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ABSTRACT. DNA polymerase catalysis and fidelity studies typically compare incorporation of “right” versus
“wrong” nucleotide bases where the leaving group is pyrophosphate. Here we use dGTP analogues replacing
the ,y-bridging O with CH, CHF, CFk, or CCh to explore leaving-group effects on the nucleotidyl
transfer mechanism and fidelity of DNA polymerase (g&I)l-G mismatches occur with fidelities similar

to dGTP with the exception of the GHnalogue, which is incorporated with 5-fold higher fidelity. All
analogues are observed to bind opposite template CKuygthetween 1 and 4M, and structural evidence
suggests that the analogues bind in essentially the native conformation, making them suitable substrates
for probing linear free energy relationships (LFERS) in transient-kinetics experiments. Importantly, Brgnsted
correlations of logkyal) Versus leaving-groupia for both right and wrong base incorporation reveal similar
sensitivities fig & —0.8) followed by departures from linearity, suggesting that a chemical step rather
than enzyme conformational change is rate-limiting for either process. The location of the breaks relative
to pKas of CR, O, and the sterically bulky Cgbridging compounds suggests a modification-induced
change in the mechanism by stabilization of leaving-group elimination. The results are addressed
theoretically in terms of the energetics of successive prif€r &ddition (bond forming) and pyrophosphate
analogue elimination (bond breaking) reaction energy barriers.

DNA replication and repair pathways involve balancing incorrect DNA synthesis, particularly in terms of the crucial
an essential need for high-fidelity synthesis to ensure accuratebut so-far obscure transition states involved, is unknown.
genome duplication, with specialized needs for much lower Here we address an unexplored aspect of this question by
fidelity synthesis to copy replication-blocking DNA lesions, assessing the effects of modifying the dNTP triphosphate
and to provide beneficial mutations crucial for immunodi- f,y-bridging oxygen on (1) the polymerassubstrate ternary
versity and evolution. To regulate when and where high- structures, (2) the catalytic efficiency, and (3) the fidelity of
and low-fidelity polymerases come into play requires com- human DNA polymerase (pdl)5. Pol f has been used
plex interactions involving polymerases and a wide variety extensively as a model system to investigate fidelty3)
of protein cofactors). based on its central role in DNA repa)( buttressed by

These complexities not withstanding, the fidelity of DNA the availability of numerous crystal structures of various
synthesis is determined for the most part by the structural liganded statess(-7).

and catalytic properties of the polymerase interacting with A mechanistic understanding of fidelity for any polymerase
its template, primer, and dNTP substrates, where the naturewould require detailed knowledge of the probabilities of
of the constituent purine or pyrimidine base should dominate observing the structures along trajectories of the system
in base pair recognition. However, the contribution of corresponding to reaction coordinates reflecting correct and
leaving-group effects to the catalytic process for correct and incorrect base pairing reactions. These probabilities are
typically represented as free energy diagrams. Focusing on
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Ficure 1: Chemical steps involved in nucleotidyl transfer. Deprotonation of the prifaleydoxyl is followed by nucleophilic attack on

the R, of the dNTP. Cleavage of the,PO,s bond results in elimination of the leaving group (LG, above). Whether thg{paitalyzed

transition state occurs via a (A) concerted or (B) stepwise mechanism is not known. In the concerted model a significant amount of bond
forming and bond breaking abou Bccurs simultaneously through a single activation barrier. In the stepwise model a short-lived pentacovalent
intermediate exists between separate bond-forming and -breaking steps, resulting in two separate activation barriers. The models are extreme
cases; the actual reaction coordinate may adopt a trajectory intermediate between the two.

on R, of the triphosphate moiety (addition step), followed LFER behavior. We explore the significance of these results
by departure of pyrophosphate (elimination sted)) A key on pol g catalysis and fidelity, aided in part by molecular
point is that, in the absence of marked steric effects induceddynamics simulations in which free energies are explicitly
by leaving-group modification, the nucleotide incorporation computed. By evaluating free energy surfaces associated
reaction rate constants for both right and wrong substrateswith leaving-group-modified substrates, the simulations are
should correlate with the acidity of the leaving-group moiety, intended to lend additional insight into the experimental
depending on which step (if either) is rate-limiting. In a rate- results.

limiting addition step, extra negative charge is transferred

onto R, and thus a modest sensitivity to polarity changes in MATERIALS AND METHODS

the remotef,y-bridging group might result. However, a
larger effect would be expected if elimination were rate-
limiting, because in this case the stability of the anionic
leaving group should be substantially sensitive to such

Materials. High purity solution dGTP and T4 polynucle-
otide kinase (Optikinase) were purchased from Amersham
Biosciences. DNA synthesis reagents and protected deox-
changes. yribonucleoside phosphoramidites were purchased from

: ) | )
Kinetic experiments designed to introduce small perturba- Applied Blosystem§. Rac_ilolab elegfP]ATP was pur-
tions to the polymerase complex could help to reveal chased from MP Biomedicals. Buffer components and all

information about free energy changes at well-defined other chemicals were purchased from Fisher Scientific,

positions along the reaction coordinate. Here we describe a>9M& or VWR. Thef,y-CH;, CHF, Ck, and CCj

strategy for probing the nucleotidyl transfer mechanism by analor?ulgds of dGTF; v;/]ere prepareg_ from thI'VlP éSig;}na)
constructing a linear free energy relationship (LFER) cor- mc;}rp Oll atg (o) anf_ the corresponding met ylenebispho-
relating the catalytic rate constatt,, with leaving-group SE onie acid, purified by ttswo-sslta%g preparative HPLC
solution K,s for a series of ANTP analogues modified at (_ _99 %), and charac_terlzed w, P F NMR and UV-

the ,y-bridging position. LFERs between equilibrium and visible spectra, analytical HPI__C Q/anan PureGel ROO087E1PE
kinetic substituent effects are well-known tools for decipher- uM 50_0A SAX), and.negatlve. ion FAB or MALDI HRM.S'
ing reaction mechanisms in solutiog) (and in enzymatic Synthetic and analytical details for the analogues will be

reactions {0, 11), and Brensted correlations between leaving- Presented elsewhere. The Canalogue was previously
group [Ka and catalytic rate constants have been reported Prepared by a different method@).
(12—14). Purification and Quantitation of Pg8. Human pol5 was

