10156 Biochemistry1998,37,10156-10163

Stopped-Flow Fluorescence Study of Precatalytic Primer Strand Base-Unstacking
Transitions in the Exonuclease Cleft of Bacteriophage T4 DNA Polymerase

Michael R. Otto*¢ Linda B. Bloom'"® Myron F. Goodmat,and Joseph M. Beechem*

Department of Molecular Physiology and Biophysics, Vanderbiltzersity, Nashille, Tennessee 37232, and Department of
Biological Sciences, HEDCO Molecular Biology Laboratory, bbiisity of Southern California,
Los Angeles, California 90089-1340

Receied January 9, 1998; Résed Manuscript Receéd May 15, 1998

ABSTRACT. DNA polymerases are complex enzymes which bind prirtemplate DNA and subsequently
either extend or excise the terminal nucleotide on the primer strand. In this study, a stopped-flow
fluorescence anisotropy binding assay is combined with real-time measurements of a fluorescent adenine
analogue (2-aminopurine) located at tHepAmer terminus. Using this combined approach, the exact
time course associated with protein binding, primer terminus unstacking, and base excision by-the 3

5 exonuclease of bacteriophage T4 (T4 pol) was examined. T4 pol binding and dissociation kinetics
were found to obey simple kinetics, with identical on rates € 4.6 x 10° M~1 s71) and off rates Ky

= 9.3 s}) for both single-stranded primers and double-stranded pritegnplates (at 10aM Mg?*).
Although the time course for T4 poDNA association and dissociation obeyed simple kinetics, at
suboptimal M§" concentrations (e.g., 10fM), non-first-order sigmoidal kinetics were observed for the
base-unstacking reaction of the primer terminus in double-stranded priemaplates. The observed
sigmoidal kinetics for base unstacking demonstrate that T4 pol is a hysteretic enzyme [Frieden, C. (1970)
J. Biol. Chem. 2455788-5799] and must exist in two DNA bound conformations which differ greatly

in base-unstacking properties. A Ftgdependent time lag of 10 ms is observed between pritiegenplate
binding and the beginning of the unstacking transition, which is 50% completefatl2®s after addition

of 100 uM Mg?*. Following the hysteretic lag, a simple first-order primer terminus unstacking rate of
130 stis resolved, which is protein and Mgconcentration-independent. For the processing of single-
stranded primers, all kinetic complexity is lost, and T4 pol binding and primer end base-unstacking kinetics
can be superimposed. These data reveal that the kinetic processing of double-strandect@mipilate

DNA by T4 pol is much more complex than that of single-stranded primers, and suggest that the intrinsic
“switching rate” between the polymerase and exonuclease sites may be much faster than previously
proposed.

Time-resolved and steady-state fluorescence equilibrium To obtain this information, pre-steady-state stopped-flow
studies of 2-aminopurine (2APgontaining DNA revealed  fluorescence experiments were performed.
spectroscopic and biochemical evidence for the existence of Many classes of proteins are required to bind DNA,
multiple populations of 3primer termini when it is bound  translocate to a specific site, and induce a structural transition
to T4 DNA polymeraseX). The multiple populations were  or catalyze a reaction in DNA at that site. Following each
interpreted in terms of an equilibrium distribution of primer  of these transitions with high sensitivity and in real time is
termini in both the polymerase and exonuclease active sitesdifficult. To be able to investigate real-time binding as well
of this enzyme. While careful equilibrium studies can gs real-time base unstacking in T4 pol, a “two-color”
provide important information concerning the existence of fluorescence assay system involving rhodamine-X and 2AP
multiple enzyme-substrate conformational states, these was developed [see Figure 1 of the preceding papgr (
studies cannot provide direct information concerning the Using this approach, it is possible to simultaneously monitor
mechanism or sequence by which these states are connecteghe binding, primer terminus base unstacking, and exonu-

clease kinetics of a DNA polymerase reaction in real time.
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stranded (ds) DNA. The fluorescence intensity of 2AP were further labeled with®?P and analyzed by native
within DNA is significantly different among ss DNA, ds polyacrylamide gel electrophoresis, revealing the absence of
DNA, T4 pol-bound DNA, and cleaved monophosphdte (  any free primer strands.

