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ABSTRACT

DNA polymerase � (pol �) plays a central role in the
DNA base excision repair pathway and also serves as
an important model polymerase. Dynamic character-
ization of pol � from methyl-TROSY 13C-1H multiple
quantum CPMG relaxation dispersion experiments
of Ile and Met sidechains and previous backbone
relaxation dispersion measurements, reveals transi-
tions in �s-ms dynamics in response to highly vari-
able substrates. Recognition of a 1-nt-gapped DNA
substrate is accompanied by significant backbone
and sidechain motion in the lyase domain and the
DNA binding subdomain of the polymerase domain,
that may help to facilitate binding of the apoenzyme
to the segments of the DNA upstream and down-
stream from the gap. Backbone �s-ms motion largely
disappears after formation of the pol �–DNA com-
plex, giving rise to an increase in uncoupled �s-
ms sidechain motion throughout the enzyme. For-
mation of an abortive ternary complex using a non-
hydrolyzable dNTP results in sidechain motions that
fit to a single exchange process localized to the cat-
alytic subdomain, suggesting that this motion may
play a role in catalysis.

INTRODUCTION

The base excision repair (BER) pathway contributes to
the maintenance of DNA integrity by sensing and remov-
ing damaged bases and the repair of apurinic/apyrimidinic
(AP) sites. DNA polymerase � (pol �) catalyzes both DNA
synthesis (nucleotidytransferase) and deoxyribose phos-
phate (dRP) lyase reactions in the BER pathway (1). The
nucleotidyltransferase reaction is catalyzed by the 31-kDa
polymerase domain of the enzyme while the dRP lyase ac-
tivity is catalyzed by the 8-kDa amino-terminal lyase do-
main. The polymerase domain is composed of DNA bind-
ing (D), catalytic (C) and nucleotide sensing (N) subdo-

mains, that function in upstream duplex DNA binding,
DNA synthesis chemistry, and incoming nucleotide selec-
tion, respectively (1–4).

A large number of X-ray crystallographic structures of
pol � with a variety of DNA and dNTP substrates have
been determined providing a substantial amount of infor-
mation on the structure and mechanism of pol � (1,2,5).
These studies indicate that an elongated form of the en-
zyme initially re-organizes itself with gapped DNA sub-
strates where the polymerase domain interacts with up-
stream duplex DNA and the lyase domain interacts with
downstream duplex. At this stage, the enzyme is in an
open conformation. Upon binding a correct deoxynucleo-
side triphosphate (dNTP), the N subdomain repositions it-
self as it transitions from an open binary DNA complex to
a closed ternary (i.e., pol �/DNA/dNTP) substrate com-
plex (Figure 1). In the closed complex, the nascent base
pair is sandwiched between the growing DNA duplex and
the N subdomain (6). Additionally, the amino-terminal
lyase domain and carboxyl-terminal N subdomain inter-
act creating a doughnut-like structure. Ligand binding, as
well as the open to closed structural change, is expected
to alter enzyme sidechains, DNA, and incoming nucleotide
conformation/dynamics that can impact polymerase catal-
ysis and fidelity. Since DNA polymerases must select a
different/new substrate (DNA and dNTP) with each in-
sertion event, substrate and protein dynamics represent a
valuable tactic to optimize each catalytic event. Recent time
lapse X-ray crystallographic studies have enabled a more
thorough characterization of intermediate structures along
the reaction path during correct and incorrect nucleotide
insertion (7). In this approach, a stable closed ternary com-
plex crystal is formed with 1-nt-gapped DNA and either a
matched or mismatched nucleotide with non-catalytic Ca2+

ions, and the reaction is initiated by soaking with Mn2+.
Mn2+ was used to initiate the reaction because Mg2+ does
not readily form the closed ternary complex required for
catalysis with mismatched nucleotides (8). The in crystallo
reaction is stopped along the reaction path by rapidly freez-
ing the crystals after various time intervals.
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Figure 1. Comparison of X-ray structures of the pol � apoenzyme (3UXN-
A (5)), binary complex (3ISB (30)) with 1-nt-gapped DNA, and a ternary
complex (2FMS (23)) containing a matched non-hydrolyzable dNTP,
dUMPNPP. The structures highlight the transition from fully open apoen-
zyme to bound and partially closed binary complex to fully closed ternary
complex. The lyase domain and polymerase subdomains are color coded
as shown in the figure.

Although the X-ray crystallographic studies have pro-
vided valuable structural information on substrate binding
and enzyme function, there are still significant unanswered
questions about substrate recognition and catalysis. For ex-
ample, how does the enzyme recognize and bind to the site
of DNA damage, how does it select the correct dNTP to
bind, and what is the nature of the transition state? Some
of these processes, such as DNA damage recognition and
dNTP selection and binding are inherently dynamic and
cannot be completely captured by structural studies alone.
Nuclear magnetic resonance (NMR) spectroscopy is a pow-
erful technique for studying molecular processes that are of
a dynamic nature over a wide range of time scales, and can
provide valuable information about enzymatic function that
are of a dynamic nature and not readily accessible by struc-
tural studies alone (9).

Some insight into substrate binding and correct nu-
cleotide sensing has been obtained in NMR studies uti-
lizing 1H-13C HSQC experiments of 13C-methyl methion-
ine labeled pol � (10,11). For example, chemical shift and
linewidth changes for the Met18 resonance of the lyase
domain were observed upon addition of the DNA tem-
plate, primer and downstream oligonucleotide, and were
attributed to proximity to the linker connecting the two
pol � domains whose structure is altered in the presence
of substrate DNA(10). Changes in the Met155, Met158,
Met282 and Met236 resonances, especially broadening of
the Met155 and Met282 resonances, were attributed to
conformational activation upon formation of an abortive
ternary complex of pol � with 1-nt-gapped DNA and dNTP
(10).

More recently, Berlow et al. (12) characterized the back-
bone dynamics of unliganded pol � and a binary com-
plex of pol � with a 1-nt-gapped DNA substrate using
transverse relaxation optimized spectroscopy (TROSY) 15N

Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion
experiments. They found significant ms backbone motion in
the lyase domain and the polymerase D subdomain of the
enzyme lacking substrates, but only Glu21 in the lyase do-
main showed evidence of ms backbone dynamics in the bi-
nary complex. They concluded that the observed backbone
motion in the apoenzyme might facilitate DNA binding by
sampling a conformation related to the binary complex.
These studies were extended to include ternary complexes
with correct and incorrect dNTPs (13). It was reported that
a ternary complex with a non-hydrolyzable matched nu-
cleotide substrate showed no evidence of backbone ms mo-
tion. A ternary complex formed with a mismatched non-
hydrolyzable nucleotide, however, showed some evidence of
ms backbone motion even though the amide chemical shifts
were not significantly perturbed from the binary complex.
These results lead to the conclusion that the enzyme remains
in the open state with the mismatch nucleotide. Together,
these studies indicate that the most extensive backbone mo-
tion on the ms time scale was present in the apoenzyme.
Binding of DNA and subsequent formation of a ternary
complex largely dampens these motions; however, there was
some enhanced backbone flexibility in the ternary complex
with the incorrect nucleotide.

