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ABSTRACT: Crystallographic characterization of DNA polymergsépol 5) has suggested that multiple-
domain and subdomain motions occur during substrate binding and catalysis. NMR studiestoft |
13C]methionine-labeled pg were conducted to characterize the structural and dynamic response to ligand
binding. The enzyme contains seven methionine residues, one of which is at the amino terminus and is
partially removed by the expression system. Three of the methyl resonances were readily assigned using
site-directed mutants. Assignment of the resonances of Met155, Met158, and Met191 was more difficult
due to the spatial proximity of these residues, so that assignments were based on N@E3IQX data

and on the response to paramagnetié'Caddition, as well as shift perturbations observed for the site-
directed mutants. The response of the methyl resonances to substrate binding was evaluated by the serial
addition of a template oligonucleotide, a downstredrptosphorylated oligonucleotide, and a primer
oligonucleotide to create a two-nucleotide-gapped DNA substrate. Addition of the single-stranded template
DNA resulted in selective broadening of the methyl resonance of Met18 in the 8 kDa lyase domain, and
this resonance then shifted and sharpened upon addition d&fphoSphate-terminated downstream
complementary oligonucleotide. Conversion of the two-nucleotide-gapped DNA substrate to a single-
nucleotide-gapped substrate by incorporation of ddCMP produced a small perturbation of the Met236
resonance, which makes contact with the primer strand in the crystal structure. The addition of a second
equivalent of ddCTP to form the p@—DNA—ddCTP ternary complex resulted in significant shifts for

the resonances corresponding to Met155, Met191, Met236, and Met282. The Met155 methyl resonance
is severely broadened, while the Met191 and Met282 resonances exhibit significant but less extreme
broadening. Since only Met236 makes contact with the substrate, the effects on Metl155, Met236, and
Met282 result from indirect conformational and dynamic perturbations. Previous crystallographic
characterization of this abortive complex indicated that a polymerase subdomain or seathelit (N)
repositions itself to form one face of the binding pocket for the nascent base pair. Met282 serves as a
probe for motion in this segment. Addition of Btig-dATP to polj in the absence of DNA produced
gualitatively similar but much smaller effects on Met191 and Met155, but did not strongly perturb Met282,
leading to the conclusion that Mg—dATP alone is insufficient to produce the large conformational
changes that are observed in the abortive complex involving the gapped DNA with a blocked primer and
ddNTP. Thus, the NMR data indicate that the nuclectib®A interaction appears to be essential for
conformational activation.

DNA polymerases (pol )t is a polymerase in vertebrate intermediate produced during repair. The polymerase domain
cells involved in the repair of nuclear DNA,(2). Because  is composed of three functionally distinguishable subdo-
of its small size, excellent expression properties, and lack mains. The polymerase catalytic subdomain coordinates two
of a proofreading exonuclease, pbis considered a model  divalent metal cations that assist the nucleotidyl transferase
enzyme for mechanistic studies of the nucleotidyl transferasereaction. Two additional subdomains that have primary roles
reaction, DNA synthesis fidelity, and proteiDNA interac- in duplex DNA binding and nascent base pair (nucleoside
tions involved in repair. Pop typically inserts a deoxy-  5'-triphosphate and templating nucleotide) binding border the
nucleoside monophosphate into a single-nucleotide-gappedcatalytic subdomain. These subdomains are referred to as
DNA repair intermediate formed during base excision repair. the C (catalytic), D (duplex DNA binding), and N (nascent
The 39 kDa enzyme is composed of two domains: a 31 kDa base pair binding) subdomains to highlight their intrinsic
polymerase domain and an amino-terminal 8 kDa lyase functions. These subdomains would correspond to the palm,
domain that excises the-Beoxyribose phosphate’{8RP) thumb, and fingers subdomains, respectively, according to
the nomenclature that utilizes the architectural analogy to a
*To Wh(?m correspondence shoqll_d F(ar‘gggr@e)snsiggéiri}?ng:v (919) 541ight hand 8).
4817%b§?;\./ia(t§i)olr?s):5:&5?7D(:\I7A [E)orlr)]/en‘;ér::se.‘}; dNTP, debxyﬁgucléotide C;rySta.”Ographlc comparlsons O.f the structure of fah
triphosphate; ddNTP, dideoxynucleotide triphosphate; NMR, nuclear Various liganded states have indicated that numerous con-
magnetic resonance; HSQC, heteronuclear single-quantum coherenceformational changes occur upon substrate binding. These
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residues provide sensitive probes for the conformational and
dynamic response of p@l to a broad range of ligands and
substrates.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides were obtained from Oligos,
Etc. or from Integrated DNA Technologies, Inc. Deoxy-
nucleoside triphosphates were from QIAGEN. Unlabeled
amino acids, MOPS, tricine, adenine, guanine, cytosine,
thymine, uracil, and ssDNA cellulose were from Sigma-
Aldrich. [e-13C]Methionine was from Cambridge Isotope

. b < Al ‘} Laboratories. Isopropyl thig-p-galactoside (IPTG) was
) by Met155 j \ from Invitrogen. Q-Sepharose and Sephacryl-100 were from
Met18 k\') Amersham Pharmacia Biotech AB.

Expression of Rat DNA PolymerageThe cDNA of rat

Ficure 1: Structure of a DNA-pol B complex showing the six ; ;
methionine residues (Metl is not included). The polymerase domain pol § described previouslylf) was subcloned by Expand