5-7), allowing a variety of real-time fluorescence signal

changes to be monitored. The advantage of using 2AP Methods

fluorescence to monitor T4 polymerase exonucleolytic transi- Steady-State Fluorescence Measuremeatssteady-state
tions is that the fluorescence signal originates from the frescence measurements were performed using a SPEX
nucleotide base which is being processed and cleaved,ggison, NJ) 1681 Fluorolog spectrofluorimeter with excita-
allowing a direct visualization of a variety of intramolecular o at 310 or 317.5 NMHS nm) for 2AP and 584 nimd¢2
steps which may be essentially invisible in radioligand m) for the rhodamine-X studies. Unless otherwise stated,
studies. These pre-steady-state kinetic studies also providey), experiments were performed at 202 °C.
an important additional level of support for the multisite Stopped-Flow Deliery and Fluorescence Detection Sys-
interpretation of the equilibrium data from the preceding tem. The stopped-flow delivery system and detection are
paper ). as described1@) except that data were collected from 1 to

Despite being the replication polymerase from a bacte- 20 ms per channel in 8000 total channels using either the
riophage, this DNA polymerase is homologous in sequence fc-15 (31uL) or the FC-08 (9uL) cuvette (Molecular
to (8, 9) and shares similarities in the structure and function KinetiCS, Pu”man, WA) In experiments in which 2AP-
of its replication accessory proteirl0j with a large family  containing DNA was used, the excitation wavelength was
of DNA polymerases which includes human replicative DNA 3175 nm and emission was collected through 360 nm cuton
polymerases. Hence, mechanistic information obtained for (|36, Hoya Optics, Fremont, CA) filters. For all experi-
this enzyme may provide a conceptual framework in which ments, delivery speeds were between 8 and 10 mL/s and
to interpret the polymerase and exonucleolytic properties of myitiple (10-25) runs were summed to increase the signal-
a wide variety of DNA polymerase systems. to-noise ratio. In anisotropy binding experiments performed
EXPERIMENTAL PROCEDURES with rho_damine-X-IabeIed DNA, the FC-1_5 cuvette was used

at a delivery speed of 8 mL/s. In experiments where 2AP-

Materials labeled DNA was used, the FC-08 cuvette was used at a
delivery speed of 10 mL/s, with a measured dead time of
1.9 + 0.4 ms. Experimental dead times were determined
(not calculated) as described previoush. (

Stopped-flow anisotropy and total-intensity data were
generated as follows:

Preparation of WT and Mutant Polymerase¥/ild-type
T4 DNA polymerase and the exonuclease-deficient D112A/
E114A DNA pol were prepared and purified as described
previously L1). T4 polymerase concentrations were deter-
mined by the absorbance at 280 nm [1.4020° M1 cm ™!

(12)]. Each enzyme preparation was titrated with 2AP- LG — Iy
containing DNA (in the presence of EDTA) to determine r(t) = G+ 1)
the concentration of T4 pol necessary to completely saturate I O
DNA primer—templates 7). St =1,G + 2l 2)

Preparation of OligonucleotidesOligonucleotides were
prepared using standajticyanoethyl phosphoramidite re- wherel; and I are the measured stopped-flow polarized
agents from Applied Biosystems. 2AP was incorporated at fluorescence emission parallel and perpendicular to the
the 3-end of primers using an 2AP-derivatized CPI3)( excitation beam, respectively, arfd is an instrumental
The sequence of the primer strand ISTRCCAGTCAC- polarization bias. Thé factor was measured using hori-
GACGTC-2AP and that for the template strarteA&GGT- zontally polarized excitation and varied between 0.8 and 1.2
CAGTGCTGCAGTAGTACGAGCTAC. The 17mer primer  depending upon the experiment.
for extrinsic fluorescence labeling (same sequence that was Protein and M@" Concentration Dependence of the
described for the 2AP-containing primer) was synthesized Hysteretic Transition. Reactions were initiated by mixing
with a nonhydrolyzable'3phosphorothioate and &8CH,)s- equal volumes (10Q:L) of T4 pol solution with 2AP-
MMT-protected amino linker (Glen Research, Sterling, VA). containing ds primertemplate DNA. Final reagent con-
This DNA was digested by T4 pol to remove the hydrolysis- centrations were 270 nM DNA, 0.1 mM EDTA, 25 mM
sensitiveR, diastereomerl). The amino-linked nonhydro-  Hepes, and 50 mM NaCl (pH 7.5). The final T4 pol protein
lyzable DNA was incubated with rhodamine-X isothiocy- concentrations were 70, 135, 270, and 540 nM. Single-
anate (R-491, Molecular Probes, Eugene, OR) for 24 h atstranded experiments were performed identically, except at
37°C with solution conditions as describe?).( The labeled  only two T4 pol concentrations (70 and 270 nM). Fora¥ig
oligonucleotide was then separated from the unreacted freedependent studies, final Mgconcentrations were 0.1, 0.15,
label using a P6 desalting column (Bio-Rad, Richmond, CA) 0.4, and 8.0 mM, at a constant T4 pol concentration of 540
and afterward from the unlabeled oligonucleotide using nM. Mg?* was present in both protein and DNA solutions
extended length polyacrylamide geB.( prior to mixing. Absolute final MgGl concentrations were