The transient-state single-turnover assays reported herePurified as described previousl¥®). Enzyme concentrations
reveal a linear Brgnsted correlation, wjily ~ —0.8 inthe ~ Wwere determined by Coomassie dye binding using purified
leaving-group Kasrange 9-11, consistent witlfys reported pol 5 as the standard. The concentration of purified pol
for other enzymatic PO bond cleavaged®, 13). At lower was determined by total amino acid analysis.
pKa, however, we find virtually no sensitivitysg ~ 0) for Crystallization of the Pol3 Substrate Complexes and
either correct or mismatch incorporation. For correct pairing, Structure DeterminationHuman DNA polymeras¢ was
all of the analogues studied here bind in pblternary overexpressed iEscherichia coliand purified. The DNA
complexes withKgs close to that of native dGTP {4 uM), substrate consisted of a 16-mer template, a complementary
and X-ray crystallographic data for the £Fand CH- 9-mer primer strand, and a 5-mer downstream oligonucle-
bridging analogues show virtually no deviation from the otide. The annealed oligonucleotides create a two-nucleotide
native conformation of the triphosphate moiety. Taken gapped DNA substrate. The sequence of the downstream
together, these data suggest a leaving-group-induced changeligonucleotide was GTC GG and thé-t8Brminus was
in the rate-liming step due to stabilization of pyrophosphate phosphorylated. The template and primer sequences were
(or analogue) elimination. A steric-repulsion explanation for CCG ACC GCG CAT CAG C and GCT GAT GCG,
the catalytic insensitivity, observed with gFan be ruled respectively. Oligonucleotides were dissolved in 20 mM
out, as the bulkier CGlcontaining analogue conforms to MgCl, and 100 mM Tris-HCI, pH 7.5. The template, primer,
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and downstream p“gOHUCIeOt'deS were mixed in a :_L:l:l ratio Table 1: Crystallographic Data Collection and Refinement Statistics
and annealed using a PCR thermocycler by heating for 10

min at 90°C and cooling to £C (1 °C min™1), resulting in complex dGTP/f__” CR) dGTP@—y CHy)

a 1 mM mixture of gapped duplex DNA. This solution was . .o Data CF?Z"eCt'O” -

then mixed with an equal volume of pl(15 mg/mL in 20 a (R 50.7 50.7

mM Bis-Tris, pH 7.0) at 4C; the mixture was warmed to b (A) 80.5 80.4

35 °C and gradually cooled to 4C. A 4-fold excess of C('g) a0 e

ddCTP was added to the two-nucleotide gapped complex to ﬁnfm ?,?\)) 2.10 2.20

obtain a one-nucleotide gap complex with a dideoxy- Rmerge(%)? 11.7 (43.6) 13.4 (58.5)

terminated primer terminus. ﬁ‘;mp'e‘e“ess (%) 8 39(-3? 1()100) . 3@75()96-4)
Pol 5—DNA complexes were crystallized by sitting-drop  no. of observed reflections 190491 79136

vapor diffusion. The crystallization buffer for the binary one- no. of unique reflections 24642 (2453) 21102 (2063)

nucleotide gap consisted of 16% PEG-3350, 350 mM sodium Refinement Statistics

acetate, and 50 mM imidazole, pH 7.5. Drops were incubated rms deViIationﬁ A
at 18°C and streak seeded after 1 day. Crystals grew in  2°ndlengths () 0.005 0.005

. . . bond angles (deg) 1.12 1.09
approximately~2—4 days after seeding. The binary complex R, (%) 20.1 20.0
crystals were soaked in artificial mother liquor containing Rree (%) , 26.0 26.1
200 mM MgCh, 90 mM sodium acetate 4 mM dGTP-  2verage factor () 063 6.2
(8—y CF,) or dGTP3—y CHy), 20% PEG-3350, and 12% DNA 38.3 39.0
ethylene glycol. dGDP(CH)P _ 18.4 14.6

Data were collected at 100 K on a CCD detector system Rafgq\‘;"grg%”dra” analysis (%) 085 98.8
mounted on a MicroMax-007HF (Rigaku Corp.) rotating allowed 100 100