Although these studies provide insight on how slow
backbone dynamics contributes to substrate recognition,
there are still gaps in understanding how the enzyme dis-
criminates among dNTPs, about the nature of the ex-
cited state and how sidechain dynamics contributes to sub-
strate recognition and catalysis. The earlier studies of
methionine-labeled pol � provided some information about
how sidechain motion might contribute to substrate bind-
ing and correct nucleotide selection, but a more thorough
quantitative investigation of sidechain dynamics is required
to obtain a more complete understanding of the role of dy-
namics on substrate binding and enzyme function. In this
paper, we report on the results of 13C-1H multiple-quantum
CPMG relaxation dispersion and methyl TROSY HMQC
experiments to study isoleucine and methionine methyl �s-
ms sidechain dynamics of the apoenzyme and 1-nt-gapped
binary and ternary nucleotide complexes of pol � to obtain
a more complete understanding of enzyme function. The
results demonstrate significant differences in sidechain dy-
namics in the apoenzyme and each of the complexes that
may help to facilitate substrate binding and promote catal-
ysis.

MATERIALS AND METHODS

Materials

Following a strategy used previously (14), we studied a
pol � complex with a double-hairpin that forms a 1-nt-
gapped DNA substrate with the following sequence: 5′-
PGGCGAAGCCTGGTGCGAAGCACC-3′ (underlined
nucleotide is in the gap). The oligonucleotide was from
IDTDNA, Coralville, IA, USA. The non-hydrolyzable
deoxynucleoside triphosphate 2′-deoxyadenosine-5′-[(�,�)-
methyleno]triphosphate (dAPCPP) was obtained from Jena
Bioscience.
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Protein expression

The U-[2H], Ile-�1-[13CH3], Met-[13CH3] pol � C267A vari-
ant was prepared as described previously (15) by growth
at 37◦C of the Escherichia coli BL21(DE3) transformant in
M9 deuterated (99% D2O) medium containing U-[2H] glyc-
erol and 15NH4Cl as the sole carbon and nitrogen sources
to a 600 nm absorbance of 1. Then 50 mg per liter of �-
ketobutyric acid, sodium salt [methyl-13C; 3,3′-2H2] and
100 mg per liter of L-methionine (methyl-13C; 2,3,3,4,4-
2H5) were added to the deuterated culture 20 min prior
to protein induction by addition of IPTG––the expression
continued at 30◦C overnight. The U-[2H], Ile-�1-[13CH3],
Met-[13CH3], Leu-[13CH3], Val-[13CH3], pol � C267A vari-
ant was prepared by similar cell growth, with inclusion
of 100 mg per liter of �-ketoisovaleric acid, sodium salt
(1,2,3,4−13C4, 99%; 3,4′,4′,4′-2H4, 98%). The expressed pro-
teins were purified as described previously (15). The protein
concentration was determined using a 280 nm extinction co-
efficient of 20088 M−1cm−1.

NMR spectroscopy

NMR samples contained 0.1–0.3 mM protein in a D2O
buffer consisting of 5 mM MgCl2, 50 mM Tris-d11 (pH
7.6), 150 mM KCl, 1 mM CDTA, 1 mM dithiothreitol, 0.1
mM 4-(2-aminoethyl)-benzene-suflonyl fluoride (AEBSF),
0.04% NaN3 and 50 �M DSS as an internal chemical shift
standard. MgCl2 was not added to the apoenzyme sam-
ples. The CPMG experiments were carried out with ∼175
�M pol � and 10% excess of the double hairpin DNA in
both the binary and the dT-dAPCPP ternary complexes.
In the ternary complex the nonhydrolyzable dAPCPP con-
centration was in 40% excess. These concentrations are
well above the reported Kd of 1-nt-gapped DNA bind-
ing (20 nM) (16) and the Kd of 2 �M for dT-dAPCPP
binding (17) to ensure the enzyme complexes were sat-
urated with substrate. All NMR assignment experiments
on the pol � complexes were carried out at 35◦C on a
Varian Inova or Agilent DD2 600 and 800 MHz NMR
spectrometers equipped with cryogenic triple resonance
probes. The assignment experiments on the apoenzyme
were carried out at 25◦C. The NMR data were processed
using NMRPipe (18) and the chemical shift assignments
were made using NMRViewJ (19). The methionine methyl
chemical shifts were previously assigned (10,14). The Ile
methyl chemical shifts of the binary complex were assigned
from (HM)CM(CGCBCA)NH, HM(CMCGCBCA)NH,
HMCM[CG]CBCA, HMCM(CGCBCA)CO experiments
(20) by measuring correlations of the methyl chemical shifts
to the backbone amide, C�, C� and C’ chemical shifts that
were previously assigned (21). Most of the assignments were
made from the methyl detected HMCM[CG]CBCA exper-
iment, which had considerably greater sensitivity than the
HMCM(CGCBCA)CO and amide detected experiments.
The Ile methyl chemical shifts of the matched dAPCPP
ternary complex were assigned by comparison of the shifts
with the binary complex and by mapping methyl-methyl
NOEs obtained from a 3D methyl-methyl NOESY exper-
iment (22) onto a high-resolution crystal structure (2FMS
(23)) of the ternary complex, in a similar fashion to that de-
scribed by Xaio et al. for the MAP kinase ERK2 enzyme

(24). The HMCM[CG]CBCA experiment was also used to
differentiate between Leu and Val cross-peaks in the 3D
methyl-methyl NOESY experiment. The methyl chemical
shifts of the apoenzyme were made in a similar fashion to
that used to assign the ternary complex and were also com-
pared to previously assigned shifts of methyl resonances in
the C and N subdomains (25). The HMCM[CG]CBCA ex-
periment was also used to verify that the Ile C� and C�
shifts of the apoenzyme and ternary complex were consis-
tent with previously assigned values (12,21). In addition,
HMQC spectra of I106M, I257M and I260M mutants were
used to verify some of the Ile assignments in the apoen-
zyme and ternary complex. All the 3D and 4D pulse se-
quences were obtained from the laboratory of Dr Lewis
Kay, University of Toronto. The Ile and Met methyl chem-
ical shifts of the apoenzyme, binary and dAPCPP ternary
complexes were deposited with the Biological Magnetic
Resonance Data Bank (26) with accession numbers 27407
(apoenzyme), 27409 (binary complex) and 27410 (ternary
complex).

Methyl-TROSY 13C-1H multiple quantum CPMG relax-
ation dispersion

The methyl-TROSY 13C-1H multiple quantum CPMG re-
laxation dispersion experiments (27) were carried out on U-
[15N,2H] Ile �1-[13C-1H] and Met ε-[13C-1H] labeled pol � in
complex with the double hairpin, 1-nt-gapped DNA sub-
strate described above. The CPMG experiments on the bi-
nary and ternary complexes were carried out at 35◦C on Ag-
ilent DD2 600 and 800 MHz NMR spectrometers. The ex-
periments on the apoenzyme were carried out at 25◦C due to
the reduced stability of the apoenzyme at the higher temper-
ature. The data were acquired as pseudo 3D datasets using a
40 ms constant time delay with CPMG frequencies ranging
from 50 Hz to 1000 Hz at 600 MHz and 50 Hz to 950 Hz
at 800 MHz. For each dataset, two duplicate points at 100
and 500 Hz were collected for error estimation. A purge el-
ement for smaller proteins and residues with high mobility
was used to remove the fast relaxing L1 and L3 contribu-
tions to the NMR signal (27). At 800/600 MHz, the data
were acquired with acquisition times of 91/122 ms (t2) and
40 ms/35 ms (t1), with 32 scans per FID, using a 1.3 s delay
between scans, for a total acquisition time of ∼46/31 h per
dispersion. Three complexes were assessed for millisecond
time scale motions; the apoenzyme, a binary complex with
the 1-nt-gapped DNA, and a matched dT-dAPCPP ternary
complex with the non-hydrolyzable nucleotide dAPCPP. In-
dividual and cluster fitting of the CPMG data were accom-
plished using the Relax software version 3.3.0. (28) Both
the analytic MMQ CR72 and numeric NS MMQ two-site
exchange models were used to fit the data to obtain the
exchange rate constants (kex), the major state populations
(pA), and the 1H and 13C chemical shift differences (��H
and ��C) between the major and minor state populations.
For two-site exchange, the population of the minor state is:

pB = (1 − pA)

and the overall exchange rate is equal to the sum of the for-
ward and reverse rates for exchange between the two states:

kex = kAB + kBA
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with the forward and reverse rates given by,

kAB = pBkex and kBA=pAkex

respectively. Akaike’s Information Criterion (29) model se-
lection was used to select the best model and to determine
if statistically significant conformation exchange contribu-
tions (Rex) to the total transverse relaxation rates (R2,eff)
could be obtained from the data. In addition, only the re-
sults for methyl groups with dispersion curves with Rex ≥ 3
Hz are reported