All primer—templates were annealed in buffer containing verified using a Molecular Probes Migcalibration standard
25 mM Hepes (pH 7.5) and 50 mM NaCl. Reaction mixtures kit (product M-3120, Molecular Probes).
were heated to 90C and then slowly cooled to room T4 Pol On-Rate and Off-Rate Experimentsicreasing
temperature. When annealing was being carried out, tem-concentrations of T4 pol were added (in the stopped flow)
plate concentrations were adjusted to be 20% greater tharto a constant concentration of hydrolysis resistant rhodamine-
primer concentrations. Some annealed printemplates X-labeled DNA. Final reaction conditions were 0.5 mM
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DTT, 0.1 or 8 mM MgC}, 25 mM Hepes, and 50 mM NaCl
(pH 7.5). T4 pol concentrations were 12.5, 25, 50, and 100
nM for 12.5 nM ss primers and 50, 100, and 200 nM for 25
nM ds primer-templates. On-rate and off-rate values (see
below) were obtained by simultaneous analysis of all of the
concentration-dependent on-rate data (together with the off-
rate data) to determine internally consistiepandk. values.

Off-rate experiments were performed by addition of a
preincubated T4 peirhodamine-X-labeled hydrolysis re-
sistant DNA complex to a heparin trap solution. The
dissociation rate was determined from the decrease in the
value of the steady-state anisotropy as the complex dissoci-
ated. Final reaction conditions were 12.5 nM DNA, 0.5 mM . , ,
DTT, 0.1 mM MgClb, 25_mM Hepes, r_:md 50 mM NacCl (pH 0 30 60 90 120
7.5). T4 pol and heparin concentrations used were 800 nM
and 500ug/mL for ds DNA experiments and 200 nM and
10 ug/mL for the ss DNA experiments. The observed Fiure 1. Identification of an intramolecular hysteretic kinetic step
dissociation kinetics were verified to be independent of associated with the processing of ds DNA. Experiments were

h ; trati A i vsis of all of the dat initiated by addition of T4 pol to 2AP-labeled ds DNA. The
eparin concentration. A nonfinear analysis or all ortne data compjete time course of the T4 paDNA interaction reaction is

could be obtained using only a single bimolecular on rate composed of an early 10 ms lag, a rapid 2AP fluorescence increase
and a unimolecular off rate. The methodology utilized for (centered at 22 ms), and a slow base excision reaction (upper inset).

the numerical solutions of the binding equations can be found T4 pol concentrations were 62}, 134 @), 268 (), and 536 M
in previous works 2, 15) (¥), with 266 nM ds DNA and 0.1 mM MgGl
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RESULTS c 1.2
Identification of a Sigmoidal Time Course in the Excision 'g
of ds DNA. While equilibrium binding experiments are 3 0.9
useful for quantitating multiple primettemplate T4-bound l
states {), they do not directly address the sequence of events = 0.6
involved in the processing of ss and ds DNA by T4 pol. To .
obtain this information, pre-steady-state kinetic studies were s
performed. The pre-steady-state kinetics of T4 pol excision + 0.3
of 2AP-containing DNA at optimal Mg concentrations (8 L f*
mM) can be found in a companion study6f. In this study, 0.0 & , ,
emphasis is placed on precatalytic intramolecular events. 0 30 60 90 120

These precatalytic events are essentially impossible to
observe using pre-steady-state radioligand studies since they
do not directly involve product formation, but mainly FIGURE 2. T4 pol concentration independence of the measured

conformational transitions of the primer terminus within a nysteretic profile. Plots of all T4 pol concentration experiments
shown in Figure 2 were normalized to the extent of the reaction.

_bound T4 poi-DNA complex. It W?‘S found that, if T‘_l pol T4 pol concentrations were 6DJ, 134 @), 268 (), and 536 nM
is added to ss or ds DNA at suboptimal Mgoncentrations (), with 266 nM ds DNA and 0.1 mM MgGl

