0.16 12 34 40 0.071
A488I 0.14 10 0.035
A488F 0.12 15 6 0.047
A488V 0.12 4 2 0.020
K490A 0.14 * <0.018
K490R 0.12 * <0.016
K490N 0.03 * <0.021
N494D 0.06 *
S495A 0.44 *
Y496F 14 1 1 0.0095
Y496L 0.88 0.011
Y497S 0.50 3 1 2 0.007
Y497F 0.03 * <0.01
Y499L 2.0 5 10 0.018
Y499F 1.2 1 2
A488C/Y499F 14 1 2
A488L/Y499L 0.06 5 20 0.077

aSpecific activity is that of the variant relative to the wild-type enzyme.

bDerived from gel assays. Numerical entries indicate that the given variant produced clear sequencing gel
patterns, similar to the wild-type enzyme, and additionally refer to the stoichiometric ratio of modified nucleotide
required in the wild-type relative to the variant to give a similar extent of incorporation. Higher numbers indicate
increased incorporation by the variant relative to the wild-type enzyme. Entries designated * produced a less
clear sequencing pattern marked by faint bands in incorrect positions. The low recovery of R487K did not allow
a determination for this variant (n.d.).

Derived from acid precipitation incorporation assays. Numbers give the ratio of incorporation in the presence
of NTPs relative to incorporation in the presence of dNTPs. In cases where the limit of detection was not
reached, < indicates the limit of detection (see Materials and Methods).

Y497F; Table 2). Thus, significant portions of the polymerasealthough the decline in specific activity indicates disruption of
active site must remain in each of these point mutantshe site.
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A B patterns (Y412V, Y497S, Y499L and variants of Q486 and
. A488). This final pattern is that expected for variants able to
U sense nucleotide complementarity, but with altered sugar

ACOT ACOT

12345123458 discrimination.

The relative ability to utilize ddNTPs was determined for
this last group of variants. Sequencing assays were performed
with varying ratios of ddATP to dATP. The concentration of
ddATP required to give an equivalent banding pattern with the
wild-type and variant enzymes was then compared (Fig. 2B).

LI ||‘;§

trend paralleled the size of the amino acid sidechain, with
larger substituents being most tolerant towards ddNMP
incorporation (F>L>1>SV=C>A).

We tested the possibility that the most influential mutations
would have additive effects by creating double mutants. Incor-
poration of ddNMPs by A488C/Y499F and A488L/Y499L
. . . . L . _paralleled that of Y499F and Y499L, respectively, even though
Figure 2. Sequencing gel assays for dideoxyribonucleotide |ncorp0rat|on.p e L. ! !

(A) Dideoxy sequencing reactions were performed as described in Material® Specific activity of A488|—/Y499|— more closely matCheq

and Methods. The polymerases used are representative of the classes obsertB@® A488L parent. Thus, no additive effects were seen with

wild-type, A488L (shifted wild-type pattern), K490A and S495A (increased these specific variant combinations.

shadow bands).B) Relative incorporation efficiencies were determined by

titrations using dideoxyribonucleotides. Sequencing reactions were performe@ordycepin incorporation

with the indicated variants using conditions described in Materials and_ = . .

Methods: [dATP], 0.05 mM; [ddATP]:[dATP], (lane 1) 300:1, (lane 2) 100:1, Similar assays probed potential determinants of 3'-deoxy-

(lane 3) 33:1, (lane 4) 11:1 and (lane 5) 3.7:1. adenosine 5'-triphosphate (cordycepin) addition (Table 2). The
pattern of cordycepin inhibition was similar to that of ddNTPs:

) ) ) ) A488L > A488S > A488F > Y412\« A488V = A488C >
Incorporation of dideoxyribonucleotides Y412L = Y412F = wild-type. The relative effects on incor-
Vent DNA polymerase variants were screened for the ability tg0ration were of the same magnitude as ddNMP incorporation
accurately utilize 2',3' dideoxyribonucleotide (ddNTP) chain(@ most 34-fold). Comparison with the previous experiment
terminators by analyzing the banding patterns produced i dicated that cordycepin was not as readily incorporated as
sequencing reactions. In each case sufficient enzyme w AMP.
added to completely extend the primer ir_1_ the gbsence dRibonucleotide incorporation
ddNTPs. Patterns, therefore, reflect the ability to mcorporat%\ final tati ivzed the ability of NTPs t t
ddNTPs. Production of clear banding patterns without non£*S @ t')n? rgermt}tﬁtlr?n, We ana yfe ea "Yot | tSh'o ac
specific shadow bands signaled significant retention of bas%scf)lrJ gr;?ic?r? ZVCI)U| q t?evgirrlggt? pgnyarlnigjii\r/]igatﬂs.a\r;ailésbitl;i?se,
insertion fidelity and polymerization characteristics (Fig. 2A). por ectly y Ity

. S - = 7"of the 3'-OH allowed chain elongation to proceed after ribo-
A number of variants fit this criteria, yielding products similar . o : . . ;
; . . ; . nucleotide addition. We first examined incorporation of
to those obtained with the wild-type polymerase, including

; labeled CMP into the 5'-overhang created3atBAI digestion
Y4121, Y412F, Y496F and Y499F (Table 2). As might be ; AT
expected, this first class of variants displayed Wild-typeby comparing polymerization in the presence of NTPs or

e S dNTPs. The relative incorporation of NMPs was clearly
specific activities. A second group showed a less clear patterfl,,.-nced in a number of Vent DNA polymerase variants

marked by increased shadow band intensities, indicatinge_g_A488|_ A4SSFE. A488l. A488V. Y412V and Y499L:

occasional chain termination at incorrect positions (K490A;15pie 2). Since the GATC overhang required addition of GMP,
K490N, K490R, N494D, S495A and Y497F). These shadowaMp and UMP prior to labeled CMP, a terminal ribonucleo-

bands could arise from pausing by the polymerase variant§de can act as a substrate for ribonucleotide addition.

perhaps due to an increask for dNTPs, ddNTPs or both.  \when the assay substrate was primed M13 DNA, these same
The low specific activities noted for these variants may reflect/ariants appeared to be more able to incorporate NMPs than
such an increase (Table 2). Alternatively, extra bands coulghe wild-type enzyme, although the levels of incorporation
arise in part from misincorporation since not all shadow bandgere less than twice the background, limiting the confidence of
were abolished during a subsequent chase reaction involvingich measures (data not shown). The cause of this limited
addition of 0.25 mM unlabeled dNTPs (data not shown). Aincorporation was revealed by extending labeled primers on
final set of variants displayed clear banding patterns, but a shithe M13 template in the presence of NTPs and separating the
in the ability to incorporate dideoxyribonucleotides as demonreaction products on a denaturing gel (Fig. 3). Such analysis
strated by the difference in average chain length of the bandingvealed that wild-type and Y412V extension was sharply

4§

: = : Using this method, a hierarchy of polymerase variants was
. & inferred assuming lower amounts of ddATP indicated an
- e ;l- increased relative ability to incorporate ddAMP: A488F >
- ~ F A488L > A488| > A488S= Y499L = A488V = A488C =
R Y497S = Y412V > wild-type > Q486E= Q486L = Q486N
'_‘:é. ! (Table 2). The boost in incorporation with A488 variants was
- o - = modest (at most 15-fold), but reproducible. Interestingly, the
R
e
- —
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Figure 3. Ribonucleotide incorporation by A488L. Synthesis of RNA used 2 U b sega =

of polymerase in a 4Qul reaction containing 0.0uM 32P-primed M13mp18,

0.1 mM NTP, 100 U/ml thermostable inorganic pyrophosphatase, 0.01 M KCl,
0.02 M Tris—HCI (pH 8.8), 0.01 M (N)SO,, 2 mM MgSQ, and 0.1% Triton
X-100. After incubation at 72 for the number of hours indicated below each
lane, 6ul aliquots were removed and added tolQuick Point sample buffer
(Novex) to stop the reaction. Reaction products were resolved alongside
dideoxy sequencing reactions (lanes marked A, C, G and T) and detected as
described in Materials and Methods.