is shown in cyan, with helix N in gray and the 8 kDa N-terminal P'CR (Roche), followed by restriction digestion wittde
lyase domain in pink. A gapped DNA is shown in green, with the andSad, and ligation into pET30af) (Novagen) which had
primer 3-nucleotide in blue. The figure was generated using also undergone digestion wibidd andSad. The N-terminal
MOLMOL (49). and C-terminal primers used for the amplification were
. i o . i 5'-CGCGCEATATAGCAAACGCAAGGCGCC-3 and
transitions include (1) repositioning of the amino-terminal 5-GGCCGAAGCTATTCACTCCTGTCCTTGGGC-3
8 kDa lyase domain toward the 31 kDa polymerase domain yhich contain Ndd and Sad restriction sites (italic),
upon gapped DNA binding and (2) repositioningoshelix respectively. The plasmid so constructed was used to
N. on the N-subdomain adjacent to the nascent base pair UpoRyansformE. coli strains BL21(DE3) and B834(DE3) for
binding a complementary dNTP to form a ternary complex gxpression (Novagen strains). B834(DE3) cells are methion-
(4, 5). The latter change results in the conversion from an ine auxotrophs used foef*C]methionine-enriched labeling.
“open” (lacking dNTP) to a “closed” (with dNTP bound)  cejis containing plasmid were grown to mid-log phase
structure, forming an active site that coordinates twa*Mg (Asco ~ 0.6) at 37°C in a defined medium enriched with
ions. In the complex with a sin_gle-nucleotide-gapped_ DNA [e-13C]methionine, containing 50 mg/mL kanamycin, to label
+dNTP), the template strand is bent B0 at the active  the methionine residues of the protein. The defined medium
site. This bend permits polymerase residuea-tielix N to (17) contained all amino acids excepimethionine, which
interact with the nascent base pair in the closed conformation;g gpstituted by d-13C]methionine, to repress endogenous
(+dNTP). Mutagenesis data indicate that such contacts arégynthesis by bacteria. Protein expression was induced by
crucial for achieving high DNA synthesis efficiency and  4qdition of IPTG to 1 mM, and the growth was continued
fidelity (6—11). In addition to domain/subdomain move- for 3—4 h. The cells were harvested by centrifugation and
ments, critical protein side chain and nucleotide repositioning gtored at—20 °C.
occurs during substrate binding. For example, crystal- \jytagenesisMutating each of the six methionine residues
lographic structures of open and closed forms of many DNA 5 vajine was carried out by a PCR-based in vitro mutagen-
polymerases suggest that the templating (i.e., coding) basesgjg procedure using the QuikChange XL site-directed
is “out-of-position” in the open form, but moves to a coding mytagenesis kit (Stratagene). The synthetic mutage8ic-
position upon binding a correct dNTR)( 35-mer oligonucleotides used for M18V, M155V, M158V,
It is still uncertain how the static conformational states M191V, M236V, and M282V mutations had the ATG
revealed by the structural snapshots provided by crystal-codons for the methionines changed to GTG (Val). The
lographic analysis contribute to the kinetic properties of the presence of the desired mutations in the plasmids was
enzyme. For this reason, we have prepane@thyt'3C]- confirmed by DNA sequence analysis using the Big Dye
methionine-labeled pagb to investigate the structural and sequencing kit (Applied Biosystems).
dynamic properties of the enzyme in the local environments  Purification. The harvested cells were resuspended in lysis
of the six methionine residues (seven if the amino-terminal buffer (buffer 1) containing 50 mM TrisHCI (pH 7.5), 10
Metl residue is included). The methionine residues are mM sodium bisulfite, 1 mM EDTA, 1 mM DTT, 500 mM
distributed throughout the enzyme, including one residue in NaCl, 1 mM AEBSF, 1 mM benzamidine ¢#/mL pepstatin
the amino-terminal lyase domain (Met18), one residue nearA, and 1ug/mL leupeptin. The cell suspension was treated
the active site that is in contact with the primer strand in a Branson sonicator, model 200, using a microtip probe
(Met236), three residues in the C-subdomain that form a at an output level of 6 for 1& 30 s, with 30 s of cooling
hydrophobic core near the enzyme active site (Metl55, for each cycle to effect cell disruption. The lysate was
Met158, and Met191), and, finally, Met282 located on centrifuged at 1500@Pfor 30 min. The supernatant fraction
o-helix N, which undergoes a major conformational change was diluted with buffer (buffer 1 without NaCl) to give a
in response to nucleotide binding (Figure 1). Methionine final NaCl concentration of 75 mM, and the mixture was
labeling is an attractive strategy for the study of large proteins pumped onto a Q-Sepharose column (.85 cm) which
due to the presence of three magnetically equivalent protonswas connected in series to a single-strand BDNAllulose
and internal diffusion of the methyl group resulting in sharper column (1.6x 13 cm) that had been equilibrated with buffer
resonancesl@—15). As demonstrated here, the methionine 2: 50 mM Tris—HCI, pH 7.5, 10 mM sodium bisulfite, 1
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Table 1: Methionine Relaxation Table

S

Ti(s) NOE Tz (ms) model contact
residue 14.1T 18.8T 14.1T 188T 14.1T LS-2 modef
Metl 1.58+0.14 2.18+0.12 1.79+ 0.16 a 311+ 30
Metl8 1.89+ 0.17 2.37+0.19 1.46+ 0.03 1.714+0.04 54+ 13 0.50 0.260
Met155 4.01+ 0.83 4.314+ 0.95 1.444+ 0.03 1.384+0.03 44+ 6 0.22 0.286
Met158 2.704+ 0.26 2.77+0.32 2.07+ 0.02 1.7140.02 53+ 8 0.42 0.297
Met191 3.014+ 0.30 3.53+0.12 1.65+ 0.02 1.4140.02 40+ 7 0.33 0.295
Met236 2.08+0.12 2.23+0.12 1.60+ 0.02 1.474+0.02 57+ 15 0.48 0.169
Met282 1.93+0.12 2.29+ 0.37 1.57+ 0.06 1.434+0.06 57+ 12 0.43 0.291

2The NOE data for Metl at 201.1 MHz did not provide a sufficient signal/noise ratio for a determirfaBoder parameters fit using the
effective correlation time model LS-3 as described by Choy and B4y f Order parameters determined using the contact model of Ming and
Bruschweiler 82) based on a high-resolution crystal structure of fbased on coordinates of a 1.65 A unpublished structure off pahdly
provided by Joseph Krahn and co-workers).