(0.1 mM), the excision rate is slow enoughQ.5 s*) that
a clear separation of multiple precatalytic transitions can be  To determine if the formation of the hyperfluorescent state
observed. (sigmoidal rise centered at 22 ms) was a second-order binding
The time course of the fluorescence enhancement of 2APtransition or an intramolecular conformational transition, the
at the 3-terminus of a primer in ds DNA clearly reveals T4 pol concentration dependence was evaluated. Figure 2
three distinct phases upon interaction with T4 pol (Figure reveals that, when the T4 pol concentration is varied 8-fold,
1). Phase 1 consists of a 10 ms lag where no, or very slightly no change in the lag phase or the rate of the intensity increase
increasing, change in 2AP fluorescence intensity is evident. was observed. Nonlinear analysis of each individual sig-
During phase 2 (centered at 22 ms), an increase in 2APmoidal transition yielded a half-maximal response time of
fluorescence intensity is observed which is sigmoidal in time. 22 £ 1 ms. These experiments indicate that the sigmoidal
From previous work 1), it is known that this rising transition is intramolecular, involving conformational changes
fluorescence intensity is associated with an elimination of induced in the primer end after T4 pol is bound to the DNA.
base stacking of the’&nd primer position within the  Further experiments (anisotropy data described below) will
exonuclease site of T4 pol, probably by the insertion of directly examine the coupling between protein binding and
phenylalanine 120 (F120). The final phase of the reaction this intramolecular base-unstacking reaction. An identical
is a slow increase in intensity as 2AP is excised from the lag and sigmoidal shape were also observed for T4 pol
primer end, forming the 2-aminopurine monophosphate (insetaddition to a terminally mismatched (2AP base-paired with
of Figure 1). Only the slowest phase is accompanied by cytosine) p/t end (data not shown).
the characteristic drop in anisotropy associated with product Identical experiments performed on ss 2AP primers failed
formation (data not shown; see réx. to reveal any of the kinetic complexity observed with the

Time (ms)
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Ficure 3: Direct comparison of the intramolecular 2AP fluores-
cence enhancement observed with single-stran@iedr{d double- >, 0.30
stranded ©) DNA. The fit shown with the ds DNA transition was o
generated using eq 3 for a hysteretic lag combined with a first- © 0.25
order transition as described in the Discussion. Conditions for these 5
experiments were 266 nM DNA (ds or ss primer), 100 MgCl,, »
25 mM Hepes, 50 mM NaCl (pH 7.5), and 536 nM T4 pol. = 0.20
p/t DNA. The data in Figure 3 represent stopped-flow 0.15 .
experiments for ss and ds DNA collected “back to back” ' : .
within minutes of each other, to ensure that all operational 0.0 0.2 04 0.6
parameters of the stopped flow were as closely matched as Time (sec)

possible (e.g., instrumental dead times, flow rates, enzymer, . .. 4. gquilibrium (A) and kinetic (B) determination of the

a_g'ng' etc.). Thg 5SS ,DNA trans't'_on Clgarly lacks both thg properties of binding for T4 pol binding to ds DNA. These
kinetic lag and sigmoidal-shaped intensity increase found in experiments were performed using rhodamine-X-labeled ds DNA
p/t DNA, and can be adequately described using a single-and fluorescence anisotropy detection as in MethG&sEquilib-
exponential function (Figure 3). rium isotherm for binding of T4 pol to ds DNA. The solid line is

P a nonlinear fit using a single dissociation constant of 21 nM.
Kinetics of Assembly of T4 Pol onto ss and ds DN Conditions were 8 mM MgGl 0.1 mM EDTA, and 50 nM

perform a rigorous comparison of the ss and ds DNA nonhydrolyzable 1) ds DNA. (B) Stopped-flow kinetics of the
exonuclease experiments (as in Figure 3), it is important to binding of T4 polymerase to rhodamine-X-labeled ds DNA. Fits

know the absolute assembly rates (on rates) of T4 pol to ssshown are from a global simultaneous nonlinear analysis (as

i i ineti i in Methods) using a single second-order rate constant of
primers and ds primertemplates. The kinetic lag and discussed in Me Us
; : s ; P 1.0 x 18 M~1s7L Conditions were 8 mM MgGJ 0.1 mM EDTA,
sigmoidal transition which appear to be missing in ss DNA 52"\ 4 DN A, and 50, 100, and 200 nM T4 pol.