e 0
N
£
»

i ; ; Al Figure 4. Gel assay of ribonucleotide incorporation. Indicated DNA polymerase
limited after 2 nt, with the Y412V variant yleldmg a greater variants (100 U/ml) were analyzed by alkali cleavage of primer extension

level of incorporation. By comparison, the A488L variant yoqucts as described in Materials and Methods. Ratios indicate the concen-
extended the primer at least 20 nt, although incorporatiogation of ATP to dATP in the reaction. The first lane is a standard ddATP
beyond that point dropped rapidly. The pattern of ribonucleosequencing reaction.
tide incorporation suggests that only short tracts of ribonucleo-
tides can be incorporated, echoing results obtained by Joyce
and co-workers with variants &.coliDNA polymerase | (17),  equivalently incorporated. For example, incorporation of UMP
although wild-type Vent DNA polymerase extensions werehy A488L was ~10-fold less efficient than incorporation of
more limited than those observed for DNA polymerase I. ThisAMP. A similar bias against incorporation of dUMP by the
is the expected result if extended RNA/DNA hybrid structure wild-type enzyme (27) led us to test whether the absence of a
rather than polymerizatioper seis the limiting factor in these  5-supstituent in UTP accounted for the lack of dUTP utiliz-
reactions. ation. When 5-bromouridine 5'-triphosphate was used in place
If the polymerase accommodates short, but not extendedf UTP, incorporation was similar to that observed when ATP
tracts of RNA/DNA duplex, then it should be possible towas the substrate in both gel and acid precipitation assays (data
replicate DNA with a dNTP pool doped with a limited amount not shown). Accordingly, the sensing mechanism for the 5-
of NTPs. This premise was tested by extending a labelegdubstituent of the pyrimidine base is still active in the A488L
primer using a doped dNTP pool, visualizing the positions oimutation. Laskeret al. (27) also noted that DNA templates
ribonucleotide incorporation by hydrolyzing the phospho-containing uracil acted as strong competitive inhibitors for
diester linkages adjacent to ribonucleotide residues with alkalirchaeal DNA polymerases, an observation that could account
and separating the products on urea—acrylamide gels (Fig. 4pr the lack of extensive RNA synthesis on the M13 template.
Banding patterns demonstrated the uniform incorporation ofhis seems unlikely since substitution of UTP by 5-
all four ribonucleotides and, once again, allowed deduction obromouridine 5'-triphosphate did not increase the synthesis
a hierarchy of variants, this time with respects to ribonucleoobserved on the M13 template.
tide incorporation: Y412V > A488L > Y499L > Y412|= ] o
Y412F= Y496F= Y497S= Y499F= wild-type. A comparison Metal ion utilization
of concentrations required to give similar gel banding pattern®ptimal M¢* and Mr?* concentrations for A488L poly-
revealed that ribonucleotides were less readily incorporategherization were slightly lower than those of the wild-type
than either ddNMPs or cordycepin. enzyme, differing more noticeably in the sharper optima of
Acid precipitation assays measuring ribonucleotide additiomoth A488L curves (Fig. 5). This similarity suggests that the
to A/SawBAl-cut termini did not show as great a difference metal-binding center is intact in A488L, as might be expected
between the variants as seen in gel assays. Additionally, tifeom the separation of the analogous residue and the metal-
hierarchy of ribonucleotide incorporation efficiency for the binding site in the RB69 crystal structure (N558; 9). Whether
variants differed between these two assays. Since detectiontinis narrowing of the metal optima reflects altered ability to
the acid precipitation assay requires prior addition of GMPhind to a substrate/metal chelate or metal-induced structural
AMP and UMP, this discrepancy likely reflects constraintschanges in the enzyme is unclear. Earlier studies with T7 DNA
imposed by the partial RNA/DNA duplex on addition of CMP polymerase showed an increased utilization of ddNTP in the
(Fig. 3). Thus, these two assays measure different aspects gfesence of M# when compared to Mg (24). Both the wild-
ribonucleotide addition. type and A488L variant showed only a slight increase in
Although incorporation of NMPs was vastly increased inddNMP incorporation when incubated in Ktras opposed to
selected variants, the four ribonucleotides were noMg?*(data not shown).
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A B showing no effect with a Y865F variant and increased incor-
poration with a Y865S variant (28). Although these qualitative
8 4 assays are not directly comparable with those presented here,
26 2 34 these variants appear to have little effect on ddNMP incorpor-
3 4 s ation, similar to the analogous Vent DNA polymerase Y412F
; é ) and Y412V variants. Since Phe substitution at this point has
=2 3 17 little effect on ribonucleotide or dideoxyribonucleotide incor-
0 i St poration, the hydroxyl group of this conserved Tyr appears to
TadTeE=g ceg-aca" play at best a minor role in discrimination of 2' or 3' sugar
M M2+ M M2+ determinants. Despite this lack of sugar recognitionkthéor