Data analysis

The chemical shift titration data for dT––dGPCPP binding
to the pol � 1-nt-gapped DNA complex were analyzed using
a three-parameter fit with an in house written Mathemat-
ica (Wolfram Research, Champaign, IL, USA http://www.
wolfram.com/mathematica/) script. The molecular graphics
images were generated using PyMOL (https://pymol.org/
2/).

RESULTS

Comparison of 1H/13C HMQC spectra of the apoenzyme,
binary and ternary complexes of pol �

Crystal structures (4,5,30) indicate that pol � undergoes
large conformational changes transitioning from an elon-
gated apoenzyme form to an open binary DNA complex
(Figure 1). Figure 1 also shows all the Ile and Met methyl
groups that were assigned in this study. A total of 29 methyl
groups distributed throughout the protein were assigned,
with 8 methyl groups residing in the lyase domain, 4 in the
D subdomain, 11 in the C subdomain, and 6 in the N sub-
domain. Binding of dNTP to form the ternary complex in-
volves repositioning of the N subdomain (Figure 1). Many
of the isoleucine and methionine methyl resonances exhibit
changes in their HMQC spectra as the result of the apoen-
zyme to binary to ternary conformational transitions (Fig-
ure 2A and B, Figure 3 and Supplementary Table S1A). The
largest chemical shift perturbations (CSPs) observed upon
DNA binding are located primarily in the lyase domain and
the D subdomain (Figure 3A and B). The largest CSPs ob-
served upon nucleotide binding are located primarily in the
C and N subdomains (Figure 3E and F). In addition to the
residues in the N subdomain, Ile257 and Ile260 in the C sub-
domain are close to the N subdomain and also appear to be
affected by the open to closed transition, while Met155 is
closer to the dNTP binding site and is more directly affected
by nucleotide binding. Several of the isoleucine �1-methyl
resonances in the binary complex show evidence of confor-
mational exchange line broadening that is not observed in
the apoenzyme and disappears when the ternary complex
is formed (Figure 2A and B; Supplementary Table S1B).
For example, Ile277 that is located in �-helix N of the N
subdomain (Figure 1) comes into contact with the lyase do-
main as a result of the conformational change from binary
to ternary complex (Figure 4A). The Ile277 �1-methyl reso-
nance shows broadening in the binary complex (Figure 2B
and Supplementary Table S1B). We attribute this primarily
to changes in rotameric distribution, as well as other varia-
tions of the local magnetic environment that are associated

with the open to closed conformational change. This inter-
pretation is supported by the sharpening of the Ile277 res-
onance upon formation of the matched dAPCPP ternary
complex, so that a single conformation predominates, re-
ducing the exchange broadening (Figure 2B and Supple-
mentary Table S1B). Changes in methyl chemical shifts as-
sociated with the open (binary) to closed (ternary) con-
formational transition were also seen with Ile88, Met155,
Ile174, Ile257, Ile260, Met282, Ile293 and Ile323. Several of
these residues (e.g., Ile260, Met282, Ile293 and Ile323) are
also located near or in the N subdomain (residues 262–335).

In contrast to this picture with the closed, matched (i.e.
with a complementary incoming nucleotide) ternary com-
plex, the HMQC spectrum of a 1–1 complex of the enzyme
with a non-complementary incoming nucleotide, dGPCPP,
was virtually identical to the spectrum of the binary com-
plex (Figure 2C, blue and black spectra). This indicates that
the open conformation predominates in the presence of the
mismatched nucleotide at least at low concentrations. When
the dGPCPP concentration was increased to four times the
enzyme concentration, the Ile88 and Ile277 resonances con-
tinued to broaden and are slightly shifted (Figure 2C, red
spectrum).

In order to further evaluate the response of the binary
complex to the mismatched nucleotide, a second titration
was carried out in which the dGPCPP concentration was
increased to ∼20 times the binary complex concentration.
Based on the magnitude of the observed shifts and the res-
olution of the peaks, the response was most readily ob-
served for Ile88 and Ile277 (Supplementary Figure S1A).
The mean Kd value for the mismatch dT-dGPCPP bind-
ing was 1.2 ± 0.4 mM (Supplementary Figure S1B). This
is somewhat larger than the Kd of 211 �M reported re-
cently by Moscato et al. (13) for dG-dAPNPP binding and
much larger than the previously reported Kd of 2 �M for
the matched nucleotide dT-dAPCPP binding (17). Some of
the variations in the Kd values for mismatched nucleotides
probably arise due to variations in the DNA sequences used.
As noted above, Ile88 reports on structural and dynamic
changes in the segment linking the two pol � domains,
while Ile277 reports on formation of the closed, catalyti-
cally activated complex. Since neither of these resonances
is positioned near the dNTP binding site, both effects most
probably correspond to dynamic equilibria of the enzyme.
In both cases, the resonances shifted toward the position
of the ternary complex containing the matched dAPCPP;
however, analysis of the shift versus concentration curves
yielded asymptotic limits that are well short of the shifts
observed for the matched nucleotide (Supplementary Fig-
ure S1B). We interpret these results to indicate that bind-
ing of the mismatched nucleotide does not alter the pol �
conformational equilibrium to the extent that the matched
nucleotide does. Thus, as the dNTP binding site becomes
largely occupied, the conformational response is reduced.
Based on the limiting shifts of the Ile277 and Ile88 reso-
nances compared to the shifts characterizing the complex
with the matched dNTP, the complex is only closed for ∼
33% of the time. The dynamic behavior of the mismatched
complex is also consistent with the significant broadening
of the Ile88 and Ile277 resonances even at the highest dG-
PCPP concentrations used. This reduces the effective time

http://www.wolfram.com/mathematica/
https://pymol.org/2/
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Figure 2. 1H-13C HMQC spectra of the Ile and Met resonances in the pol � complexes. (A) Overlay of the 1H/13C HMQC spectra of the apoenzyme
and 1-nt-gapped binary DNA complex of pol �. The binary complex spectrum is shown in black while the apoenzyme spectrum is shown in red. The
binary spectrum was obtained at 35◦C at pH 7.6 in Tris buffer. The apoenzyme spectrum was obtained in the same buffer at 25◦C. The peak at ∼1 ppm
(1H)/18.5 ppm (13C) in the apoenzyme spectrum arises from a Val methyl group and is marked by an asterisk. This peak appears because the spectrum of
the apoenzyme was obtained using an ILVM methyl-labeled sample, whereas the spectra of the binary and ternary complexes were all obtained using IM
methyl-labeled samples. (B) Overlay of the 1H/13C HMQC spectra of the 1-nt-gapped binary DNA complex of pol � and the ternary complex with the non-
hydrolyzable dAPCPP nucleotide. The binary complex spectrum is shown in black while the ternary complex spectrum is shown in red. The spectra were
obtained at 35◦C at pH 7.6 in Tris buffer. (C) Overlay of the 1H/13C HMQC spectra of the 1-nt-gapped binary DNA complex of pol � and the ternary
complex with the non-hydrolyzable dGPCPP mismatch dNTP. The binary complex spectrum is shown in black, the spectrum of the ternary complex
containing an ∼1–1 ratio (∼250 �M dGPCPP - ∼165 �M pol �) of the mismatched nucleotide is shown in blue and the ternary spectrum containing a
4-fold excess (∼833 �M dGPCPP - ∼200 �M pol �) of the mismatched nucleotide is shown in red. The spectra were obtained at 35◦C at pH 7.6 in Tris
buffer.

period for the reaction to occur and, along with structural
differences, is probably an important limitation on the rate
of mismatch incorporation.