mM EDTA, 1 mM DTT, 75 mM NaCl, 1 mM AEBSF, 1  observed. Data fol, delays were acquired out to 100 ms.
mM benzamidine, lug/mL pepstatin A, and lug/mL The H{13C} NOE presaturation time was 3 s, Wi 2 s
leupeptin. The columns were washed with one column interscan delay. Without presaturation the interscan delay
volume of buffer 2, and then the DNAcellulose column  was 5 s. ThéH{*3C} NOE experiment has relatively poor
was disconnected from the Q-Sepharose column and elutedsensitivity in general, but we were able to acquire data with
with a gradient of 751000 mM NaCl. Fractions containing 48 scans per acquisition, close to 24 h of signal averaging,
the polymerase were pooled and concentrated to 6 mL with for each experiment, i.e., with and without presaturation.
Centriprep YM-10 (Amicon), and then the polymerase was Relaxation data for the apoenzyme state were acquired at
chromatographed on a 26 63 cm column of Sephacryl 600 and 800 MHz. The data were processed with NMRPipe
S-100 which was preequilibrated with buffer 2. Fractions (20) and relaxation times analyzed with NMRVie®1).
containing pure protein were pooled and concentrated using

a Centricon YM-10 filter unit. At this stage, the proteins RESULTS

were greater than 9.5% homogeneous on the basis of the Assignment of [methyfC]Methionine-Labeled Pg#. The
Coomassie Blue-stained SBBAGE gel. . 1H—13C HSQC spectra offiethyt*3C]methionine-labeled pol
Sample PreparationAfter purification, the protein was g optained initially were characterized by six relatively
concentrated and NMR samples were prepared. The finalintense resonances as well as a number of weaker resonances
NMR sample contained 0-3.6 mM pol in 40 mM Tris- at various positions in the spectrum. Although the methyl
dyy, pH 7.6, 130 mM KCI, 1 mM DTT, 0.1 mM AEBSF,  groyps arising from excess methionine will be metabolized
0.04% NaN, and 50uM DSS, as an internal chemical shift iz the one-carbon pool, it is unlikely that other residues
standard in BO. would be enriched to a significant degree from the level of
NMR SpectroscopiNMR experiments were performed at  methionine used for labeling the enzyme. It was ultimately
25 °C on a Varian UNITY INOVA 600 MHz NMR determined that the use of a restricted secé#@)) dimension
spectrometer, usgna 5 mmVarian (600 MHz)'H{*3C,'>N} resulted in the appearance of additional peaks that were
triple-resonance probe, equipped with actively shielded aliased into the region containing the methionine methyl
Z-gradients. ThéH—13C HSQC spectra were acquired using resonances. These resonances appear to arise primarily from
Varian’s gChsqc sequenc&g). The data were acquired as the natural abundancEC nuclei of unlabeled lysine or
a 230 (1) x 512 ¢,) complex matrix, with acquisition times  arginine residues. Since a majority of the 32 lysine and 22
of 63.9 ms {;) and 64.0 {;) ms, 128 scans per increment, arginine residues of rat pgllie on the surface of the protein,
and a 1.0 s delay between scans. The'¥Dedited NOESY  the corresponding resonances tend to exhibit minimal shift
spectrum was acquired with Varian’s gnoesyChsqc experi- dispersion and longer relaxation times characteristic of more

ment (19). The spectrum was acquired as a 128 & 36 flexible side chains. Thus, resonances near 1.78, 1.36, and
(tz) x 512 (t3) complex matrix, using a mixing time of 100  1.61 ppm arising from the B Hy, and H protons of surface
ms, with acquisition times of 16.0 mg), 10.0 ms (), and lysine residues, as well as resonances near 1.77 and 1.58

64.0 ms {3), eight scans per increment, and a 1.0 s recovery ppm and arising from the fiand Hy protons of surface
delay between scans. All 2D and 3D spectra were processedarginine residues, can be folded into the region of interest.
using NMRPipe version 2.120) and analyzed using NM-  The use of a less restrictive sweep width (24 ppm) eliminated
RView version 5.0.421). All spectra were processed using the majority of these aliased resonances; however, there is
squared cosine bell apodization functions in all dimensions still a resonance of variable appearance positionex{’at,
and forward-backward linear prediction in the indiretC 13C) = 2.07, 17.04. This resonance is fairly close to that of
dimension 22). free methionine and also was found to exhibit significantly
Relaxation experiments were performed at 600 and 800 longer T, values than those of the remaining methionines
MHz according to Farrow et al2@) and Yamazaki et al.  (Table 1). For these reasons, we have tentatively assigned

(24). For [e-3C]methionine, there is no significatiC—C this resonance to the amino-terminal methionine, which is
coupling, so pulses intended to eliminate the effects of this incompletely cleaved from the proteid@).
coupling were set to a power level of zero. DataTodelays To assign the methyl resonances, we prepared a series of

were acquired outot5 s due to the long relaxation times mutant enzymes in which each methionine residue was
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substituted with a valine residue. Valine was selected since
it is one of the commonly occurring mutations for buried
methionine residue®§). Substitution of valine for methion-
ine residues 18, 236, and 282 yielded pohutants in which
single peaks in théH—3C HSQC spectra were eliminated,
making the assignment of the corresponding resonances
straightforward. ThéH—3C HSQC spectra for wild-type
pol 4 and M236V and M282V mutants are shown in Figure
2. In contrast with these results, substitution of valine residues
for methionine residues 155, 158, and 191 in the C-
subdomain resulted in more complex spectral changes. Due s
to the proximity of these three methionine residues to each
other, substitution of any one significantly perturbs the
magnetic environment of the remaining two, producing o4
significant chemical shifts. This behavior is illustrated by 154
the effect of the M191V mutation on thé#1—13C HSQC B) M282V
spectrum shown in Figure 3a. = @
To assign the final three methionine resonances, a variety i
of alternative strategies were utilized. First, we note that, in @ =
theH—13C HSQC spectrum of M191V, there is a small shift oy
perturbation of the resonance that we have assigned to
Met236 (Figure 3a). Similarly, the methyl resonance of
Met191 shows a small shift perturbation in the M236V 79 O
mutant (Figure 3b). Met191 is located at the beginning of
the second strand (residues Mett9hr196) of sheet 2 of e ©
the five-stranded centrgi-sheet, while Met236 is located
on the fourth strand of sheet 2. Thus, while the residues are
not spatially close (10.3 A, €to Ca), mutations at residues 194
191 and 236 appear to transmit small structural perturbations C) M236V
via the-sheet, explaining the apparent sensitivity of Met236 ’ )
(Met191) to the M191V (M236V) mutation. @
A second strategy involved the use df@-edited NOESY 164
experiment to detect protons in the immediate environment O Py
of the methionine methyl resonances (Figure 4). We first *
note from these spectra that Metl is unique in exhibiting
essentially no NOE cross-peaks, consistent with the assign-
ment of this residue to the amino-terminal methionine, which w9
is largely disordered in all of the reported crystal structures
of pol 5. Previously reported amino-terminal sequencing of <5
rat pol § that was prepared by a similar procedure has 189 )
indicated limited microheterogeneity at the amino terminus,
so that Metl is probably partially cleaved in our protein D S S S —
preparation 16). To derive assignment information for o © HI
Met155, Met158, and Met191, we compared the NOESY- Figure 2: H—13C HSQC spectra of (A) wild-typenfiethyt3C]-
HSQC data with the structure of the apo rat pq6, PDB methionine-labeled rat p@, (B) M282V [methy+3C]methionine-
code 1BPD). Examination of the NOE strips shown in Figure labeled rat pols, and (C) M236V rat inethy}*C]methionine-