dNTPs with both human DNA polymeraseY865F and the
analogousp29 variant Y254F have increased ~10-fold (12),
Figure 5. Metal ion optima for A488L. Nucleotide incorporation into a primed suggesting a role for this same Tyr hydroxyl group in nucleo-
M13mp18 substrate was assayed by acid precipitation as described in Materigjgje binding. Saturnet al.(29) argue that the magnitude of the
?nd Methods. Wild-type enzyme, open circles; A488L, closed cirolgsM@™ ¢ _ effect, together with a modest decrease in fidelity, establish
itration; (B) Mn?* titration. m - . . .
the Y254 residue as being a key component in the selection
strategy. This could occur, as Astatke al. (17,30) pointed
out, via chelation of a metal by this hydroxyl. Simil&t,
DISCUSSION effects may also be operative with these Vent DNA poly-

We set out to create DNA polymerase variants that would mor8'€rase variants, but masked in these assays where nucleotide
effectively incorporate ribonucleotides, 2',3-dideoxyribo-concentrations exceed the wild-typ, (60 uM; 19) and
nucleotides or 3-deoxyribonucleotides. The availability ofPClymerase concentrations are saturating. The combined data
comparative sequence information, kinetic analysis of mutarigom_ several analogous DNA polymerases cast this conserved
enzymes and three-dimensional structural information fro egion Il Tyr in a role in both ribonucleotide exclusion and
several other polymerases provided a framework on which tgucleotide binding. _ o

design such variants. Joyce earlier pointed out (1,9), on t e While structural similarities in Region Il were predlctlve for
basis of studies on Moloney murine leukemia virus revers ent DNA polymerase Y412 variant pehawor, In othe_r cases
transcriptase (16) anB.coli DNA polymerase | (17), that the COMParisons were not as instructive. We were initially

invariant Tyr residue in Region Il of Family B DNA polymer- impressed by the profound differences in ddNMP incorpor-

ases (Y412 in Vent DNA polymerase) could potentially play gation observed in Family A DNA polymerases following a

role in 2'-deoxyribonucleotide/ribonucleotide discrimination.Slngle amino acid substitution in Motif B (15). Unfortunately,

Results reported above with Y412 variants are entirely consi%‘ne;fz V(\)/iz Qg %?]V:ﬁuoi t?}gn;glr%% OEf’ Itjh,llSA F/J rrr?::gggsme\sz(r?
tent with that prediction, with specific variants at this positionthou % in bothgcases these amingacid res?du)és : Iic’es
affecting NMP, but not ddNMP, incorporation. The hydroxyl 9

roup of Tvr is not the maior determinant for ribonucleOtidebordering the nucleotide binding site. In fact, mutations that
group ot 1y . J o= replace Tyr with Phe in these regions of Vent DNA polymerase
exclusion as variant Y412F showed the same discriminatio

Were either unchanged (Y412F, Y496F and Y499F) or some-
against NMP addition as the wild-type enzyme. Ribonucleo: : il ' : -
tide incorporation was increased by a Y412L substitution an hat decreased (Y497F) in the ability to incorporate dideoxy