anode generator. Data were integrated and reduced with # Ruerge= 1000513 1Ini — Inl/n3ilni), wherel, is the mean intensity
HKL2000 software 18). Ternary substrate complex struc-  of symmetry-related reflectioris;. ® Numbers in parentheses refer to
tures were determined by molecular replacement with a the highest resolution shell of data (10%Rok = 100( [|Fo| — [Fcll/
prev|ous|y determined structure of m)bomplexed with one- leol) d Rfre? for a 5% Subset_of reflections withheld from refinement.
nucleotide-gapped DNA and a complementary incoming - AS determined by MolProbitySd).
ddCTP (PDB accession number 1BPY).(The parameters
and topology files for the nucleotide analogues were preparedand downstream (1.5 molar equiv) oligomers, heating to 90
using the program XPOL2010). The crystal structures have  °C, and then cooling slowly to room temperature.
similar lattices and are sufficiently isomorphous to determine  Single-Turneer Gap-Filling Assays Single-nucleotide
the molecular replacement model using CNS and manualgapped DNA (template C or T) was preincubated for 2 min
model building using OZ0). The crystallographic statistics at 37 °C with pol 8 in assay buffer [50 mM Tris-HCI, 20
for the ternary complex structures with dGPBP{(y CF,) and mM KCI, 20 mM NacCl, 10 mM MgC}, 1 mM DTT, 6%
dGTP{—y CH,) are tabulated in Table 1. The coordinates (v/v) glycerol, pH 7.9 at 23°C] and then mixed with a
and structure factors have been deposited in the RCSBsolution of substrate (AGTP or analogue in assay buffer at
protein databank with accession codes 2ISO and 2ISP,37 °C). Concentrations after mixing were 300 nM 150
respectively. nM DNA, and 0.5-20 uM substrate (&G incorporation) or
DNA Synthesis and PurificatioRrimer (TAT TAC CGC 50—1500 uM substrate (TG incorporation). The reaction
GCT GAT GCG C), template (GCG TTG TTC CGA CMG  mixture was quenched by3-fold dilution with 500 mM
CGC ATC AGC GCG GTA ATA; M= C, T), and 5end- EDTA. Reaction time ranges were 0:00.5 s (CG) and
phosphorylated downstream (GTC GGA ACA ACG C) 0.5-100 s (TG). Reaction times under 20 s were carried
oligomers were synthesized on a solid-phase DNA synthe- out with a rapid-mixing chemical quench apparatus (KinTek
sizer (Applied Biosystems Model 3400), cleaved from the Model RQF-3); otherwise, mixing was done manually with
polystyrene support and deprotected with 30% (v/v) am- a micropipet. The radiolabeled 19-mer primer and 20-mer
monium hydroxide (55C, ~12 h), and purified by denatur-  product were separated by denaturing polyacrylamide gel
ing polyacrylamide gel electrophoresis. The product bands electrophoresis [3% 33 x 0.035 cm, 20% (w/v) polyacry-
were located by UV shadowing over a fluorescent TLC plate, lamide 8 M urea gels run at 5560 W, 3-4 h]. The
excised from the gel, and crushed, and the DNA was percentage of primer extended was measured by exposure
extracted by elution into STE buffer. Volumes were reduced of the dehydrated gel to a storage phosphor screen (Bio-
by vacuum, and salt was removed by dialysis into distilled Rad no. 170-7841) followed by detection of phosphorescence
water. DNA concentrations were determined by absorbanceemission on an imaging system (Molecular Dynamics
at 260 nm using a molar absorption coefficient calculated STORM 860).
from the sum of the constituent nucleotides. Oligomers were Data Analysis Kinetic assays were performed under
stored in filtered, distilled water at20 °C. single-turnover conditions (& S) where the time evolution
DNA Radiolabeling and Annealingrimer DNA (1 molar of product formation fits a single exponential: {B [Plsina-
equiv) was 5end labeled using T4 polynucleotide kinase (1 — exp[—kond]), where P is the extended primer product
(0.4 unituL) and [y-*?P]JATP (~0.7 molar equiv) using the  andk.psis the observed catalytic rate constant. The observed
supplied buffer. The kinase was inactivated after 30 min by rate constants were plotted against the substrate concentra-
heating at 9C°C for 10 min, and the reaction mixture was tions, and the data were fit to the hyperbolic equati&gs
used for annealing without further purification. Annealing = kyo[S]/([S] + Kg), where S is dNTP substrate (dGTP or
was carried out by mixing primer, template (1.2 molar equiv), analogue)kyo is an overall rate constant for the slowest
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Table 2: K.s for Conjugate Acids of Pyrophosphate or Substituted A @ 1-nt gap.
Bisphosphonatés
5'-TATTACCGCGCTGATGCGC GTCGGAACAACGC
- PHat - Pas 3'-ATAATGGCGCGACTACGCGMCAGCCTTGTTGCG
—CR— 7.63 —CCl— 9.78 ) -
—-0— 8.91 —CH,— 10.7 °
—CHF— 9.44
N
aLiterature valuesq1—24) were measured at 2& and 0.1 M ionic B 0 -0 -0 a /)"\“
strength, except for monofluoro- and dichloromethylenebisphosphonic -o—ll=7x\|'>ﬁ/2>ll=g° NN NH,
acid (0.15 and 0.0 M, respectively); reported error ranged from 0.01 s & /8 o ° . 0
to 0.1. Those conditions closely matched our buffer solutions and were 0—p—"~p—0
used as referencegs in the Brgnsted equation (eq 1). The othiégp OH ° ©°
did not show a reliable correlation with electron-withdrawing ability
of the bridging group and were not considered.
N S pol B 5 2
o . : o 3—M - > 3 M
nucleotide insertion step(s), andy is the dissociation
constant for substrate binding. The kinetic data were fit to
the Brgnsted equation (eq 1) using th&,palues 21—24) C X Nucleoside-Phosphate  Leaving-Group
shown in Table 2. Three replicates were performed for each o 4GTP pyrophosphate

substrate/template base combination, and the best-fit values CH, 1 dGTP(gi’CHz) 5 methylenebisphosphonate
CHF 2 dGTP(#-yCHF) 6 monofluoromethylenebisphosphonate
for kpo' anq Kd are reported as th? mean standarq error. CF, 3 dGTP(4-yCF,) 7 difluoromethylenebisphosphonate
Theoretical AnalysisThe behavior of the LFER in pgl CCl, 4dGTP(B-yCCl;) 8 dichloromethylenebisphosphonate
and in solution was determined using full EVB simulations