The above interpretations are supported by the increasing
availability of high-resolution structures for various ternary
complexes. Crystallographic analyses show that the Ile277
sidechain adopts the predominant trans-conformation in
most pol � binary structures, e.g. 3ISB (30) (Figure 4A).
However, in many structures of the closed ternary complex,
i.e. 3ISD (30), 3C2M, 3C2K and 3C2L (8), the interaction
between Ile277 and residues in the lyase domain stabilizes a
gauche- (g-) conformation (Figure 4A). This change in ro-
tameric preference appears to result from unfavorable con-
tacts between the Ile277 �1-methyl group with the Ser44
sidechain and the Arg40 backbone carbonyl oxygen (Figure

4A). The large up-field 13C shift of the Ile277 methyl group
in the ternary complex (Figures 2B and 3C and E) also indi-
cates that the sidechain distribution is weighted more heav-
ily to the g- rotamer in solution (31). Based on the relation
between the 13C shift and the sidechain conformation devel-
oped by Hansen et al. (32), the fraction of Ile277 in the g-
conformation increases from ∼47% in the binary complex
to ∼65% in the ternary complex.

The methyl resonances of Ile33 and Ile88 are also broad-
ened in the HMQC spectra of the binary and mismatched
ternary complexes but not in the apoenzyme or the matched
ternary complex (Figure 2 and Supplementary Table S1B).
In the crystal structures of the binary (3ISB) and ternary
(2FMS, 3ISD) complexes, Ile33 is held in a (gauche+) g+
conformation due to interactions with the sidechain aro-
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Figure 3. Summary of NMR CSPs of pol �, obtained from the HMQC spectra, for the apoenyzme versus binary DNA complex (A), apoenzyme versus
matched (dAPCPP) ternary complex (C) and the binary versus the matched (dAPCPP) ternary complex (E). The horizontal solid line is the mean of the
CSPs and the dotted line is the mean plus one standard deviation. The methyl groups with larger CSPs above the solid lines are mapped onto the 2FMS

ternary complex structure in (B), (D) and (F). The CSPs were calculated according to the equation:

√(
�δH

α

)2 +
(

�δC
β

)2
(40), where ��X is the chemical

shift change of the nucleus X (H or C) between the two states, α = 0.29 (Ile H�1), 0.40 (Met Hε) and β = 1.66 (Ile C�1), 1.82 (Met Cε) are the standard
deviations of the 1H and 13C chemical shifts from the Biological Magnetic Resonance Data Bank for the specified atom.

matic rings of His34 and Tyr36 (Figure 4B). The His34
sidechain is constrained by a stacking interaction with a
base of the DNA template strand that forces the Ile33 �1
methyl group to rotate toward the Tyr36 aromatic ring. The
His34 sidechain is not constrained by the base stacking in-
teraction in the apoenzyme, allowing the Ile33 sidechain to
adopt alternate conformations that can point away from the
aromatic ring as seen in the two different molecules in the
unit cell of the 3UXN (5) crystal structure (Figure 4B). This
results in a significant shift change and narrowing of the
apoenzyme resonance (Figures 2A and 3A and C) consis-
tent with fast exchange averaging between conformations.
Based on the observed 13C chemical shift of 11.8 ppm, the
fraction of the Ile33 sidechain in the g- conformation in the
apoenzyme is ∼54%, although only the g+ and trans con-
formations are observed in the two molecules of the unit cell
of the 3UXN crystal structure.

Although the conformations and environments of the
Ile33 sidechain in the two complexes are very similar in crys-
tallographic structures (Figure 4B) and demonstrated by
the similarity of their �1 methyl chemical shifts (Figure 2B,
Figure 3E and Supplementary Table S1A), the methyl reso-
nance is not exchange broadened in the ternary complex.

This and the absence of significant relaxation dispersion
(see below) indicates that the sidechain motion of Ile33 is
reduced in the ternary complex and that a single conforma-
tion predominates. In contrast, although the conformation
and chemical environment of the Ile33 sidechain in the bi-
nary complex is very similar to that in the ternary complex,
the sidechain in the binary complex is undergoing signifi-
cant �s-ms conformational exchange measured in the relax-
ation dispersion experiments that also results in exchange
broadening in the HMQC spectrum. Since the predominate
configuration is tightly constrained to g+, the �s-ms dy-
namics must result from slight variations in rotamer angle
that disappear once the closed conformation is formed.

The broadening of the Ile88 methyl resonance in the spec-
tra of the binary and mismatch ternary complexes likely
arises from an exchange process that affects its proximity
to the Phe25 aromatic ring (Figure 4C). The Ile88 methyl
resonance is not exchange broadened in the spectrum of the
matched ternary complex, indicating that the sidechain mo-
tion of Ile88 is also reduced in the ternary complex when
the closed conformation is formed. This is not surprising
since the lyase domain makes contact with N subdomain
upon formation of the closed complex, reducing the dynam-
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Figure 4. Comparison of binary and ternary structure sidechains related to linewidth and chemical shift changes in the 1H/13C HMQC spectra. (A)
Correlation of Ile277 rotamer and N subdomain conformation. Overlay of pol � region containing helix N in a binary complex (3ISB, brown) and ternary
complex (3ISD (30), cyan). Distances between the Ile277 C� in the binary complex and nuclei on helix B are indicated with dashed black lines. The steric
clash that would result in the ternary complex if the Ile277 sidehchain conformation remained trans in the ternary complex is indicated by distances shown
as dashed red lines. These unfavorable interactions tend to favor adoption of the gauche- conformation by Ile277 in the ternary complex. (B) Comparison
of the local environment of the �1-methyl group of Ile33 in the X-ray structures pol �. The overlay of the binary (PDB ID: 3ISB) and ternary complex
(PDB ID: 2FMS) shows that the Ile33 sidechain is held in a similar local environment in both structures, due to its interaction with the rings of His34 and
Tyr36. The position of the His34 ring is in turn constrained by a stacking interaction with a base on the downstream primer strand of the DNA. The Ile33
sidechains are also in similar chemical environments in solution as demonstrated by the similarity of their �1-methyl resonances. However, the sidechain is
broadened and dynamic in the binary but not the ternary complex, probably due to variability in the position of His34. A structural overlay of the A and
B-molecules of the unit cell of the 3UXN X-ray crystal showing that the Ile33 sidechain is not constrained by the His34 ring in the apoenzyme and can
sample significantly different chemical environments, resulting in an up-field 13C shift of the �1-methyl resonance in the HMQC spectrum. (C) Orientation
of the of Ile88 sidechain with respect to the aromatic ring of Phe25. A structural overlay of the binary complex (3ISB) with the ternary complex (2FMS)
shows the close proximity of the sidechain that results in up-field 1H shifts of the �1-methyl resonances in the HMQC spectra of the both complexes, and
line broadening in the spectrum of the binary complex. An overlay of the A- and B-molecules of the unit cell of the 3UXN X-ray crystal showing that
the Ile88 sidechain is free to sample significantly different local environments and is not shifted by the ring current effects of the Phe25 aromatic ring. (D)
Orientation of the of Ile69 sidechain with respect to the aromatic ring of Tyr39. In the overlay of the binary and ternary complexes, the Ile69 �1-methyl
group is sandwiched between the aromatic ring of Tyr39 and the DNA backbone of the downstream DNA strand, resulting in a broadened resonance in
the HMQC spectrum of both complexes. In the overlay of the two molecules in the unit cell of the apoenzyme crystal structure, the sidechain can adopt
different orientations and is not broadened by its interaction with Tyr39.