. . , : ~ Tibonucleotides. A similar decrease in incorporation of
was even greater in the Y412V variant, reinforcing the VieW 4NMPs was noted for an analogous substitutionZ8 DNA

that :[he bulk of the larger am|ino acid group acts as a ‘steri olymerase (Y390F ing29 is analogous to Y497F in Vent
gate’ to block access of the 2'-OH of the ribonucleotide suga NA polymerase; 12). Curiously, Y497S retains wild-type

to the binding site. This steric clash could be directly with thecp 55 cteristics, although it is not clear how Ser substitution
2'-OH or a metal ion chelated to this hydroxyl or via repo-

o . . ; . ) e - compensates for the loss of Tyr. These Tyr substitutions do not
sitioning of neighboring residues in the nucleotide binding site5y¢ the dramatic effect towards dideoxyribonucleotide incor-
The enhancement of ribonucleotide incorporation Withyoration observed in Family A DNA polymerases. Thus, while
Y412V in the gel assay is ~200-fold relative to the wild-type some parallels can be drawn within the DNA polymerase
enzyme, similar to the 300-fold effect seen for F155V ingyperfamily, there are still difficulties in making precise
Moloney murine leukemia virus reverse transcriptase (16) angxtrapolations between Family A and B DNA polymerases.
the 800-fold effect observed with the E710A varianto€oli In contrast to Y412 point mutations, substitutions of A488
DNA polymerase | (17). In the case of Vent DNA polymerase affected both NTP and ddNTP utilization. Whereas increasing
this discrimination is specific for the 2'-OH, as dideoxyribo-the size of the A488 sidechain facilitated insertion of both
nucleotides and cordycepin incorporation was only slightlymps and ddNMPs, decreasing the size of the Y412 sidechain
enhanced with Y412V and not affected with the Y412L andpnly enhanced addition of NMPs. The analogous A488 residue
Y412F variants. in the RB69 apo-enzyme crystal structure is part ofiamelix
Variants at the position analogous to Y412 have beemnd faces away from the active site of the protein (Fig. 6), in
constructed in@29 DNA polymerase and human DNA contrast to the conserved Lys, Asn, Ser, Tyr and Gly residues
polymerase, both of which are Family B DNA polymerases. in this motif, which face towards the proposed nucleotide
Unfortunately, in neither case was the incorporation of ribo-binding site. Somewhat weaker global effects are also seen
nucleotides analyzed. Dideoxyribonucleotide incorporatiorwith Y499 variants, also predicted to be facing away from the
was evaluated for human DNA polymerase however, nucleotide-binding site on the samehelix. In this case,
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‘_\ nucleotide-binding site than is observed in the apo-enzyme
-y (25). Kieferet al. (26) also note that iBstDNA polymerase a
g 7 conformational shift of the O-helix would be required to access

t---wﬁ?"ﬂm the template base prior to addition. Alternatively, the subs-
L7 e titutions may alter the flexibility of the helix, again facilitating
ek *- ol D407 the conformational change thought to be required for catalysis.
4 e Double A488/Y499 mutations do not accumulate the effect of
\—é'.\ uEle the single mutations, suggesting that there are limits to this
. Y . %’4\ motion.
= - a I{F‘"E?i? Kinetic studies of Family A DNA polymerases have demon-
S . .f‘- 5 strated a rate-limiting step between nucleotide binding and
. {fq”# Py e, X polymerization (31), with a suggestion that this step may
vi9e S h'Y correspond to a conformational change. Astagkeal. (30)
>, further argue that ddNTP discrimination occurs at this step.