. P : e Ficure 2: Components of the single-turnover transient-kinetic
to model the effect of leaving-group modification. Simplified assays of polf-catalyzed incorporation of a series of dGTP

calculations were also performed to analyze the LFER for gnajogues into single-nucleotide gapped DNA. (A) Primer/template/
hydrolysis of the nucleotide analogues in solution. The downstream oligomer DNA sequences. The template base (M,

empirical valence bond/free energy perturbation (EVB/FEP) above) is C or T. The downstream oligomer Isphosphorylated

calculations 25) of the two reaction steps in agueous solution 10t L2¢ SPIT) F2R SR B3, TO8 Bee e oetures with
and enzyme active site were carried out for trajectories the analogues. (B) Structure of the dGTP substrate analogues and

generated by the all-atom molecular dynamics (MD) simula- the leaving groups, where X represents the modifigdbridging
tions using the Amber95 force fiel@€) and TIP3P model  group. (C) Bridging groups studied here are shown in the table,

of water implemented in the program Q7). The detailed  with the nomenclature used in the text.

description of these calcul:_:ltions and of _the force field _used values of the corresponding bisphosphonic acids at various
for the substrates and Mgis presented in the Supporting  omperatures and ionic strengths have been reported in the
Information. literature. Table 2 presents reportet.p values under
RESULTS conditions that closely resemble our kinetic assays. The trend,
in order of decreasing acidity (G O > CHF > CCl, >
Leaving-Group pk, Is Perturbed by @, Replacement.  CH,), correlates roughly with the presence of electronegative
Single-turnover kinetic assays are used to measure polatoms on thes,y-bridging group.
p-catalyzed incorporation of a series of dGTP analogues into The origin of polar substituent effects orKpin the
single-nucleotide gapped DNA (Figure 2). In order to condensed phase has been attributed to contributions from
characterize the energetics of the chemical steps involvedthrough-space (field) and through-bond (inductive) effects,
in nucleotidyl transfer, we have probed the catalytic sensitiv- although controversy exists as to the relative magnitude of
ity to CH,, CHF, CF, and CC} replacement of the,y- the latter 28, 29). In any case, a lowered<p of the leaving
bridging oxygen (@,) of the dGTP substratel -4, Figure group translates to stabilization of the negative charge
2C). Nucleotidyl transfer from these compounds results in developing on thex,-bridging oxygen (Qg) during bond
formation of the corresponding bisphosphonate, or pyro- breaking. It follows from both Marcus theory in the
phosphate in the case of native dGB>8, Figure 2C). Ka condensed phase( 31) and a more general adiabatic

Table 3: Kinetic and Thermodynamic Parameters for /R@latalyzed Gap-Filling Assays

M—N —X—= kpo| (Sﬁl) Kg (/,tM) kpo|/Kd (Sﬁl Mfl) fins

C-G —CF— 21.9+ 0.9 2.9+ 0.34 (7.5+0.9) x 10°

C-G —-0— 13.7+ 1.3 1.3+ 0.20 (10.7+£1.9) x 1¢°

C-G —CHF— 16.64+ 0.6 3.5+ 0.63 (4.8 0.9) x 1¢°

C-G —CCl— 8.4+1.0 3.7+ 1.30 (2.3 0.9) x 10°

c-G —~CHp— 1.5+0.2 0.75+ 0.04 (2.1+ 0.2) x 106

T-G —CkR— 0.76+ 0.01 380+ 50 (2.0£0.3) x 10® (2.7£0.5)x 10
-G —0- 1.34+0.10 200+ 7 (6.6+ 0.5) x 10° (6.2+ 1.2) x 107
-G —CHF— 0.93+ 0.06 270+ 130 (3.4+ 1.6) x 10° (7.1+3.6)x 10
T-G —~CHp— 0.11+0.01 430+ 90 (0.24+ 0.1) x 103 (1.2+0.3)x 10

a Assays were conducted under single-turnover conditions (see Materials and Methed$)sNhe template-incoming base pair ark— is
the,y-bridging group. Values df,, andKq are reported as the meanstandard deviation of three replicates, and error in the efficienkigs<g)
and misinsertion frequenciss (eq 2), was calculated according to the standard rules for error propagation. The Brgnsted correlatiofig,pf 10g(
versus K, g are plotted in Figure 5, and the substituent effect on fidelity is depicted in Figure 8.
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treatment {1) that stabilization of the products should also ( )
lead to stabilization of the preceding activation barrier
according to a LFER. The so-called Brgnsted relationship

(eq 1) is one such LFER and can be derived in an essentially
rigorous way using the modified Marcus relatiot0( 11)
(Supporting Information, Figure 1S and eq 2S).

The LFER can be extended to a multistep reaction and
used to analyze the corresponding mechani3g) if the
dominant effect of the modifications is at one well-defined
position on the reaction coordinate (e.g., a bond-making or
bond-breaking step). The trend observed in a Bransted plot
reflects the changes in the rate-limiting barriers caused by
the given modification.

Og, Replacement Does Not Affect the Conformation of
Bound Substrate Although the intended effect of £
replacement is on the negative charge developing gn O
we must also consider the possibility of additional electro- B
static and steric effects that may perturb other parts of the ( )
system. The effects of fluoromethylene replacement of the
bridging oxygen in a phosphate ester or anhydride have been
studied in detail in other system33), as this modification
is widely recognized34, 35) to confer inertness to hydrolytic
cleavage. The van der Waals radii of the fluoromethylene
groups are estimated to b&-fold larger than that of oxygen,
methylene being the best steric approximatid@) (Despite
these differences, phosphate mimics bearing fluoromethylene
groups are reported to bind effectively in a number of enzyme
active sites (re33 and references cited therein).