ics when the ternary complex is formed. This observation is
further supported by the relaxation dispersion results de-
scribed below. In the spectrum of the apoenzyme, the Ile88
resonance is not broadened or shifted by the ring current
effects of Phe25 (Figure 2A), implying that the sidechain is
either not interacting with the aromatic ring or that the ring
current effects are removed due to rapid conformational av-
eraging. In the 3UXN X-ray crystal structure of the apoen-
zyme, the Ile88 sidechain of the A-molecule in the unit cell is
close to the aromatic ring, while in the B-molecule it is far
from the aromatic ring (Figure 4C). This implies that the
flexibility in the linker helix (helix E) between the lyase and
polymerase domains that gives rise to these different confor-
mations in the crystal structure is also responsible for aver-
aging out the ring current effects on the methyl resonance
in solution.

The Ile69 resonance exhibits diminished peak intensity
and line broadening in both the binary and ternary HMQC

spectra, but not in the apoenzyme (Figure 2A and B; Sup-
plementary Table S1B). In the crystallographic structures
of the binary and ternary complexes (Figure 4D), the Ile69
methyl group is constrained to be in close proximity to the
aromatic ring of Tyr39 due to its interaction with the phos-
phate backbone between the first and second nucleotides of
the downstream DNA strand. Small fluctuations in the po-
sition of the methyl group in the vicinity of the aromatic ring
cause the resonance to broaden in the HMQC spectrum. In
the apoenzyme the Ile69 is free to adopt multiple conforma-
tions (Figure 4D) that remove the broadening effect of the
aromatic ring.

Methyl-TROSY 13C-1H multiple quantum CPMG relax-
ation dispersion

The methyl-TROSY 13C-1H multiple quantum CPMG re-
laxation dispersion experiments were carried out on U-
[15N,2H] Ile �1-[13C-1H] and Met ε-[13C-1H] labeled pol
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� (apoenzyme) and in complex with the 1-nt-gapped
DNA substrate shown in Figure 2. Additionally, a ternary
complex with a 1-nt-gapped DNA substrate and a non-
hydrolyzable nucleotide dAPCPP was examined. The re-
sults of these experiments are summarized in Tables 1–3.
The 800 MHz dispersion curves of the methyl groups show-
ing the largest exchange contributions (Rex) to the trans-
verse relaxation rates (R2,eff) in the apoenzyme (Ile106 and
Ile138), the binary complex (Ile33) and the ternary com-
plex (Ile260) are shown in Figure 5A. Dispersion curves of
the same methyl groups from the other complexes are also
shown for comparison. All the methyl groups exhibiting �s-
ms dynamics in the apoenzyme and the two complexes are
shown in Figure 5B. The methyl groups are color coded by
their individual conformational exchange rates (kex). The
dispersion curves for all the methyl groups in the apoen-
zyme and the two complexes are shown in Supplementary
Figure S2.

Apoenzyme

The methyl TROSY 13C-1H multiple quantum CPMG re-
laxation dispersion results for the apoenzyme are summa-
rized in Table 1, and the dispersion curves are shown in Sup-
plementary Figure S2A. Only three methyl groups (I106,
I119 and I138) of the apoenzyme, out of a total of 29 that
were assigned (Figure 1), exhibit significant dispersions (Rex
> 3.0/s) indicative of �s-ms sidechain dynamics (Figure
5B). These residues are all located in the D subdomain. The
Ile106 and Ile138 methyl resonances in the apoenzyme had
the largest of all the Rex values measured in the apoenzyme
and in the two complexes (Tables 1–3). The relaxation dis-
persion data for the three residues are similar and could be
fit to a single two-site exchange process, without a large in-
crease in chi-square, with kex = 1919 ± 23 s−1 (Table 1) and a
ground state population pA = 93.9 ± 1.4%. For two-site ex-
change, pB = 1 – pA and kAB = pBkex, which gives a forward
rate of kAB ∼ 117.1 ± 26.9 s−1. The values of the chemi-
cal shift differences ��C obtained from the global fit of the
CPMG data (Table 1) do not correspond to the shift dif-
ferences ��C observed between the HMQC spectra of the
apoenzyme and the binary or ternary complexes, indicat-
ing that the sidechains are not sampling conformations cor-
responding to the binary or ternary complex, but may be
sampling local conformations that allow increased flexibil-
ity for DNA binding. These results suggest that the �s-ms
sidechain motion observed in the D subdomain may help to
facilitate DNA binding of the polymerase domain by allow-
ing the domain to sample different DNA geometries before
binding tightly to the gapped DNA.

Binary complex

Ten methyl groups of the binary complex exhibit significant
dispersions (Rex > 3.0/s) indicative of �s-ms sidechain dy-
namics. However, one of these methyl groups, the �1 methyl
group of Ile224, exhibits a small Rex value and yields an
unsatisfactory fit to the data with a kex value of 31 ± 151
s−1. Individual fits of the CPMG dispersion data are given
in Table 2, and the dispersion curves are shown in Supple-
mentary Figure S2B. To rule out the possibility that the ob-
served dispersions were due to self-association of the binary

enzyme complex, the CMPG experiments were repeated at
800 MHz using another sample at a similar enzyme com-
plex concentration (∼175 �M pol �/193 �M DNA) and
a sample at approximately half that concentration (∼87.5
�M pol �/96.6 �M DNA). The dispersion curves obtained
from the two complexes at the different concentrations are
very similar to each other (Supplementary Figure S3A) and
to the curves obtained with the previous sample at 600
and 800 MHz (Supplementary Figure S2B), indicating that
the observed �s-ms dynamics is not due to dynamic self-
association of the binary complex. The dynamic methyl
groups are scattered throughout the enzyme (Figure 5B).
The �1 methyl group of Ile33 in the lyase domain of the
binary complex exhibits a large Rex value (12.7/s at 800
MHz) with kex = 1907 ± 150 s−1. This �s-ms motion also
gives rises to line broadening of the methyl resonance in
the HMQC spectrum, due to its interaction with the aro-
matic ring of Tyr36 as described above, which is not ob-
served in the apoenzyme or ternary complex. The methyl
group in the ternary complex is in a very similar confor-
mation and environment, but its methyl resonance is not
exchange-broadened, and it exhibits no relaxation disper-
sion in the CPMG experiments, once the lyase and N sub-
domain close to form the ternary complex. In the apoen-
zyme, the sidechain is rapidly averaging between multiple
conformations and does not exhibit line broadening or �s-
ms dynamics. The isoleucine �1-methyl groups of residues
Ile97 and Ile106 of the D subdomain also have large Rex
contributions (≥10/s at 800 MHz) to the transverse relax-
ation rates, with individual kex values of 834 ± 108 s−1 and
2369 ± 97 s−1 for Ile97 and Ile106, respectively. The remain-
ing residues exhibiting methyl group dispersion in the bi-
nary complex have lower dispersions (Rex < 7/s), and in-
dividual kex values that range from a low of 841 ± 67 s−1

for Ile97, excluding the anomalously low value for Ile224,
to a high of 3595 ± 944 s−1 for Ile138. The individual kex
values are mapped onto the structure of the binary com-
plex (3ISB) in Figure 5B. Due to the wide range of kex and
pA values, a global fit of all the dispersion data was not
justified. However, Ile293 and Ile319 in the N subdomain
have very similar individual kex values (Table 2). A cluster
fit of the CPMG data for these two residues yields a kex
value of 1901 ± 405 s−1 with |��C| values of ∼0.3 and ∼0.2
ppm for the Ile293 and Ile319 methyl resonances, respec-
tively. The chemical shift differences for these two residues
are similar to the equilibrium chemical shift differences ��C
(∼0.3 ppm, Supplementary Table S1A) measured from the
HMQC spectra between the binary and ternary complexes.
These results, coupled with the observed exchange broad-
ening of Ile277, suggest that the N subdomain of the binary
complex may be exchanging with some of the closed form
of the enzyme in solution.