R _ labeled po}3. Sample parameters for (AJC): enzyme concentration
4 for Met155, Met158, and Met191 indicates large cross 0.6, 0.3, and 0.8 mM, respectively. Samples were made in 40 mM

peaks from aliphatic resonances near 1.0 ppm for Met158,Tris_dlL pH 7.6, buffer with 130 mM KCI, 1 mM DTT, 0.1 mM
and somewhat smaller aliphatic cross-peaks for Met191. AEBSF, and 0.04% sodium azide in®. The spectra were obtained
Examination of the structure of unliganded rat @o(26) at 25 °C using Varian's gChsqc pulse sequence on a UNITY
indicates that the Met158 methyl carbon is positioned 4.0 INOVA 600 NMR spectrometer with 230,§ x 512 ;) complex

points and acquisition times of 63.9 mg)(and 64 ms t),
and 4.6 A from the two methyl groups of lle150. The Met191 corresponding to sweep widths of 24 and 13.3 ppm irt#Geand

methyl group is 4.0 A from the @2 methyl of Val162,4.7 1 dimensions, respectively. Sixteen scans were acquired per
A from Val193 G2, and at least 5.0 A from the other methyl increment with a 1.0 s delay between scans.

groups, while the Met155 methyl group is significantly

further from the other methyl groups in its immediate intense. From the crystal structure, this methyl group is the
environment. These spatial relationships are consistent withclosest to any aromatic position, being 3.35 A from Phe181
the assignments given in Figure 4, which show the smallestCd2. The shortest distances to aromatic carbons for both
aliphatic cross-peaks for Metl55. The NOE strips also Metl58 and Met191 are significantly longer. Many of the
indicate weak aromatic cross-peaks for each of these residuesshortest internuclear distances correspond to the three me-
However, relative to the intensity of the diagonal peak, the thionine residues themselves. For example, the Met191
cross-peak intensity at 7.3 ppm for Met155 is the most methyl carbon is 3.8 A from the Met158/C Both the
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b Ficure 4: 13C-edited NOESY strips for the seven observed

| methionine resonances. The sample contained 0.6 mNhethjy
156¢ 13C)methionine-labeled pg# in the buffer described in Figure 2.
The 3D'3C-edited NOESY spectrum was acquired with Varian’s
gnoesyChsqgc experimeritd). The spectrum was acquired as a 128
(t1) x 36 () x 512 ¢3) complex matrix, using a mixing time of
M236 100 ms, with acquisition times of 16.0 mg)( 10.0 ms {;), and
. 64.0 ms (3), eight scans per increment, and a 1.0 s recovery delay
& mi55 between scans.

15.1

lalf

la6

assignments, with the observed aromatic cross-peaks provid-
M282 ing the most useful basis for discrimination. However, in
the absence of specific assignments for the other proton
resonances of the protein, definitive assignment information
cannot be obtained.

Two additional features of note in the unliganded fol
HSQC spectra are the variability in the intensity of the Metl
resonance among several different enzyme preparations and
the observation of two closely spaced component resonances

— for residue Met282. In most of the spectra _obtaine_d, two
H1 Met282 resonances are observed to exhibit sirifaishifts
Ficure 3: (a) Effects of M191V and M236V mutations on the of 17.66 ppm, and d'St'n_éH sh|fts_of 1.27 and 1.31 ppm.
1H—13C HSQC spectra ofrfiethyt3C]methionine-labeled pg. The structural/conformational basis for the doubled Met282
The spectra for the wild-type enzymes are shown in black, and is not presently clear. However, upon reviewing spectra
those for the mutants are shown in red. Substitution of a valine for derived from multiple preparations of the apoenzyme as well

Met191 results in the disappearance of this resonance and in ; ; ;
significant shifts of the methyl resonances of Met155 and Met158, E;]S thl\j Vinouskmm?]mi’ we havedfout?d that tf:je IntenSI;[]ybc_)f
which are located in close proximity to Met191. We note also that "€ Metl peak, which as noted above tends to exhibit

Met236 is shifted. (b) Inverse shift perturbation of Met191 resulting Significant variability, appears to be correlated with the
from M236V mutation of poj. In contrast to the close proximity ~ Met282 1.27/1.31 ppm intensity ratio (Figure 4). Although
of Met191, Met155, and Met158, the shift perturbations observed \et1 and Met282 are located at opposite ends of the3pol

for Met191 and Met236 methyl resonances are proposed to be ;
mediated by perturbations of tjfesheet that includes both residues. sequence, the folded structure observed in the presence of

The enzyme concentration was 0.6 mM (M191V) or 0.8 mM ligands places the lyase domain in close proximity to the
(M236V), in 40 mM Trisdy;, 130 mM KCI, pH 7.6, buffer N-subdomain %). This suggests that the amino-terminal
containing 1 mM DTT, 0.1 mM AEBSF, and 0.04%;NNMR peptide that is disordered in the crystal may be interacting
spectral parameters were as in Figure 2. with residues near Met282. Additional studies will be
required to evaluate this possibility more fully.
methionine methytmethyl NOEs and the NOEs to other Paramagnetic Shifts Resulting from TaComplexation
methionine protons would lead to resonances near 2.0 ppm,The 'H—'3C HSQC spectra for nhethyt3C]pol S were
which are close to the diagonal and hence difficult to observe. recorded as MgGl or CoCL was added at millimolar
The assignments discussed above are also consistent witltoncentration. The former produced negligible shifts, while
the downfield 13C shift for Metl158, resulting from its  the latter produced large shifts for Met155 and Met236, and
proximity to the edge of the Phe223 phenyl ring. In summary, smaller shifts for Met158 and Met191 (Figure 5). Resonances
the NOESY-HSQC data are consistent with the proposed for residues Metl8 and Met282, as well as the amino-
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IGURE 6: Positions of selected residues derived from the structure

Ficure 5: H—13C HSQC spectra of iethyt3Clmethionine- of a Mn¥*—pol  complex (INOM). The side chains of residues

labeled rat pops as a function of added CogLISamples contained ~ Met155, Met158, Met191, and Met236, as well as the ion binding