The structure of the pgb ternary complex with dGTP- dugm
(6—y CHy), as determined by single-crystal X-ray diffraction,
indicates that the triphosphate region of the native, bound ’
dNTP @7, 38) and the corresponding region of the analogue D192 .
superimpose with virtually no deviation (Figure 3A). The - D190
ﬁ,yjbrldglng pos'tlo_n 'protrud.es mtq a solvent—_«’:lcceSSIbI_e FiGure 3: Structure of native and analogue conformations bound
region, and no steric interactions with Surround|ng pI’OteIn to p0|ﬂ (A) Ternary Comp|ex structures of pﬁ|W|th dCTP 67)

moieties are observed. Importantly, no energetically signifi- (gray) or a dGTP analogue (green, Table 1) whege léas been

cant perturbation of the positions of catalytic metal cations replaced with a methylene (GHgroup are superimposed. A

: ; ; ; ; nonbridging oxygen on the-phosphate forms hydrogen bonds with
Ohr active site a‘?pdartate residues I;’ gbserved. In Figure 3B’OS’ of the incoming nucleotide as well as Ser180 (S180) and
the structures of dGTB(-y CF;) and dGTRE—y CHy) are Arg183 (R183). Active site aspartates (D190 and D192) and the

compared, likewise revealing nearly identical superimposi- nucleotide-coordinating Mg are also shown. (B) Ternary complex
tions and lack of active site perturbation. structures of pof3 with dGTP analogues where tifiey-bridging

: : ; : oxygen is replaced by a methylene (§lgreen) or difluorometh-
Structures like those depicted in Figure 3 represent, of ylene (CR, yellow). The superimposed structures indicate that the

course, only one of the possible conformational states in theg ,, substituents do not perturb the active site structure. Graphics
reaction. However, thigs for the correct-pairing analogte were prepared using Chimerag].

enzyme ternary complexes (Table 3, discussed below) are

all on par with theKq for the native complex. Since similar The Brgnsted equation as it pertains to leaving-group (Ig)
Kg values reflect a similarity in all of the conformational ability

states of the binding equilibria prior to chemistry, these data

support an LFER treatment of the reaction kinetics. log(Kyo) = Big(PK,, g + constant (1)

Kinetic Assays Real a “Broken” LFER.The parameters
kool and Kq were obtained in transient-kinetic experiments was first developed as an empirical observation of the
as described in Materials and Methods. Since experimentaldependence of the catalytic rate constant on the intrinsic
uncertainty in the values d{,, can have a large effect on reactivity of the substrate, where leaving-groufa 5 taken
the slope of a Brgnsted plot, a high degree of precision in as a reference for the intrinsic reactivity. A linear relationship
the gap-filling assay is desirable. Figure 4 displays repre- between reactivity andia has since been found to hold for
sentative data from a single assay and demonstrates that tha diverse set of reactions including alkgbj, halo 39), and
guantification ofkeh{[S]) and [P] are excellent fits to the  phosphoryl 12, 13) transfers.
kinetic equations. The best-fit values fly, and Ky, and As presented above, structural ddglevidence suggests
the fidelity parameters derived from them, are tabulated in that the (halo)methylene groups that replagg laave little
Table 3. The standard error of the mean of three replicateseffect on the conformation and energetics of the substrate
in koot Was typically 7%. binding portion of the mechanism. Another important
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Ficure 4: Single-turnover assay of dGTP{y CF,) insertion
opposite template T, showing saturation of the observed single-
exponential rate constar,,s as a function of substrate concentra-
tion. Plots ofk,psvVersus substrate concentration were least-squares
fit to the hyperbolic equation (Materials and Methods) to obtain
the best-fit catalytic rate constalg, and the substrate dissociation
constantKy. Inset: The percentage 8P 5-end-labeled primer
extended during the course of the nucleotidyl transfer reactions
The curves are the best least-squares fits of the data to a singl
exponential, yieldindps at each substrate concentration. Experi-
ments were done in triplicate for all substrates opposite template
C or T, and the results are tabulated in Table 3. The plots here are
representative of the typical signal-to-noise ratios and fluctuations
observed in the data acquisition.

kobs (3_1)

7 8 9 10 11
pKa4, leaving group

FiIGURE 5: Brgnsted correlations of loy,) to the Kas values
reported in Table 2. The error bars represe@tSD logk,o) and
+0.1 Kas Both correct-pairing (top) and-G-mispairing (bottom)
assays show a region of catalytic sensitivity to leaving-grokip p
in the domain 9-11 (between the CHF and Ghanalogues)giq-
(correct)= —0.84; Biy(T-G-mispair)= —0.78. These values are
similar tofigs reported for other enzymaticf® cleavage reactions
412, 13). In the K, domain 7.5-9 (between Cf and CHF
analogues) a region of catalytic insensitivity exists for both curves.
The data point for the sterically large GChnalogue (studied
opposite template C) is collinear with Gldnd CHF. These data
and structural (Figure 3) and equilibrium (Table 3) data opposite
the same template suggest that the flat position of thepomt is

due to sufficient stabilization of leaving-group elimination such that

observation from Figure 3 and other structural data is that @n earlier activation barrier becomes rate-limiting.
the carbor-hydrogen or carbonhalogen bonds are directed
into a relatively solvent-exposed region and away from the
divalent metal cations, so complicating effects df, phat

effect stabilization of a single barrier, where the lyg(
dependence onky goes from zero slope to significant

could arise from preferential M coordination with the ~ N€gative slope (with increasingy), it can mean that at the

halogens, versus the methylene hydrogens, should be absenpPKa Of the discontinuity there is a transition point between
If all B,y-bridging groups (oxygen lone pairs, carben two different rate-limiting steps. As will be illustrated below,

hydrogen bonds, carberhalogen bonds) experience the a zero slope region can arise when there exist two transition
same environment in the active site, leaving-gropyalues ~ States of similar heights, among other possibilities. Kisp

in the protein, while possibly differing in absolute value, can '€ft of the discontinuity (weaker base, stronger electron-
reasonably be expected to follow the same trend as in Withdrawing gb|l|ty) the step that is more yveak]y influenced
solution (Table 2). In such a case, the shape of a Bransted?y €l€ctron withdrawal dominates. The biphasic LFER plots
correlation would not change. Effectivipvalues of leaving W€ Obtain suggest such an interpretation.