could be the result of faster binding “pushing” the lag phase
into the dead time of the stopped flow, with only the slower in shapes associated with the formation of the hyperfluo-
exponential increasing phase of the hysteretic transition beingrescent state (Figure 3) are not due to differences in intrinsic
observable. To directly measure the on rates for both ss andsecond-order binding rates. The on-rate value for ds DNA
ds DNA, stopped-flow fluorescence anisotropy binding obtained at 8 mM Mg was lower (1x 10° M~ s71).
experiments were performed (see Methods). In this manner, For off-rate determination, preincubated T4 polymerase
the coupling between protein binding and the internal DNA and rhodamine-X-labeled DNA were mixed with either a
base-unstacking transition can be directly measured. heparin trap or excess nonlabeled p/t DNA. An identical
Equilibrium binding, on-rate, and off-rate rhodamine-X exponential decrease in anisotropy was observed for either
anisotropy experiments were performed on both ss and dsmethod of T4 pol dissociation (data not shown). Identical
p/t DNA. Nearly identical kinetic and equilibrium binding  off rates of T4 pol were obtained for both ss and ds DNA
properties were observed for both ds DNA (Figure 4A,B) (kst = 9.3 s, with 100 uM Mg?*). The ratio of the
and ss primers (data not shown). Upon binding by T4 pol, measured on rate and off rate yields a (kinetically deter-
the steady-state anisotropy value for rhodamine-X-labeled mined) dissociation constant for the T4 pol complex of 20.7
ds DNA increases from 0.16 to 0.32 (Figure 4A) and that of nM; a value of 21 nM was obtained from the fit to the
ss DNA from 0.10 to 0.28. A single dissociation constant equilibrium binding data (Figure 4A). The internal consis-
of 21 nM is recovered from the equilibrium binding analysis tency of the kinetic and equilibrium binding results indicates
of the ss (data not shown) or ds DNA data (Figure 4A). thatthe measured on and off rates are an adequate description
Association rates were measured over a 4-fold change in T4of the T4 po-DNA interaction process.
pol concentration (at both 0.1 and 8 mM R4y These data The independently measured on and off rates can be used
sets were simultaneously analyzed (at eacRMgncentra- to calculate the time dependence of the fraction of DNA
tion) in terms of internally consistent on rate(s). These data bound for both the ss and ds 2AP base-unstacking experi-
could be adequately described using a single bimolecularments. Comparison of the calculated fraction of bound ds
on rate (smooth lines in Figure 4B for 8 mM Ffg. At DNA as a function of time (Figure 5A, dashed lines) to the
100uM Mg?*, essentially identical on rates were obtained sigmoidal excision time reveals that the majority of binding
for both ss (4.5x 1® M~! s%) and ds DNA (4.7x 1¢° occurs during the lag phase which precedes the primer
M~! s™1). These results clearly prove that the differences terminus base-unstacking event. Thus, the sigmoidal transi-
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FiGURE 5: Comparison of kinetics of second-order binding of T4 g 0.50
pol to ds (A) and ss (B) DNA with respect to the intramolecular 8
2AP fluorescence enhancement kinetics at 100 Mg?*. The n
fraction bound was calculated using on- and off-rate values obtained o 0.25
from the rhodamine-X stopped-flow anisotropy experiments (Figure o 7
4). (A) 2AP fluorescence enhancement as a function of T4 pol 2
concentrations: 67Q), 134 @), 268 (), and 536 nM ¥). The P
fraction of T4 bound is calculated from the measured on rate of 0.00 : : : L
46 x 1®8M1slat67  —)and 536 nM (--) T4 pol. (B) 2AP 0 30 60 90 120 150
fluorescence enhancement observed with ss DNA. The dashed line .
represents the fraction of the T4 pals DNA complex formed using time (m sec )

the measured on rate. Conditions were 266 nM ss primer, 0.1 mM Ficure 7: Kinetics of the M@"-induced transition from the base-

gﬂo%cb’ 25 mM Hepes, 50 mM NaCl (pH 7.5), and 268 nM T4 unstacked 2AP primer term?nus in the exonuclease site to a base-
' stacked configuration partitioned in both the exonuclease and

tion is an intramolecular reaction and independent of the T4 polymerase sites. Exonuclease-deficient D112A/E114A {504

pol concentration as previously observed in Figure 2. This POl (0.6 «M) is prebound to hydrolysis resistant p/t (200 nM,

P ; ; ; P 17mer-30mer; see refl; 1 mM NaCl, 0.5 mM EDTA, and 0.5
binding result explains why the ds DNA sigmoidal transition mM DTT) to generate the hyperfluorescent state (all kinetic signals

was concentration-independent (Figure 2). The ss 2AP time normalized to this “preshot” value). Reaction is initiated by addition
course (Figure 5B), however, reveals that binding and the of 16 mM Mg?*. The rate determined for this transition is 80.s
2AP fluorescence enhancement transition are nearly coin-(Inset) Identical reactions carried out with WT T4 pol occur within
cident. the dead time of the stopped flow=2 ms).