0.6 mM [methy#t*C]lmethionine-labeled rat pglin the same buffer residues Asp190, Asp192, and Aspl56, are shown. Th& km

described in Figure 2. Samples contained no G¢dack contours), is shown in green, and the distances between thé"Nand the

3 mM CoCl, (red contours), or 5 mM Cog(blue contours). NMR methionine methyl carbons are indicated.

parameters were as described in Figure 2. ) ) ) )
Figure 6, the angular factors relating tipéensor orientation

terminal methionine resonance, were essentially unaffected.to the methyl nuclei for Met155, Met158, and Met191 are
The progressive shifts as a function of @oncentration fairly similar, so that the relative shift magnitudes should
that are apparent in Figure 5 indicate that the exchange ofbe inversely related to the distance factogs 3 (or reoc 3

the enzyme between uncomplexed and?‘@mmplexed for the carbon shifts). Calculations of the maximum possible
forms is fast to intermediate on the methionine shift time shift variation using the geometry derived from the crystal
scales, since otherwise separate resonances would be olstructure containing the bound Kfnion indicate that even
served for the C&-complexed and uncomplexed species. for the most extreme orientation of tlietensor the shifts
The closest structural model useful for the interpretation of cannot be explained by angular factors alone. The observed
these shifts is a Mt complex reported by Pelletier and shifts are therefore consistent with the assignment of Met155
Sawaya 27, PDB code 1INOM). As shown in Figure 6, the to the methyl group exhibiting the largest shift among the
metal ion is complexed by aspartyl residues 190, 192, andMet155, Met158, and Met191 resonances. As is apparent
256 in the crystal structure. The distances from théMn from Figure 5, Met236 exhibits an even larger shift, but the
the methionine methyl carbons increase for the series Met236angular factor differs significantly for this residue so that a
< Metl55 < Metl91 ~ Metl58, which parallels the more quantitative analysis is not justified.

magnitude of the observed shifts. Response to dATPThe addition of a complementary
Under fast exchange conditions, the observed shift will nucleotide to a poB—DNA complex results in both subtle
be given by and dramatic conformational changes. In the absence of
DNA, it is unclear whether a deoxynucleotide by itself will
Oobs = PrOdia T PeOpc 1) produce any of these conformational changes. Crystal

structures of DNA polymerasedNTP binary complexes
wherepr andps are the fractions of pgf free and complexed  indicate that they are in an open conformati@, 29, 30),
with Co?*, dqiais the shift for the uncomplexed nucleus, and but the resolution of these structures is insufficient to
Opc is the pseudocontact shift resulting from the paramagnetic determine whether subtle local structural changes are induced
Cc?t ion. The latter is given by28): by dNTP binding to apoenzyme. Addition of a 5.2:1 ratio
of Mg?"—dATP to polf shifted several of the methionine
(si 20 coS %) resonances, with Met191 showing the greatest sensitivity
(Figure 7). Given the involvement of Asp190 and Asp192
(2) in binding Mg —dATP, this result further confirms our
resonance assignments. In addition to the shift of Met191,
whereAyax = xzz — Y20 + Xyy)s Axrh = Xx — Xyys Tcom IS smaller shifts are apparent for Met155 and Met282. In the
the distance between the €don and the proton (or carbon) latter case, the resonance shape becomes more complex,
under observation, and is Avogadro’s number. If a  suggesting sampling of multiple conformational states on an
sufficient number of shifts are observed, the orientation of intermediate time scale. The shift of the Met282 resonance
theg tensor can be determined and the shifts of other nucleiis, however, significantly smaller than that observed in the
can be predicted. In the present case, there is insufficientpresence of gapped DNA plus nucleotide (see below),
data for such a determination. However, as is apparent fromindicating that the binding of Mg—dATP is insufficient to

A A
= Xax3(3 co$h — 1) — U S

"N lco 2Nreoy




NMR of DNA Pol Biochemistry, Vol. 43, No. 28, 2008917

predicted on the basis of the contact model developed by
Ming and Bruschweiler32), and additional details of the
analysis are provided as Supporting Information. Values of
< range from 0.22 to 0.50, consistent with expectations of
low order parameters for the relatively long methionine side
chain @3). The lower order parameters obtained for Met155,
Met158, and Met191 suggest the existence of a more fluid
core in the C-subdomain that results from the concentration
of aliphatic side chains. However, our calculations fail to
verify the anticipated lower order parameter for Met236, on
the basis of its location on the protein surface. A significantly
lower order parameter for this methyl group is also predicted
on the basis of the contact model. The long methiofiine
values make the relaxation parameters, and particularly the
NOE values, difficult to determine accurately due to the
182 failure to utilize sufficiently long interpulse delays, so that
alternate labeling approaches such as those described by Kay
and co-workers may be preferable for these measurements
(31, 33).

Response to SubstrateBhe response of the methionine
methyl resonances to the addition of a series of DNA ligands
was also studied. The ligands were added in the following
sequence: (1) template strand 16-mer, ()tosphorylated
downstream 5-mer, and (3) 9-mer upstream primer oligo-
nucleotide. After addition of the three oligonucleotides, a
DNA substrate is created with a two-nucleotide gap at the
G6—G7 positions of the template, as illustrated in the
produce a major conformational change (i.e., subdomain following diagram:
movements resulting in a closed complex). At 12 mM
Mg?t—dATP (dATP/enzyme= 23:1), we observe small 3??? ICITT ICCI;(IT GG‘lc Il*flc |C‘5'
shifts of Met158 and Met236 as well. Although Met236 may upstream Primer: 5'-GCT GAT GCG pG TCG G-3' :Downstream Oligo
also be sensing a conformational shift, it is possible that, at 123 456 783 1 2343
this high concentration and in the absence of the DNA  Addition of a stoichiometric concentration of dideoxycy-
substrate, there may be nonspecific binding of dATP to the tidine triphosphate (ddCTP) will result in a substrate with a

1e0F

M236

C13

134

13.6

138

21 20 19 5 %] L6 15 N
H1

Ficure 7: Effect of Mg—dATP on the methyl resonances of
[methyt13C]methionine-labeled rat pgd. An equimolar mixture
of MgCl, plus dATP was titrated into a sample initially containing
0.6 mM [methy}3C]methionine-labeled pgi (black). The spectrum
shown corresponds to a M@ATP:pol j ratio of 5.2:1 (in red).
The sample was at pH 7.6 in the buffer described in Figure 2.