groups bound in the active site are ideal but would be difficult ~ Comparison of the GFdata point with that of CGl

to obtain; in their absence the use of Table 2 values is (assayed opposite template C) lends further support to the
justified. structural andKy data suggesting that the effect of;,O

Bronsted plots for correct-pairing and-G-mispairing ~ replacement is primarily a stabilization of leaving-group
assays are shown in Figure 5. In both cases, a region ofélimination and not steric/electrostatic perturbations. Steri-
catalytic sensitivity to leaving-groupkq is observed in the  cally, the CC} group has a significantly larger profile than
pK, domain 9-11 (between the CHF and GHnalogues). CF,. That the CCJ point should fall collinear with Cirland
The two slopes in this region are similgf,{ correct= CHF, with afg in the range reported for other enzymatic
—0.84; 5, T-G mispair= —0.78). Catalytic sensitivities of ~P—O cleavages, while the sterically smaller Qfot only
this magnitude, over a roughly 2-uniKprange, have been  deviates from that slope but shows virtually zero slope
reported for phospholipase @3); moreover,B,s ~ —0.8 behavior strongly suggests that the breaks in Figure 5 can
have been reported for other enzymatie® cleavage  be explained by a leaving-group-induced change in the rate-
reactions {2, 13). An interesting result from this work, limiting step. We use the EVB free energy perturbation
however, is the virtually flat portions of both curves between Simulations to calculate structures and energies of states along
pKa 7.5-9 (from CR, to CHF analogues). The transition to the reaction coordinate, information that cannot be obtained
catalytic insensitivity occurs at roughly the same point for by experiment. We explore how these calculations can lend
both correct and IG-mispairing assays, close to thi of additional insight into the experimental results.
the native oxo-bridging compound. Theoretical and Computational Analysis Predicts a Non-

A break in the linearity of a Brgnsted plot is often taken linear Brgnsted Relationshipthe insertion of dGTP ana-
to mean a change in the mechanism of a solution phaselogues containing O, GF and CH f,y-bridging groups
reaction 40). In a multistep mechanism probed by substituent opposite C in the template was simulated using the EVB/



Leaving-Group Modifications Alter Pg# Mechanism Biochemistry, Vol. 46, No. 2, 200467

Ag addition to introducing the free energy model of Figure 6,
[keal/mol] we quantified the general trend of the LFER in solution by
simple parametric EVB calculations. The results of this
parametric approach are presented in Supporting Information,
Figure 2S. We believe that Figure 2S represents a best current
estimate of the LFER in solution and consider it as a useful
theoretical guide. Interestingly, the results presented in Figure
2S can be converted f&y, of —0.87. This value falls between
the slope observed for model compounds in aqueous solution
(Big = —0.94) @3) andpy = —0.84 observed in the protein.

To further extend the theoretical LFER model, we carried
out parameter-free EVB/FEP simulations of the-23 — 4
(Figure 6) microscopic reaction steps in p@l These
calculations include contributions from all interactions of the

o substrate with the protein environment during the reaction.
P b Y I YH Since there is uncertainty about the actual profile and degree
RO/ v X~/ Tor X— P ~or of concertedness (Figure 1) of the model reaction in water

© © o (35), which represents the foundation all protein EVB

FiGURe 6: Free energy diagram depicting the intermediates (diabatic simulations, we carried out two independent EVB studies.

states approximated by Marcus’ parabolas) along a stepwise P : ot
nucleotidyl transfer reaction in aqueous solution, where X denotes Initially, we used a stepwise associative reference free

the nucleophile. The free energy changes at 298 K caused by a€nergy surface in water that coincided with the surface used
substitution of the leaving group (Y) that lowers itéqare indicated ~  in previous EVB simulations of the reaction mechanism and
by arrows and dashed parabolas. The selection of numerical valuedidelity of T7 DNA polymerase&, 41). Applying this model
for changes in the free energies of states 3, 4, and 5 (i.e., B,rﬂ”StectFigures 1B and 6) to pg, the nucleophilic attack step was
gggg;fgzgt?f‘}ﬂeagﬂpfgcr)rtt?neg'mfe(;frﬁgtt'i%?f of these statdg)(is found_ to be the slowest microscopic chemical step_in the
protein for all three substrates (TS1 TS2; Supporting
FEP approach2b). Calculations were performed in aqueous Information, Figure 5S), and the calculated relative rate
solution (Supporting Information, Figure 3S) and in pol constants (Supporting Information, Table 2S) were incon-
However, due to the nature of the EVB method, only the sistent with the observed LFER (Figure 5). Nevertheless,
results for the reactions in the protein can be consideredthese calculations may reveal an important difference
“parameter-free”. This is because the EVB free energies in between the catalytic mechanism of gahnd T7 pol in that
water are forced to reproduce the observed and/or high-levelthe nucleophilic step is less stabilized in gbthan in T7
guantum mechanical energetics by adjusting empirical pol. This difference is likely caused by stabilizing electro-
constants in the EVB Hamiltonian (Supporting Information, static interactions contributed by the Lys522 residue and by
Table 1S). Thus, the energetics of the model reaction in watera larger flexibility in the positioning of the “catalytic” Mg

0.1apKg (=

XH ﬁ Reaction coord. O

and assumptions made about these energetlids dre in T7 pol 8). The structural equivalent of the positively
important factors underlying the results of EVB calculations charged Lys522, which interacts with one of the nonbridging
of chemical reactions in proteins. oxygens of then-phosphate, is missing in pgl