Investigation of the Mg Dependence of the Hysteretic Kinetics of the Mg"-Induced 2AP Fluorescence Quench:
2AP Fluorescence Enhancemerithe Mg?™ dependence of  The Base-Unstacked to Base-Stacked TransitinorBeechem
the hysteretic lag and formation of the hyperfluorescent stateet al. (1), it was shown that, at high Mg concentrations,
in ds DNA was examined. Figure 6 shows that, as thd™Mg the unstacked primer terminus is pushed out of the exonu-
concentration increases, the initial portion of the sigmoidal clease active site and becomes redistributed between an
time course becomes substantially more rapid and by 8 mM exonuclease “dark” state and a polymerase highly quenched
MgCl, has disappeared completely, moving within the 1.9 state. Stopped-flow experiments were performed at high
ms dead time of the stopped-flow apparatus. Nonlinear Mg?" concentrations to examine the kinetics of this “base-
analysis of the measured hysteretic transitions resolvesrestacking” reaction. Experiments performed with WT T4
composite rate constants for hysterekiof eq 3, see below) revealed that, at 8 mM Mg, the base-restacking reaction
of 55, 72, and 1108 at 100, 150, and 40@M MgCl,, occurs within the dead time of the stopped flokv> 200
respectively. A single M#f-independent first-order rate s™%, Figure 7 inset). In a companion studigf, this high-
constant of 130¢ (k. of eq 3) described all of the data sets Mg?" concentration quenching phase is kinetically resolved.
after completion of the hysteretic lag. Data obtained at 8 Experiments performed on the exonuclease-deficient T4 pol
mM Mg?*" no longer had a visible lag or sigmoidal appear- mutant (D112A/E114A), however, allowed the resolution of
ance and could be adequately described using a single firstthe kinetics of the base-restacking transition (Figure 7). A
order rate constant of approximately 130.s monophasic decrease in 2AP fluorescence was observed
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which could be fit to a single-exponential transition of 80 composite rate, however, was Rigdependent, yielding
s (smooth line in Figure 7). Identical experiments per- values of 55, 72, and 110 5for k; at 100, 150, and 400
formed with a terminally mismatched primer end (2AP  uM MgCl,, respectively (Figure 6 fits). It should be

cytosine) yielded the same monophasic transitior=(85 emphasized that the hysteretic fitting parameter, is

s™1, data not shown). essentially empirical in nature, and no attempt has been made
to generate a detailed kinetic model, which from first

DISCUSSION principles generates the observedagependence.

The pre-steady-state kinetics and time lags associated with €SS eémpirical fitting of the data was attempted, using

the processing of the'Primer position of ds DNA (shown nonlinear least-squares optimization of a numerical solution
in Figures -3, 5, and 6) are clearly sigmoidal in character. © the differential equations associated with second-order

Sigmoidal kinetics of this type were originally termed binding, followed by a sequence of first-order transitions.

enzyme hysteresid (), using as a definition for hysteresis When one constrains the fitting of such a model to obey
‘the time lag exhibited by a body in reacting fo outside SPECITOSCOpiC rules (e.g., no states can generate “negative

forces.” Sigmoidal kinetics of this type can occur whenever Photons”), a very large number of intermediatesb] are

an enzyme exists in two or more conformational forms which required before a truly sigmoidal shape is generated. Non-
differ in some catalytic or binding sens&7. Hence, simple linearly opt|m|zed_ fitting using only_ one or tv_vo mt_erme_d_late
examination of the shape of the observed kinetics in this States resulted in dramatically inferior fits with fitting
study provides unequivocal support for the equilibrium Variances that were-5 times larger than the empirical
interpretation of multiple highly populated conformational Sigmoidal model. The requirement for many rather “il-
states associated with the primer terminus. Under suboptima/d€fined” intermediate states led us to abandon this type of
conditions (in this case low Mg concentrations), the medeling at the current time.

interconversion between these two conformational forms  Crucial for the rigorous interpretation of the kinetic
becomes rate-limiting, resulting in the characteristic hysteretic différences associated with the processing of ss primers and
lag (17). ds primer-templates are high accuracy binding measure-

ments. Stopped-flow anisotropy experiments performed on

mational forms of the enzyme (minimum required to produce rhodamine-X-labeled DNA revealed the precise time course
hysteresis) were associated with DNA-bound states, and notfo_r assembly of T4 pol onto both ss and ds DNA. Overlap-
associated with multiple conformations of the unligated PINg the measured time courses for T4 pol assembly
protein. The measured initial binding event (Figure 4A,B) (rhodamine-X anisotropy signal) and primer end base un-

was adequately described by single on and off rates, implying stacking (2_AP fluorescence incr_ease si_gnal) clearly re_veals
that the conformational heterogeneity which is observed the essential differences associated with the processing of

originates after binding. Similarly, the protein concentration SS P””ﬁ'efs and the processing of ds primsenm.plates (Figure
independence of the hysteretic transition (Figure 2) supports®): Single-stranded primer base-unstacking reactions are

the argument that the two conformational forms of T4 pol clearly not ratel-lim'iting, as revealed by thg near superposition

are bound to DNA. of the DNA binding and base-unstacking signal changes

In the original description of enzymatic hysteresis, Frieden (Figure 5!3)' The processing of ds pnmetemplates,
however, is a much more complex reaction, and becomes