13 L

98 765 432 1
Template:

DNA binding site in the vicinity of Met236, which could
also serve as the basis for the observed shift.
Relaxation Analysis of Apoenzymieble 1 summarizes

single-nucleotide gap and a dideoxycytidine terminating the
primer strand §). Further addition of ddCTP is expected to
form an abortive ternary complex with the enzyme, since

T, and T, measurements performed on the methionine the primer lacks a'30H required for nucleotide addition.
residues of the apoenzyme. We note that the significantly Upon addition of the template strand, the primary spectral
longer T, value for the resonance assigned to the amino- perturbation is a broadening of the Met18 resonance (Figure
terminal methionine is consistent with the anticipated 8A,B). Met18 does not make contact with the DNA substrate,
motional freedom of this residue. Some systematic variation but is in close proximity with residues on and near the linker
in the 13C T, values is also apparent, with residues Met18, connecting the two domains of pgl. Thus, the most
Met236, and Met282 all having values near 2 s, while the probable interpretation of the observed broadening is that
three methionine residues in the hydrophobic pocket of the the environment of Met18 is affected by the imposition of
C-subdomain have significantly longer relaxation times in motional and structural restrictions connecting the poly-
the 2.74 s range. Consistent with the discussion of Choy merase and amino-terminal lyase domains relative to the
and Kay 81), a motional model designated LS-3, which fits restrictions characterizing the apoenzyme. It is also possible
effective correlation times, appeared to give the most that there could be exchange broadening due to intermediate
reasonable results for the order parameters, although theexchange kinetics of the ssDNA with the 8 kDa lyase
effective correlation times do not provide a physically domain. We note, however, that a study of the chemical shifts

intuitive basis for understanding the time scales of the
dynamic behavior. Inclusion of aR.x term in the fitting of

the T, data to account for slow exchange motions signifi-
cantly improved the fit for Met155, for which the resonances

of the amide resonances of the isolated domain in response
to the addition of octyl thymidylate did not identify the
Met18 amide resonances as among the more significantly
shifted @5). The isolated domain lacks the linker helix E

clearly show a significant degree of exchange broadening that makes up an important component of the local environ-

in most of the spectra (e.g., Figures 2 and 3). Smaller

ment of Met18, and thus may not be a good model for this

values also led to some improvement in fitting the Met191, residue in the intact enzyme. An analogous loss of motional
Met236, and Met282 data as well, while there was no independence of the amino-terminal lyase domain upon
significant improvement for the remaining residues. The template binding has also been observed using fluorescence
order parameters calculated using the LS-3 model arestudies of a pols mutant containing a single tryptophan
summarized in Table 1, along with order parameter values residue in the lyase domain (F25\\34j.
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FiGURE 8: Effects of nucleotides on tH&l—13C HSQC spectra offiethyt3C]methionine-labeled rat p@: (A) wild-type rat enzyme; (B)
enzyme+ DNA template strand; (C) enzyme DNA template+ downstream Sphosphate-terminated primer; (D) enzymd@NA template

+ downstream primett+ primer to form doubly gapped substrate; (E) sample D after the addition of 0.3 mM ddCTP, expected to produce
a singly gapped substrate with a primer terminated by dideoxycytidine; (F) samplarEadditional 0.3 mM ddCTP. Horizontal lines in
several of the panels facilitate comparisons of @ shifts of the corresponding resonances. The enzyme concentration was 0.3 mM, in
5 mM MgCl,, 40 mM Trisd;;, 130 mM KCI, pH 7.6, buffer. Open squares correspond to Metl in (A) and to Met155 in (F), which were
below the threshold of the contour plots.

Subsequent addition of the downstream oligonucleotide spectral changes, even for Met236, which is expected to be
produced a pronounced shift of the Met18 resonance and ain close proximity to the primer '@erminus. This may
reduction in the degree of exchange broadening, indicating indicate that for the two-nucleotide-gapped substrate, Met236
that the magnetic environment of Met18 has stabilized at a does not make contact with the primeést@rminus. Addition
different point than in the apoenzyme. If we consider the of the first equivalent of ddCTP results in the incorporation
apoenzyme as defining state A (Figure 8A) and the enzyme  of dideoxycytidine to yield a single-nucleotide-gapped DNA
template-downstream primer complex as defining state B structure with a chain-terminating modification at the 3
(Figure 8C), then the observed broadening of the Met18 primer terminus. This addition resulted in a small perturba-
resonance (Figure 8B) in the presence of the template strangion in the shape of the Met236 resonance, suggesting the
could be ascribed to exchange between the A and B statesexistence of several different complexes which are in

To further interpret the series of spectral changes that arisejntermediate exchange (Figure 8E). Some broadening of the
from the addition of nucleotides, it is useful to compare the \et155, Met191, and Met282 methyl resonances was also

NMR data with corresponding crystal structures. The most gpserved, although these resonances did not shift significantly
complete structural data available for p6lare for the (compare panels D and E in Figure 8).

structures that correspond to the human enzyme in the - .

presence of a gapped DNA substrate (LBPX), a gapped DNA Addltlon of a second equivalent of ddCT'P to create an

plus a nucleotide (1BPY), and a nicked product DNA abortive ternary po—gapped DNA-nucleotide complex
produced dramatic spectral changes (Figure 8F). The Met155

complex (1BPZ) formed after the polymerization reaction ) C
(5). Igor th(e apognzyme the most s?mi?/ar structure available 'esonance is now broadened below the threshold used in this