The model free energy surface assumed for the multistep To reconcile this inconsistency with the observed LFER,
reaction of substituted dNTP compounds in water is pre- we assumed a concerted reaction with a “late” transition state
sented in Figure 6. This surface is based on intersectingin water (Figure 7). On the basis of the EVB parametrization
parabolas representing the free energies of the steps outlinedor this reference reactiorfyy, of —0.73 was calculated for
in Figure 6; intersections with the highest energy corresponddGTP and dGTR{—y CHy,). This 3i4, although obtained by
to the rate-limiting transition state. The relative position of parameter-free simulations in the protein, is closg,joof
the parabolas plays a crucial role since it determines the —0.84 observed in our transient-kinetic experiments. A break
height of their intersections. More specifically, according to in linearity, which is consistent with data in Figure 5, was
the modified Marcus relationship (Supporting Information, calculated for the CFanalogue. The reaction of this analogue
eq 2S), the shift of the vertical position (i.e., free energy) of is associated with slightly higher activation free energy than
the intersection of each pair of parabolas is linearly propor- for the native substrate (Figure 7, Table 2S). This activation
tional to the change in the relative position of their minima. free energy increase is dominated by an intramolecular steric
When this proportionality is determined (as described in or electrostatic repulsion (Supporting Information, Movie 1S
detail in Supporting Information and in ref2) for each and Figure 4S), which destabilizes both TS1 and TS2
microscopic reaction step of a stepwise associative nucle-transition states (Figure 7). However, this result appears to
otidyl transfer reaction, we obtain the model free energy reflect a difficulty in attaining a more precise energy balance
surface of Figure 6. This conceptual framework predicts the in the system, because the experiments for the analogue
observation of a “break” in the LFER due to a change in the containing a larger CGlgroup indicate the absence of a
rate-limiting step of the nucleotide insertion reaction. This significant steric effect on the observed rate constants (Figure
conclusion holds even if the curvatures of the various 5).
parabolas are different, but the predictigis based on the Despite this drawback, the analysis of trajectories and free
assumption of equal curvatures. energies calculated for both models (concerted Figure 1A

The actual parabolas and their mixing can be determinedor stepwise Figure 1B) shows absence of any pretein
by the EVB approach as discussed elsewhgt (Thus, in substrate steric effects affecting glér CF, analogues.
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200 -100 0 100 200 300 catalysis and substrate binding, respectively. Error in the relative

FiGURe 7: EVB/FEP free energy surfaces for the nucleophilic attack duantities is propagated according to standard rules for propagation
and R,—0, bond-breaking steps of the nucleotidyl transfer reaction ©f error. Replacing @) with CH; leads to an-4-fold larger binding

in pol 8. The EVB parameters were obtained by assuming the term, a significant contribution to the relati\(e _fidelity of that
concerted free energy profile for the reference reaction in water @nalogue. Because the Bransted plots show similar trends for both
(upper black curve). The black, red, and blue curves denote the C-G correct pair and TG-mispair incorporation, contributions from
insertion of dGTP, dGTB—y CH,), and dGTP—y CF) the catalytic term are relatively small (discussed in the text).
respectively, opposite C in the template. The zero of the free energy

scale in both water and the protein was assigned to state 1 (Figureenzyme preferentially catalyzes the correct-pairing reaction,

6), which is not shown in the graph. so template-variable selectivity is a valid probe of polymerase
) ~ mechanisms. Our reason for measuring fidelity in this manner
Moreover, the correct LFER was obtained for the native s to make a best comparison of experiment with theory. The
substrate and the Glanalogue when the concerted reference computational studies use a template variable model to
reaction in aqueous solution was assumed. Even in this caseminimize inaccuracies in calculated paramet@®.(Con-
however, the resulting free energy profile in the protein was yihytions tofy,s 1 are graphed in Figure 8, relative to the
stepwise (Figure 7) and similar to the model depicted in same terms for the native compound.
Figure 6. The change in the character of the free energy
profile from a single TS (concerted profile) to a stepwise
profile featuring dianionic pentavalent intermediate flanked
by TS1 and TS2 transition states is due to stronger protein
binding to TS2 and the pentavalent intermediate than TS1.
Og, Replacement Has Only Subtle Effects on Fidelity, with
the Exception of the CHAnalogue.We have measured
incorporation of dGTP (or analogue) opposite two template
bases, C and T, and consider the effect gf @placement
on the misinsertion frequencyfirs, which is inversely
proportional to fidelity, and for a <IG mispair is given by
(44)

Because the shape of the Brgnsted plots for both correct
pair and FG mispair incorporation are quantitatively similar
(Figure 5), contributions tdi.s tc from the catalytic term
should be small. This is in fact observed in Figure 8. Note
for example that, from Table 3, the GHnalogue has reduced
kool Values for both correct and-® mispair incorporation.
This kyo decrease (relative to native) is comparable opposite
both templates, such that the contribution to fidelity is small.
Although the catalytic terms for the CHF and £ihalogues
are somewhat lower than for native, these can be attributed
to small deviations from the near-zero-slope lines in Figure
5, resulting from experimental variability in the measurement
j_l of kpai. In terms of binding, the only possibly significant effect

appears to be from the Grnalogue, which binds-2-fold

better opposite C and2-fold worse opposite T compared
(2)  with dGTP (Table 3). Owing principally to these rather small

differential binding effects, pols discriminates against

where kea/Ky is the steady-state efficiency, or specificity  aking TG mispairs somewhat better with the Sxhalogue
constant 45), and pre-steady-state or single-turnover mea- inan with the native substrate.