Ternary complex

The methyl TROSY 13C-1H multiple quantum CPMG re-
laxation dispersion results for the matched ternary com-
plex with dT-dAPCPP are summarized in Table 3, and
the dispersion curves are shown in Supplementary Figure
S2C. Five methyl groups of the ternary complex exhibit
significant dispersions (Rex ≥ 3.0/s) indicative of �s-ms
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A

B

Figure 5. Summary of Ile and Met methyl groups exhibiting �s-ms dynamics in the 13C-1H multiple-quantum CPMG relaxation dispersion experiments.
(A) Comparison of methyl dispersion curves obtained at 800 MHz for Ile106, Ile138, Ile33 and Ile260. The curves shown in red, blue and green correspond
to the curves obtained for the apoenzyme, binary and ternary (dAPCPP) complexes, respectively. Ile106 and Ile138 in the apoenzyme exhibited the largest
dispersions of all the methyl groups in the apoenzyme as well as in the binary and ternary complexes. Ile33 had the largest dispersion of all the methyl groups
in the binary complex, and Ile206 exhibited the largest dispersion of all the methyl groups in the ternary complex. Ile260 in the binary complex exhibits
an elevated relaxation rate, but the exchange contribution to the relaxation rate (Rex) is <3 Hz. (B) The methyl groups in the apoenyzme (3UXN-A), the
binary complex (3ISB) and the ternary complex (2FMS) showing �s-ms dynamics are color coded by the magnitude of their exchange (kex) rates obtained
from individual fits of the CPMG dispersion curves. The methyl groups that showed significant exchange line broadening are shown as light-gray spheres.
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Table 1. Apo pol � methyl TROSY CPMG

Residue kex(/s) pA(%) |��H(ppm)| |��C(ppm)| Rex(/s)* � 2/DF**
��C(ppm)
global fit

Domain/

Subdomain

I106 1876 ± 14 87.7 ± 0.4 0.1 ± 0.0 0.8 ± 0.0 19.8/30.4 2.9 1.0 ± 0.1 D
I119 2258 ± 126 94.4 ± 0.2 0.1 ± 0.0 0.5 ± 0.0 3.7/5.4 0.5 0.5 ± 0.1 D
I138 2040 ± 26 94.0 ± 0.6 0.1 ± 0.0 1.2 ± 0.0 18.9/24.3 6.0 1.2 ± 0.1 D
Global fit*** 1919 ± 23 93.9 ± 1.4 2.6

* Rex at 600/800 MHz = R2,eff(50 Hz) – R2,eff(1000 Hz)/R2,eff(950 Hz).
**� 2/DF is the reduce � 2 value for the fit of the CPMG data. The degrees of freedom DF = # data points - # of fit parameters - 1. In this study, DF is 30
- 5 - 1 = 24 for the individual fits, and 3 × 30 - 3 × 3 - 2 - 1 = 78 for the global fit.
***All global fit ��H(ppm) values were ≤0.1.

Table 2. Pol � binary complex methyl TROSY CPMG results

Residue kex(/s) pA(%) |��H(ppm)| |��C(ppm)| Rex(/s)* � 2/DF**
|��C |(ppm)

cluster fit
Domain/

subdomain

I33 1907 ± 150 68.7 ± 1.3 0.0 ± 0.0 0.3 ± 0.0 9.2/12.7 1.9 Lyase
I97 834 ± 108 50.5 ± 2.8 0.0 ± 0.0 0.1 ± 0.0 3.8/10.0 0.7 D
I106 2369 ± 97 60.7 ± 2.1 0.1 ± 0.0 0.3 ± 0.0 6.0/11.2 1.2 D
I119 1060 ± 202 86.5 ± 2.5 0.0 ± 0.0 0.2 ± 0.0 2.8/6.1 0.6 D
I138 3595 ± 944 95.4 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 2.0/4.2 0.3 D
M158 841 ± 67 98.0 ± 0.6 0.0 ± 0.0 0.6 ± 0.1 3.9/6.4 0.5 C
I224*** 31 ± 151 94.9 ± 6.1 0.0 ± 0.0 1.0 ± 0.4 2.2/3.5 0.7 C
I257 1396 ± 235 54.7 ± 2.5 0.1 ± 0.0 0.1 ± 0.2 2.8/5.4 1.0 C
I293 2093 ± 151 87.1 ± 3.3 0.1 ± 0.0 0.2 ± 0.1 2.3/3.0 0.3 0.3 ± 0.0 N
I319 1889 ± 315 79.8 ± 0.9 0.0 ± 0.0 0.2 ± 0.0 2.0/4.0 0.1 0.2 ± 0.0 N
Cluster 293−319 1901 ± 450 89.0 ± 0.5 0.4

* Rex at 600/800 MHz = R2,eff(50 Hz) – R2,eff(1000 Hz)/R2,eff(950 Hz).
**� 2/DF is the reduce � 2 value for the fit of the CPMG data. The degrees of freedom DF = # data points - # of fit parameters - 1. In this study, DF is 30
- 5 - 1 = 24 for the individual fits, and 2 × 30 - 2 × 3 - 2 - 1 = 51 for the cluster fit.
*** The error in kex is larger than the value.

sidechain dynamics (Figure 5B). To rule out the possibil-
ity that the observed dispersions were due to exchange of
the nucleotide, the CMPG experiments were repeated at 800
MHz with another sample with a similar ∼1:1 concentra-
tion ratio of nucleotide to enzyme–DNA complex (∼245
�M dAPCPP:175 �M pol �-193 �M DNA) and an ∼4:1
concentration ratio of nucleotide to enzyme complex (∼692
�M dAPCPP:173 �M pol �-191 �M DNA). The disper-
sion curves obtained from the two ternary complexes at the
different concentrations are very similar to each other (Sup-
plementary Figure S3B) and to the curves obtained with the
previous sample at 600 and 800 MHz (Supplementary Fig-
ure S2C), indicating the that the observed �s-ms dynamics
is not due to the exchange of the nucleotide, but results from
intrinsic dynamic behavior of the pol �–DNA–nucleotide
complex. Most of these residues are located in the C sub-
domain while Ile138 is positioned at the interface between
the D and C subdomains. These could be fit to a single two-
site exchange process, without a large increase in chi-square,
with kex = 1239 ± 165 s−1 (Table 3), and a ground state
population pA = 98.2 ± 0.2%. For two-site exchange, pB
= 1 – pA and kAB = pBkex, which gives a forward rate of
kAB ∼ 22.3 ± 3.9 s−1. This rate is similar to reported rates
of kpol for dT-A insertion (33,34). The values of the chem-
ical shift differences ��C obtained from the global fit of
the CPMG data (Table 3) do not correspond to the differ-
ences in chemical shifts ��C observed between the HMQC
spectra of the ternary complex and the binary complex or
apoenzyme. Overall, the most striking difference between
the binary and ternary complex is that the �s-ms sidechain