(17) notes that, if a hysteretic step is followed by a first- Jate limited by an intramolecular Mg-dependent step which
d t , II'si idal-shaped tion ti ) : . . "
OTdeT rale process, an overal sigmolidar-shaped reaction im occurs after T4 pol is bound (Figure 5A). This additional

course is expected. Therefore, it should be possible to. : N ; .
describe the reaction time courses (Figureg26A, and 7) intramolecular conformational transition is not a single first-

using the following equation (adapted from egs 10 and 11 order process, which would still yield exponential type
of ref 17): kinetics. To observe a hysteretic lag of this type, a severely

rate-limiting multistep transition is required.
The primer base “restacking” reaction which occurs at high

Two sets of measurements revealed that the two confor-

1
Fopd) = |t — E[l —expktl| + Mg?* concentrationsX1004M) was also examined. This
1 guenching transition was proposed in the previous sty (
o1 — exp[=ky(t — t,)]] (3) to involve the loss of phenylalanine 120 base intercalation

upon Mg binding (see Figure 8 of ref). With WT T4
whereFq,d1) is the fluorescence observed at titng, is the pol, this transition is very rapid (resolved in rdf6).
composite rate (for the hysteretic step) which depends onExamination of the exo (D112A/E114A) T4 mutant,
Mg?* concentrationys is reaction velocity at the end of the however, allowed characterization of this transition, which
hysteretic lag phasey is the amplitude of the first-order was found to be monophasik £ 80 s ') and independent
process and is forced to zero whien t, t; is the time when of the base pairing of the primer terminus.
the hysteretic lag is complete, akglis the rate constant of Crucial for the interpretation of this complex kinetic
the first-order process occurring after the hysteretic lag. The transition is an understanding of the types of protddiNA
first term describes the hysteretic lag, and the second states which link these various kinetic species. From the
describes the first-order process which follows the lag. This time-resolved fluorescence study in the preceding paber (
function can be used to adequately describe the sigmoidalthe highly fluorescent state was found to be associated with
reaction time course (e.g., smooth line fit in Figures3l an unstacked primer terminal 2AP located in the exonuclease
5A, and 6). A single value of 130 &for k, was found to active site. This unstacked primer terminus probably origi-
adequately describe all of the kinetic data (independent of nates from the insertion of phenylalanine 120 into the primer
protein or M@*" concentration). The hysteretic transition strand just 5of the primer terminus in a manner exactly
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analogous to that observed in the crystal structure of the (8 mM Mg?" linear extrapolated rate). This rate constant
RB69 DNA polymerase 18). Therefore, the T4 pel (either measured or extrapolated) is several orders of
primer—template state at the end of the hysteretic transition magnitude larger than the-b s rates previously proposed
is reasonably well defined. A key question is therefore the for polymerase to exonuclease switching frequenc@s-(
following. In which binding site is the primer terminus 24).
located during the initial phase of the reaction (i.e., the first  If the polymerase to exonuclease switching frequencies
10 ms)? Since these primetemplates are so small (17mer  were as low as 15 s%, however, this switching process
30mer), the “scanning time” for searching along the DNA would be rate-limiting, when compared to the known
for the primer end should be essentially instantaneous. maximal polymerization (40073) and excision rates (100
Examination of the lag time for a slightly larger p/t DNA s™%) in T4 pol (23). Two kinetic partitioning studies have
(27mer-40mer, 60% larger ds region) yielded identical lag shown that between 8 and 25% of the total correct nucleo-
times and hysteretic profiles (data not shown), consistent with tides incorporated are hydrolyzed by the T4 polymer&se (
this assumption. Hence, the lag time is probably not 20). This number is approximately the ratio of maximal
associated with a DNA polymerase “scanning” rate. excision and polymerization rates (1007400 s1). A
Therefore, the binding site of the initially bound p/t simple interpretation of the similarity between the kinetic
terminus must be located within either the polymerase or partitioning results and the ratio of the polymerization and
exonuclease active site. The only other alternative is that, exonuclease rate constants would indicate that the switching
before the p/t end is associated with either the polymeraserate between the polymerase and exonuclease sites is not
or exonuclease binding sites, a (as yet uncharacterized)rate-limiting for T4 pol in vivo. The rapid hysteretic rates