is 1BPD @6) corresponding to the rat enzyme used in the fig_ure, Met282 anq Met191 resonances shpw significant
present studies. There are 14 residue differences betweesNifts and broadening, and Met236 is fully shifted to a new
the human and rat enzymes, most of which are conservative POSition and also shows significant broadening. Met191 is
The only substitution in the amino-terminal domain is the Shifted primarily in the'*C dimension, with the peak near
replacement of Val20 in the rat enzyme with a threonine in 4(**C) = 17.75 ppm, corresponding #(**C) = 0.41 ppm,
the human enzyme, and this residue is not in the immediatewhile Met282 is shifted primarily in théH dimension to
vicinity of Met18. Several structural alignments of the lyase O(*H) = 1.1 ppm, or about-0.2 ppm upfield. Resonances
domains of 1BPX and 1BPD were performed using various for Metl, Met18, and Met158 are not strongly affected by
alignment strategies, and all are characterized by significanthucleotide addition. The relatively large shifts and broadening
differences in the conformation of Met18 and the relative for Met155 and Met191 in the C-subdomain, and particularly
position of several nearby residues, particularly Phe76. It is Met282 in the N-subdomain, are consistent with the conclu-
likely that a relative repositioning of Met18 and Phe76 upon sion that a major conformational change is occurring in the
addition of template and downstream oligonucleotide strandsenzyme upon formation of the abortive complex. We note
is the primary cause of the observed Met18 shifts. that none of the corresponding methionine residues are in
Addition of the primer strand to create a DNA substrate contact with the substrates, so that the shifts do not result
with a two-nucleotide gap (Figure 8D) produced minimal from direct interactions with the bound ligands.
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Crystal structure data indicate that nucleotide binding is end and the Sterminus is adjacent to the single-stranded
accompanied by multiple conformational changes. A com- portion of the template strand. PBlhas a high affinity for
parison of the structure of pg# complexed with single-  such 3termini when they are phosphorylated even though
nucleotide-gapped DNA (1BPX) with the structure of gapped a 3-OH is not nearby37, 38). In contrast with the sensitivity
DNA plus ddCTP (1BPY) indicates that the primer strand noted above, the Met18 resonance is insensitive to addition
is significantly displaced from its original position relative of the primer strand, or to formation of the abortive ternary
to Met236. Thus, in going from the pgl—DNA binary pol f/—gapped DNA-ddCTP complex. Although Met18 does
complex (1BPX) to the pgb—DNA—ddCTP ternary com-  not make direct contact with the DNA, its methyl group is
plex (1BPY), the Met236 methyl group moves away from positioned near residues Phe76, Leu82, and Leu85 that are
the deoxyribose of the'@erminal nucleotide, and closer to in or near the linker connecting the lyase and polymerase
the deoxyribose of the penultimate nucleotide. For example, domains. The lyase domain plays a critical role in recognition
the distance to the C-Bf the terminal nucleotide increases of the 3-phosphorylated oligonucleotide, and comparison of
from 3.76 to 4.55 A, while the distance to the Céb the structures of pos bound to gapped and nongapped DNA
penultimate deoxyriboside decreases from 6.15 to 4.32 A. substrates indicates that the lyase and polymerase domains
These changes in local environment generally are consistenundergo a large reorientation relative to one anot38y. (
with the shift and broadening observed for Met236 (Figure Thus, the average magnetic microenvironment of the Met18

8E and F). methyl is shifted in the presence of both the template and
5'-phosphorylated downstream oligonucleotide, while in the
DISCUSSION presence of template only, there is apparently a slow to

intermediate exchange among multiple structures which

Enzymatic synthesis of DNA requires a complex set of a5 mably correspond to variable relative orientations of
substrate recognition steps that are accompanied by signifi-tha two domains.

cant structural changes. The identification of these structures  ~ v arsion of the two-nucleotide-gapped DNA to a single-
and the dynamic interconversions between them is central

to a molecular and thermodynamic description of the basis
for efficient and faithful polymerization. In the present study,

nucleotide-gapped DNA produces minimal perturbations of
the spectrum, with the main variation being the shape of the
Met236 resonance. Met236 makes direct contact with the

we have used NMR spectroscopy to studyefhyt3C]-
methionine-labeled pagb. This labeling approach is com-
pletely nonperturbing, and allows structural and dynamic
analysis of the enzyme in the vicinity of the six methionine

3'-terminus of the primer strand, so the lack of a significant
change suggests that the-t8rminus may be relatively
mobile. A small additional peak is observed for this
: . ; _ | X resonance, which may be due to slowly exchanging confor-
residues (seven including the amino-terminal Met1 residue). mations of the complex, but could also result from small
Methionine is a versatile residue that is often located in errors in the nucleotide:p@ concentration ratios. In general,
hydrophobic cores, but can also form part of the interaction an exact 1:1 DNA-pol 5 complex is difficult to achieve
surface with substrates or other proteins, and is occasionallygue to the need to add each nucleotide in the correct
involved in hydrogen bonds involving the sulfur as a H-bond proportion. Formation of the ternary pS-DNA—ddCTP
acceptor 86). For pol 8, Met236 is present at the DNA  complex resulted in a single, shifted resonance for Met236.
binding site and interacts directly with the primer strand  The most significant results of the present study are the
(Figures 1 and 5). In a high-resolution structure (1.65 A) of |arge spectral perturbations of the methyl resonances for
a pol ternary substrate complex (Krahn, Batra, Beard, and Met155, Met191, and Met282, shown in Figure 8F, that result
Wilson, unpublished data) the sulfur atoms of Met158 and from formation of the abortive pgi—gapped DNA-ddCTP
Met282 are withh 4 A of water molecules, and the Met236  complex. These changes indicate a significant conformational
sulfur is within 4 A of the Lys234 N, consistent with the  change of the enzyme since none of these residues make
possibility of hydrogen-bonding interactions. Metl8 is direct contact with the substrates. Further, although the
positioned in a hydrophobic core on the lyase domain and addition of dATP or gapped DNA produces limited spectral
is not observed to be in contact with substrate in any changes, neither interaction alone produces the large per-
crystallographic structure. However, it does make contact turbations observed upon formation of the abortive ternary
with residues in the linker connecting the two domains of Comp|ex‘ These Spectra] Changes are consistent with the
pol 3, supporting its utility as an indictor of changes in conclusion that formation of the ternary complex results in
relative domain orientation and dynamics. Met155, Met158, a Conformationa”y activated form of the enzyme. Presum-
and Met191 are all involved in a hydrophobic core near the aply, this conformational change represents an induced fit
polymerase active site (metal binding ligands Aspl90, of the enzyme to the ternary complex which allows access
Aspl92, and Asp256). Met282 is of particular interest due to, or formation of, the active site so that polymerization
to its location near the center athelix N, which undergoes  can occur.
a large conformational change upon formation of the ternary  Crystallographic evidence indicates that, for the abortive
complex §). pol S—gapped DNA-ddCTP complex that is formed after
The Met18 methyl resonance appears to selectively senseaddition of a second equivalent of ddCTP, there is a
the complexation with the templating DNA and the down- significant conformational change, characterized in particular
stream, 5phosphorylated oligonucleotide, initially broaden- by a rotation ofo-helix M that repositionso-helix N
ing, and subsequently shifting and becoming narrower in the (residues 276287), and by significant conformational
presence of both DNA ligands. Annealing of the downstream changes of residues near the active site, including Asp192,
oligonucleotide to the template strand results in duplex DNA Arg258, Tyr271, Phe272, and Arg288)( The conforma-
where the 3terminus of the downstream strand is at the blunt tional rearrangement af-helix N and Arg283 presumably
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forms th_e basis for the observed_shift of _Met28_2' while the Table 2: Methionine MethyB Factors from Published Crystal
active site rearrangements, particularly involving Asp192, structures
presumably form the basis for much of the observed chemical