i o Perhaps the series of A488 variants facilitates this change and
RBE9: 556 ?LNRflTlT?LTT“LT 558 in so doing weakens some of the normal determinants of
Vent: 486 QRATELLANSYYGYMG 501 nucleotide selectivity. Since fidelity is coupled to this selec-
tivity, A488 variants might be expected to exhibit lowered
fidelity, a prediction that has not yet been tested. It may also be
Figure 6. A model for Regions Il and Ill of Vent DNA polymerase based on possible to create a second site revertant by decreasing the bulk
the crystal structure of RB69 DNA polymerase. Relevant coordinates from th - .
crystal structure of RB69 DNA polymerase, including the modeled dcTrOf residues that contact A488L in the Vent DNA polymerase
(Brookhaven PDB deposit 1WAH), were extracted and the displayed residudiree-dimensional structure.
Incicated below the diagram, Idvidual sidechain oremations were energy, -+ Urined picture of polymerization is emerging as a wider
Ir':ir:?ﬁized using a rotan?er IiBrary within the program QUANTA (Molecularg\//arlety of pOIymeraseS are _ldentlfled’ _thelr p_rlmary and_
Simulations, San Diego, CA). Residues mutated in this study are indicated &€condary sequences determined and biochemical properties
ball-and-stick figures and are labeled. The substrate dCTP is shown in greegharacterized. The first Family B-type DNA polymerase
The catalytic triad of aspartate residues (not studied in this work) are D407erystal structure, that of RB69 DNA polymerase, forecasts the
D543 and D545. o
structure of Vent DNA polymerase. However, significant
differences in primary sequence are found between the two
decreasing the bulk of the residue accentuated ddNMP arRPlymerases. Definitive answers to the roles of specific
NMP incorporation. What indirect effects can account for'eSidues await a detailed structure for Vent DNA polymerase,
greater tolerance for substituted nucleotides in these variantg@eferably in a catalytically competent complex.
Several observations may be relevant. First, sugars differing
at both the 2' and 3' position from the natural substrate are molCKNOWLEDGEMENTS

effectively incorporated by the A488 variants. Preliminary . o .
experiments show that these variants are also more tolera)f¢ are grateful to Jiming Wang for his insight into Family B

toward incorporation of nucleotides with substituted base®NA polymerase structure, in particular how A488 variants
(A.F.Gardner, W.E.Jack and J.Killian, unpublished results)Mightinfluence polymerase selectivity. We thank Lorena Beese
Thus, A488 variants appear to facilitate polymerizationfor discussions a_nd sharing of unpu_bhshed data. Comment_s by
globally, rather than targeting specific nucleotide deterfran Perler, Christopher Noren, Richard Roberts, Paul Riggs
minants. Second, unlike Y412 and analogous DNA poly-2nd Huimin Kong on this manuscript were extremely useful and
merase | variants, the A488L variant allows for a more@re gratefully acknowledged. J. Menin provided several of the
extensive tract of ribonucleotide polymerization, indicatingconstructs utilized here, B. Slatko, J. Ware, L. Mazzola and
increased tolerance for the inserted nucleotide and also féf- Ganatra provided DNA sequencing services and Chris
binding of the extended RNA/DNA product. Third, increasedBenoit assisted Wlth. polymerase isolation. We are particularly
incorporation of modified nucleotides has a rough correlatiorgrateful for the ongoing support of Don Comb.

with the bulk of the sidechain inserted in place of A488 or

Y499. Assuming 'that Vent DNA polymergse ao!opts @ NOTE ADDED IN PROOE

helical conformation analogous to RB69 in Region Ill, one

possible explanation for these observations is a loweredpo-enzyme crystal structures for two archeal hyperthermo-
activation energy for a conformational change required prior tghilic Family B DNA polymerases are now available (L.Beese,
polymerization. This reduction may originate from the personal communication;  Hopfner,K.-P.,  Eichinger,A.,
displacement of the helix in the direction required for catalysis€Engh,R.A., Laue,F., Ankenbauer,W., Huber,R. and Angerer,B.
due to the increased bulk of the substituted A488 sidechain d1999) Proc. Natl Acad. Sci. USA, 96, 3600—-3605). In these
the decreased bulk of the Y499 residue. This movement mastructures Region Il forms an-helix, similar to the RB69

be similar to that seen in the T7 DNA replication complex,DNA polymerase structure, with residues corresponding to
where the fingers subdomain is rotated inwards by °~41A488 and Y499 in Vent DNA polymerase on one face of the
towards the primer—template, bringing the O-helix (containinghelix and conserved Lys, Asn and Ser residues facing the pro-
amino acid residues in Motif B) in closer proximity to the posed active site on the opposite face.
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