dynamics is distributed throughout the enzyme and is char-
acterized by multiple independent exchange processes in the
binary complex (Figure 5B and Table 2), but becomes local-
ized to the C subdomain in the ternary complex and can
be fit to a single exchange process (Figure 5B and Table
3). This conclusion is further supported by the observation
that while several of the methyl resonances throughout the
enzyme, including those of Ile33, Ile69, Ile88 and Ile277,
show significant line broadening in the spectrum of the bi-
nary complex there is much less line broadening in the spec-
trum of the ternary complex (Figure 2B). Ile69 exhibits di-
minished peak intensity and line broadening in both the bi-
nary and ternary HMQC spectra due to its interaction with
Try39 and the downstream primer DNA strand as discussed
above. In comparison, the apoenzyme also exhibits �s-ms
dynamics characterized by a single exchange process that is
localized in the D subdomain (Figure 5B and Table 1).

Changes in rotamer preferences rather than rotamer speci-
ficity

A general feature of the chemical shift and CPMG data pre-
sented here is that there are few examples of isoleucine or
methionine environments that exhibit sufficient bias to se-
lect pure rotameric forms. Rotamer populations can be re-
lated to sidechain chemical shift data (31,32,35). For stud-
ies of the methionine-labeled enzyme, the Met � 3 values
were estimated from the chemical shift data summarized in
Supplementary Table S1A using Equation 20 in Butterfoss
et al. (35). Upon formation of the pol �-gapped DNA bi-
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Table 3. Pol � dT-dAPCPP ternary complex methyl TROSY CPMG

Residue kex(/s) pA(%) |��H(ppm)| |��C(ppm)| Rex(/s)* � 2/DF**
��C(ppm)
global fit

Domain/

subdomain

I138 1616 ± 224 95.3 ± 1.1 0.1 ± 0.0 0.4 ± 0.2 2.9/4.0 1.7 0.6 ± 0.1 D
M158*** 638 ± 234 98.1 ± 0.3 0.1 ± 0.0 0.4 ± 0.2 2.4/2.7 1.5 C
I224 1742 ± 74 98.7 ± 0.0 0.1 ± 0.1 1.2 ± 0.4 4.5/6.3 2.0 1.0 ± 0.1 C
M236 603 ± 190 98.6 ± 1.7 0.1 ± 0.0 0.9 ± 0.2 6.3/9.3 5.7 1.0 ± 0.1 C
I257 1959 ± 2341 99.5 ± 0.7 0.3 ± 0.0 2.4 ± 0.5 2.3/3.0 1.2 0.6 ± 0.1 C
I260 1226 ± 200 98.1 ± 0.1 0.1 ± 0.0 0.6 ± 0.2 9.1/10.9 3.6 1.1 ± 0.1 C
Global fit**** 1239 ± 165 98.2 ± 0.2 1.2

* Rex at 600/800 MHz = R2,eff(50 Hz) – R2,eff(1000 Hz)/R2,eff(950 Hz).
**� 2/DF is the reduce � 2 value for the fit of the CPMG data. The degrees of freedom DF = # data points - # of fit parameters - 1. In this study, DF is 32
- 5 - 1 = 24 for the individual fits, and 5 × 30 - 5 × 3 - 2 - 1 = 132 for the global fit.
*** Not used in global fit because Rex < 3 (/s).
**** All global fit ��H(ppm) values were ≤ 0.1.

nary complex, the � 3 trans rotamer fraction pt of Met18
increases by ∼0.1, while upon formation of the abortive
ternary complex, the Met155 pt value increases by ∼0.2.
Met282 and Met191 exhibit less ligand dependence, and are
predicted to exhibit the highest � 3 trans fractions, with pt =
0.67 for Met282 and 0.85 for Met191. Examination of pol �
crystal structures indicates that the � 3 trans conformation is
frequently observed for Met282, while the trans conforma-
tion for Met191 is observed only in a few examples that cor-
respond to the highest resolution structures (PDB ID: 4KLI
(7); PDB ID: 2FMP (23)). Interestingly, despite the rarity of
pol � crystal structures containing a trans Met191 confor-
mation, the NOE data for apo pol � show strong interac-
tions between Met191 Cε and Val162 C�2, Val193 C�2 and
Ile255 C�1––all more consistent with the trans than with the
gauche conformation for � 3 identified in the crystal struc-
ture (PDB ID: 3UXN (5)). Crystallographic determinations
of methionine � 3 values are in general limited by the diffi-
culty of defining the position of the terminal methyl group
due to the much larger electron density of the bonded sulfur.

A similar analysis of the isoleucine � 2 values based on
the 13C shift data in Supplementary Table S1A using the re-
lation given by Hansen et al. (32) indicates a strong prefer-
ence of Ile138 � 2 for the g- conformation in both the binary
and matched ternary complexes, while residues Ile73, Ile15,
Ile293 and Ile323 exhibit strong � 2 trans preferences. Im-
portantly, in all of the cases exhibiting significant exchange
contributions to R2, the fitted �� term (Table 1) is well be-
low the gauche−/trans shift differences of 4.5 ppm for me-
thionine � 3 (35) or 5.5 ppm for isoleucine � 2 (32). The in-
terconverting states monitored correspond instead to rela-
tively small changes in preferences for the different confor-
mational states.

DISCUSSION

The binding of the apoenzyme to gapped DNA results in a
large reorganization of the enzyme. In solution, the apoen-
zyme is elongated (36), but wraps around a 1-nt-gapped
DNA substrate forming a doughnut like structure (Sawaya
et al. (4)). This is facilitated by Helix-hairpin-Helix (HhH)
motifs found in the lyase domain (residues 55–79) and the
D subdomain (residues 92–118) (Pelletier and Sawaya, (3)).
These motifs interact with the DNA backbone of the bro-
ken strand of the downstream and upstream duplex, re-

spectively. The formation of the binary complex results in
changes in the chemical shifts of many of the Ile and Met
methyl resonances throughout the enzyme and the broad-
ening of several resonances in the lyase domain and N sub-
domain. This line broadening is not observed in the apoen-
zyme. In the apoenzyme, sidechain methyl �s-ms dynamics
is restricted to the D subdomain and can be characterized
by a single exchange process. This motion may allow the en-
zyme to sample alternate substrate geometries to facilitate
binding of the polymerase domain to the upstream side of
the gap, after the initial binding of the lyase domain to the
downstream portion of the gap. Previous 15N CPMG re-
laxation dispersion experiments of the apoenzyme showed
that a large number of resonances in both the lyase do-
main and D subdomain backbone exhibited �s-ms dynam-
ics (12). The timescale of the backbone motion (kex ∼ 1900
s−1) was similar to the timescale of the sidechain motion
found in the D subdomain (kex ∼ 1400 s−1), although no �s-
ms sidechain dynamics was observed for any of the methyl
resonances in the lyase domain. The residues that exhibited
�s-ms backbone motion in the previous study (12) and �s-
ms sidechain motion in the current study are shown in Fig-
ure 6. The dynamics observed in the lyase domain suggests
that the backbone dynamics may facilitate initial sampling
and binding to gapped DNA, and that both sidechain and
backbone �s-ms dynamics in the D subdomain contribute
to sampling and binding of the polymerase domain to the
upstream DNA.