surements ok,o/Kq provide a very close approximatio8, (

46). In the rightmost term abovéys1c is rearranged to be  p|SCUSSION

written as contributions from separate catalykig,e/Kooi.co)

and substrate-bindind{ r¢/Kg.co) terms. Herein we have presented structural and equilibrium data
In calculatingfins 16, We are observing a “template-variable” to demonstrate that replacing tfig/-bridging triphosphate

selectivity, which is not the situation in vivo, where the dNTP oxygen with (halo)methylene groups is a noninvasive

is the variable and the template is constant. Since the modification in terms of substrate binding in the pactive

environment of the template base and that of the dNTP aresite. This evidence argues strongly in favor of an LFER

different in the active site, selectivity measured by these two interpretation of the single-turnover transient kinetics cor-

methods may not be the same. In either case, however, theelating logk,.) with leaving-group K. The series of

o (KeafKi1e ~ (Kool Kt _ (kpom(j(Kd,T
"TC T (kKeafKn)ea (Kool Ka)co Koor.cql \Ka.c
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modifications exhibit diverse steric/electrostatic profiles (cf However, there is a second “structural” Kigion, whose
CH,, CF,, CCh) and cover a significant{3 unit) pK, range. position can and probably will change and contribute to
The location of the breaks relative t&g of Ck, O, and fidelity. Most importantly, the similarity in the observeig,

the sterically bulky CGHbridging compounds suggests that for the correct and incorrect insertion is consistent with
the biphasic nature of the Brgnsted correlations is due to aincorrect insertion occurring from a partially open conforma-
modification-induced change in the mechanism by stabiliza- tion, if such a conformation difference increases TS2 more
tion of leaving-group elimination. EVB/FEP calculations than TS1 (Figure 7). This is plausible because the interactions
using atomic coordinates from ternary complexes of the sameof the Argl83 and Serl80 residues with tife and
system predict trajectories in agreement with this interpreta- y-phosphates, respectively, are weakened in the partially open
tion, via stabilization of a late activation barrier in a stepwise conformation §). These findings are important because
model (Figure 1). Lastly, due largely to the similar shape of further progress in the quantitative calculations of DNA
the Brgnsted correlations for both correct an@Imispairing polymerase fidelity critically depends on identification of the
assays, the effect of leaving-group modification on fidelity partially open conformation for incorrect insertiofl].

is subtle. Significantly greater discrimination with the £H The all-atom EVB/FEP MD calculations in the protein
analogue can be explained in terms of a differential binding suggest that the catalytic effect of the protein is similar for
effect. each leaving-group analogue, despite the possibility that steric

The observation of significant changeskg, in the Ka interactions of the protein with the GFor CH,-bridging
range 9-11 provides direct evidence that the activation groups might lead to significant changes in the orientation
barrier for bond breaking at the scissilg-FO,s has larger of the reacting substrate during the reaction. We would
or equal height relative to other barriers along the reaction propose, therefore, that the change Kugpin the protein is
coordinate for pop-catalyzed nucleotidyl transfer of dGTP  likely similar to the corresponding change in solution and
opposite template C or T. The approximate position of the that the computational analysis, embodied in Figures 6 and
breaks in Figure 5, close to th&pof the native compound, 7, offers a credible, qualitative basis to grasp how the rate-
suggests, however, that an earlier barrier lies close in energy determining step in poB can change as a function of the
The MD simulations performed here for p6] and other  leaving-group K.
work with T7 polymerase 8), suggest this to be the The chemical transformation necessary for ANTP insertion
nucleophilic bond-forming step. This result supports the view by a polymerase likely involves three microscopic chemical
that chemistry, and not conformational change, is rate- steps: proton transfer, nucleophilic attack, and formation of
limiting for both correct and misincorporation processes the leaving group (i.e.,dP-Oqs bond breaking). While proton
catalyzed by pop (48, 49). transfer is an unlikely candidate for the slowest stép),(

Our conclusion that the altered kinetic profile can be the other two steps are expected to be of similar heig/ht (
attributed to changes in the chemical step is further supportedif the activation barrier for bond breaking were significantly
by the observation that there are negligible close contactsjowered, as expected with the €&nalogue, deprotonation
between the protein residues and fhe-bridging group of  and/or nucleophilic attack may become sensitive to a kinetic
the substrate bound in the active site (Figure 3). In the isotope effect. The experiments reported here are a necessary
absence of such contacts, and in view of the similarity of prelude to such studies, and experiments of the type described
the electrostatic potentials of the native and modified here may be expanded to include other functional group
substrates, substitution at thig--bridging position is unlikely  modifications at @, and other polymerases where nucleotidyl
to affect the rate of conformational changes. If the confor- transfer may be more rapid (non-rate-limiting) than proposed
mational changes before chemistry were in fact rate-limiting, conformational change steps.
the observed reaction rate constapd, should be insensitive
to replacement of dGTP by the analogues. Instead, for theACKNOWLEDGMENT
insertion of both the correct and incorrect substrate, a
significant difference irkyo was observed.

The similarity of the observed Brgnsted correlations
(Figure 5) for the correct (&) and incorrect (1G) insertion
raises the possibility that the positions of the catalytic and
structural Mg@* ions, and the contacts of the protein residues
with the a-, §-, and y-phosphates of the bound substrate,
are conserved in misincorporation, in the sense that P
Oy bond cleavage is rate-limiting for insertion of the £H
analogue opposite either C or T in the template. This
observation appears inconsistent with attribution of fol SUPPORTING INEFORMATION AVAILABLE
fidelity to a less efficient positioning of the so-called catalytic
Mg?* ion for the insertion of incorrect NTP, because such A detailed EVB/FEP methodology, including force field
a structural change would likely result in a significantly and Hamiltonian parameters; a derivation of the LFER
higher TS1 than TS2. In this case, the LFER for the mispair equations and modified Marcus relation; EVB/FEP results
would be characterized I8, close to zero for all analogues, in aqueous solution and assuming different stepwise or
which was not observed. Since the misinsertion of dGTP concerted free energy surfaces in the protein; calculated free
opposite a template T is the least perturbing mispair formed energy surfaces in p@ for the EVB parametrization using
as deduced from the p@ specificity constants50), only stepwise reference surface in water; a graph of the variation
minor effects on catalytic metal binding would be expected. of the F~O,; distance; a movie of dGTB{ty CF)
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dynamics in the pops active site during the initial part of
nucleophilic attack. This material is available free of charge
via the Internet at http://pubs.acs.org.
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