X . 1BPD 1BPX 1BPY
shifts of Met155 and Met191. Since dATP alone produces — JDNA 4 DNAdICTP
some shifts of these two methionine resonances, these shifts J° "% A A A R
may also indicate some direct contributions of ddCTP et residue
binding. The inability of the nucleotide alone to produce the Met18 69.59 45.88 63.17
large shifts observed for the ternary complex is consistent Met155 44.69 50.85 75.47

: . o : P Met158 28.56 50.44 51.34
with the conclusion that it is only desirable to significantly Metlo1 2752 65.03 3773
populate the closed conformation when the nucleotide and pei236 68.41 53.66 56.00
the corresponding template base have satisfied a comple- Met282 68.56 52.21 61.90

mentarity test by the enzyme. Analogous conclusions have aTne entries correspond to published crystal structures (1EB (
been obtained from fluorescence studies of the L287W/ 1BPX and 1BPY §)). 1BPD corresponds to the apoenzyme from rat;
W325A enzyme&4), which show that formation of a ternary ~ 1BPX and 1BPY correspond to the human enzyme complexed with a
complex with the correct dNTP dramatically restricts the gapped DNA substrate and an abortive ternary complex, respectively.
dynamic behavior monitored by the Trp287 indole ring, while
addition of the incorrect dNTP produces minimal dynamic tion for Arg283 (R283A) dramatically decreases catalytic
perturbations of Trp287. Thus, the dynamic behavior of the efficiency of correct nucleotide insertiorg,(11), base
enzyme is influenced by formation of a ternary complex with substitution fidelity 6, 43), and frameshift fidelity 44).
the correct dNTP. Accordingly, Met282 substitutions may indirectly influence
The behavior of the Metl55 resonance in the ternary fidelity through perturbation of the adjacent arginine residue.
complex is particularly interesting. While the other methion- A comparison of the relaxation and resonance broadening
ine resonances exhibit varying degrees of chemical shift asdata with crystallographiB factors for the methionine methyl
the ternary complex is formed, the Met155 resonance remainscarbons (Table 2) revealed several weak correlations. In the
severely broadened in the ternary complex. As can be seerstructure of the apoenzym2g, PDB code 1BPD), the three
from Figure 5, this resonance exhibits the greatest sensitivity methionine residues in the C-subdomain that exhibit longer
to C&*, and hence is relatively sensitive to the nature of T, values (Met155, Met158, and Met191) also exhibit lower
the active site. Crystallographic studies indicate many B factors (Table 2). This result would be consistent with a
structural changes near the active site ofpoi going from reduced degree of segmental motion, which probably con-
the complex with gapped DNA to the abortive ternary tributes significantly to th&; relaxation rate. Diffusion about
complex B). For example, the relative distance of the Asp192 the methyl axis would not be expected to contribute to the
carboxyl from the Met155 methyl carbon decreases signifi- crystallographid factor. In contrast, Met18, Met236, and
cantly when the ternary complex is formed. It is possible Met282 have significantly higheB factors. A comparison
that the broadening of this resonance represents a confor-of the B factors observed in 1BPX, corresponding to the pol
mational cycling of residues near the active site in an attempt f—single-nucleotide-gapped DNA complex, with thg
to deal with the structural ambiguity presented by the abortive factors for 1BPY, corresponding to the gbtgapped DNA-
catalytic complex. The broadening of the Metl55 and ddCTP ternary complex, shows a 50% increase for Met155.
Met191 resonances may also be related to the reversibleThis observation is consistent with the significant degree of
binding of the second, catalytic Mg ion. This binding exchange broadening observed for this resonance upon
interaction has been proposed to represent a second, slowefiormation of the ternary complex (Figure 8F). TBdactor
step of the conformational transition proced§)( for Met282 is also increased. However, the changes observed
The shift of the methyl resonance of Met282 observed for Metl8, Met191, and Met236 do not follow the pattern
upon formation of the ternary complex probably arises from suggested by the observed exchange broadening. Since the
changes in the conformation of the adjacent Arg283 residue, effects of static disorder and dynamic processes are both

and from the more general rotation @fhelix N on which included in the observel factors, the correlation with NMR
Met282 is locatedR). Arg283 interacts with the templating relaxation data is typically limited.
base and sugar of the following (i.e") &mplating nucleotide The data presented here demonstrate that methionine

when a-helix N has moved to the “closed” position upon labeling represents a particularly useful approach for studying
formation of the ternary complex. It has been suggested thatthe conformational and dynamic behavior of p6lin

the rate-limiting step in the polymerase reaction may involve solution. The distribution of methionine residues facilitates
repositioning of critical side chains including Aspl192, the evaluation of how ligands influence global (domain/
Arg258, Phe272, Arg283, and Glu295, (34, 41). The subdomain) and local dynamics. The results extend crystal-
observed exchange broadening of the Met282 methyl reso-lographic structural information and provide insight into the
nance in the ternary complex could reflect some of these dynamic properties of the enzyme during ligand binding.
conformational changes, particularly involving the adjacent Specifically, the observed broadening of resonances for
Arg283 residue. Recently, an enzyme with a leucine sub- Met155, Met191, and Met282 that is observed in the abortive
stitution at this position (M282L) has been characteriz&). ( pol f—gapped DNA-ddCTP ternary complex indicates a
This mutant exhibited diminished fidelity and increased more dynamic state than is observed for the apoenzyme or
stability, suggesting that dynamic perturbations have animplied from crystallographic snapshots of liganded forms
important role in nucleotide discrimination. These observa- of pol 5. This approach will provide a useful means for
tions are consistent with a critical interaction between Met282 evaluating the dynamic behavior of site-directed mutant
and Arg283 in the polymerization process. Alanine substitu- enzymes. Coupled with kinetic and/or thermodynamic char-
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acterization, such studies will provide insight into the
relationship of conformational dynamics and polymerase
fidelity.
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