A large transition from backbone to sidechain �s-ms mo-
tion occurred upon formation of the binary complex. The
number of sidechains observed to be undergoing �s-ms dy-
namics increased from three in the apoenzyme to 10 in the
binary complex (Figure 5B and Table 1), while only Glu21
was observed to be exhibiting backbone �s-ms dynamics in
a previous study of a binary complex (12). Two additional
sidechain resonances in the lyase domain and Ile277 in the
N subdomain of the binary complex exhibited line broaden-
ing (Figure 5B and Supplementary Table S1B) due to inter-
mediate conformational exchange. The sidechain dynamics
also became distributed throughout the enzyme in the bi-
nary complex with minimal coupling of the motion between
the different sidechains (Figure 5B). The changes in over-
all �s-ms dynamics in going from the apoenzyme to the bi-
nary complex are summarized in Figure 6. The transition
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Figure 6. Summary of transitions in pol � �s-ms backbone and sidechain dynamics. The sidechain Ile and Met methyl groups from this study and the
backbone amide nitrogen atoms from a previous study (12) that were found to be exhibiting �s-ms dynamics are shown as labeled (methyl) and unlabeled
(amide nitrogen) spheres color coded by the magnitude of their exchange rates (kex). In the previous study of a binary complex, Glu21 was the only
backbone residue observed to be undergoing �s-ms motion. In this study of the apoenzyme and ternary complex sidechain dynamics and the previous
study of the backbone dynamics of the apoenzyme, the exchange rates were obtained from global fits of the CPMG data, with the exception of four residues
(cyan) that showed elevated backbone exchange rates (kex > 4000 s−1) in the apoenzyme. The exchange rates for the methyl groups in the binary complex
were obtained from individual fits of the dispersion curves. The methyl group resonances exhibiting significant exchange line broadening in the binary and
ternary complexes are shown as light gray spheres.

from backbone to sidechain �s-ms motion upon formation
of the binary complex may be due to a reduction in the over-
all flexibility of the backbone of the enzyme, on the �s-ms
time scale sampled in these experiments, that gives rise to
an increased level of sidechain motion. The large reduction
in backbone motion and increase in sidechain motion also
suggests that the backbone motion is primarily useful for
initial DNA binding. Once the DNA complex is formed the
sidechain motion may then allow greater flexibility for nu-
cleotide selection and binding. Additional experiments will
be required to provide more details.

Formation of a ternary complex involving a correct base
pair is associated with conformational activation in which
the N subdomain closes around the nascent base-pair, mak-
ing contact with the amino-terminal lyase domain. (6) This
transition is accompanied by shift and linewidth changes of
specific methionine and isoleucine residues located primar-
ily in the lyase domain and N and C subdomains, and sig-
nificant changes in their �s-ms sidechain dynamics. The di-
rect contact between the amino-terminal lyase domain and
the carboxyl-terminal N subdomain in the closed complex
with the matched nucleotide directly influences the confor-
mation of Ile277, located at this interface, leading to an in-
creased preference for the g− conformation in order to min-
imize steric conflicts (Figures 2B and 4A). The formation of
the closed ternary complex is also accompanied by a reduc-
tion in exchange broadening of the Ile33 and Ile88 methyl
resonances in the lyase domain (Figure 2B). Ile33 also expe-

riences a loss in �s-ms sidechain dynamics upon formation
of the ternary complex even though it is in similar local envi-
ronments in both the binary and ternary complexes. These
changes to the Ile33, Ile88 and Ile277 resonances all imply
that the lyase and N subdomain become more rigid upon
closing to form the ternary complex.

In contrast, the HMQC spectrum of the mismatch dT-
dGPCPP ternary complex with ∼1 equivalent of dGPCPP
is very similar to the spectrum of the binary complex, indi-
cating that the mismatch nucleotide does not readily bind
to form the closed ternary complex. Further titration with
the mismatch dNTP yielded a large average Kd of ∼1.2 mM
(Figure S1A and S1B), with asymptotic limits for the Ile277
and Ile88 methyl resonances that fall well short of the val-
ues observed in the matched ternary complex (Figure 2B
and Figure S1A). These results indicate that the mismatch
nucleotide binds very weakly and does not alter the open
to closed conformational equilibrium to the extent that the
matched nucleotide does. Based on the limiting shifts of
the Ile277 and Ile88 resonances compared to the shifts ob-
served with the matched dNTP, the complex may be closed
for ∼33% of the time, effectively reducing the time for the
nucleotidyl transfer reaction to occur and reducing the like-
lihood of mismatch incorporation.

Significant differences between the �s-ms dynamics of the
isoleucine and methionine sidechains of the binary and the
matched ternary complex are also observed. In the binary
complex, the �s-ms sidechain dynamics and line broaden-
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ing is distributed throughout the enzyme and characterized
by multiple localized exchange processes (Figure 6 and Ta-
ble 2). When the enzyme adopts the closed ternary com-
plex conformation with the correct incoming nucleotide,
the ms sidechain dynamics becomes localized primarily in
the C subdomain and can be characterized by a single ex-
change process (Figure 6 and Table 3). This dynamic be-
havior is similar to that observed with dihydrofolate reduc-
tase (DHFR), in which more widespread uncoupled �s-ms
backbone motion is observed in the DHFR–NADPH bi-
nary complex, that transitions to more localized coupled
motion around the methotrexate or trimethoprim inhibitor
binding site upon formation of the ternary complexes (37).
There may be other enzymes that exhibit similar dynamic
transitions as well. Importantly, the results for pol � indi-
cate that the closed ternary complex does not exist as a sin-
gle stable state. Interestingly, a simple two-state model im-
poses restrictions on the observed rate of catalysis. If the
major state (pA ∼ 98%) of the wild-type enzyme is in the
active conformation, then changes to the dynamic behav-
ior of the enzyme through mutagenesis should lead to a de-
crease in activated complex (i.e. decrease in kpol) since the
system is highly optimized. However, if the minor popula-
tion (pB) corresponds to the catalytically activated enzyme,
then altered enzyme dynamics could result in a decrease or
increase in the activated population resulting in a propor-
tional change in kpol. The observation that an active site
mutation (R258A) leads to an increase in kpol (6) is con-
sistent with the latter interpretation. The similarity of the
forward rate of exchange measured from the CPMG exper-
iments (kAB ∼ 22 s−1) and reported rates of nucleotide in-
corporation kpol (33,34), and the localization of the �s-ms
dynamics in the C subdomain are also consistent with this
interpretation.

Although the forward rate kAB of the exchange process
obtained from a global fit of the ternary complex CPMG
data is similar to reported values of kpol, there is not enough
information available to ascertain whether the dominant
higher energy state sampled by this exchange process is re-
lated to the transition state. However, the localization of the
exchange process to the catalytic domain is suggestive that
the dynamics may be related to catalysis. The role of dy-
namic fluctuations in promoting catalysis has been the sub-
ject of extensive investigations over the past several years,
many of which utilized the E. coli enzyme DHFR as a
model system (38). Recently, it has also been shown that
a Michaelis complex of arginine kinase exchanges with the
transition state at a rate that matches the catalytic rate (39).
In this case, the ��C values obtained from the CPMG
data also matched the equilibrium chemical shift differences
��C measured between the Michaelis complex and a transi-
tion state analog, demonstrating that the Michaelis complex
samples a higher energy conformation that is similar to the
transition state analog bound state. Alternatively, dynamics
may play an indirect role where alternate conformational
transitions improve the ability of the polymerase to produc-
tively interact with different dNTP molecules that vary with
each catalytic event.
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