binding site exists which then “channels” the p/t end to either (k;) measured in this study, when interpreted as a direct
location. In the absence of any data characterizing such anmeasure of polymerase to exonuclease switching, are con-
intermediate DNA binding site, we will assume the p/t end sistent with the original kinetic partitioning data of Clayton
is located in either the polymerase or exonuclease bindinget al. 0) and Reha-Krantz and Nona9)( Given the large
site, or some fractional component in each. percentage of nucleoside triphosphates turned over by T4
The primer-template end of the 2AP-T ds DNA would polymerase, this number is also more consistent with the
be expected to partition significantly more into the exonu- known rapid rates of replication in vivo.
clease site of T4 pol than a correct A-T base pair. The If the previously measured slower switching rates-$1
2AP-T end may be destabilized in the exonuclease actives™') are correct 22—24), then the measured fast hysteretic
site by more than 1 kcal/mol compared to a correct A-T base transition found in ds DNA must not be associated with a
pair (19, 20). The origin of the 2AP-T destabilization has polymerase to exonuclease switching rate, but rather with
been hypothesized to reside in the exclusion of water from conversion of a base-stacked primer terminus to an unstacked
the enzyme-bound stat®l). Hence, these studies with  primer terminus directly within the exonuclease binding site.
AP-T base pairs represent a “slightly biased” (toward-the- This interpretation requires the presence of an exonuclease
exonuclease site) view of the polymerasxonuclease bound dark state, where the 2AP primer terminus is
partitioning compared to correct A-T base pairs. significantly base-stacked, yet still within the exonuclease
Direct comparison of ss DNA and ds DNA binding binding site. Evidence for such a dark state (Exwas
kinetics clearly resolves a fundamental difference betweenfound in the equilibrium time-resolved fluorescence study
the processing of primer ends for these two forms of DNA (1), so this type of result is possible. The time lag associated
(Figures 3 and 5). If the 2AP-T ds DNA primer terminus with the hysteretic transition would therefore represent the
entered the exonuclease site in exactly the same manner ame scale required to position thé-@imer end into the
ss 2AP-DNA, then the ds data (Figure 5A) would have a *“first-staging” area of the exonuclease site. This staging area
large fractional component identical to the ss DNA transition would be involved in positioning the'-primer end into a
(Figure 5B). Clearly, this result is not observed, as the ds configuration which allows the base-unstacking, phenyl-
DNA signal shows a definite lag with no fraction of a alanine intercalation, transition to occur. To produce the type
hyperbolic increase in fluorescence intensity linked to the of hysteretic transition which is observed, this positioning
binding kinetics. reaction must be a complex multistep process, which is
In the simplest of models, one could hypothesize that the severely compromised in the presence of low?Mgoncen-
initial binding state of the ds primetemplate is at the trations. Once the'rimer end is in a proper configuration
polymerase site. This site is known to have a very quenchedto base-unstack, the actual base-unstacking transition occurs
2AP fluorescencel] and would hence show no fluorescence with a Mg?t-independent rate o£130 s (Figure 3, first-
enhancement upon T4 pol binding. The rate of the measuredorder transition region).
2AP fluorescence enhancement, therefore, would directly It is interesting to note that sigmoidal 2AP fluorescence
correspond to the polymerase to exonuclease switching rateenhancement kinetics, with nearly exactly the same shape
Extrapolation of the measured hysteretic composite faje (  as that observed in this study, have been previously observed
at 100, 150, and 400 mM Mg to maximal enzyme activity  for the kinetics of open complex formation by bacteriophage
concentrations of Mg yields a predicted value of nearly T7 RNA polymerase (see ré&b, Figure 3). The overall time
1400 st with 8 mM Mg?". This extrapolation assumés scale for 2AP fluorescence enhancement in T7 RNA po-
would increase linearly from 0.4 to 8 mM Mg and hence  lymerase, however, is in the kilosecond time regime, as
represents an upper limit for the rate of this process. opposed to the millisecond regime found in this study of T4
Therefore, the range of rate constants associated with theDNA polymerase. Nonetheless, the near identity of the 2AP
2AP fluorescence enhancement in ds p/t DNA is as fol- kinetic response shapes suggests that the rate-determining
lows: 110 s? (400 mM Mg*™ measured) k; < 1400 s*! step occurring in T4 pol at low Mg concentrations may
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be similar to that occurring in the strand separation reactions 8. Spicer, E. K., Rush, J., Fung, C., Reha-Krantz, L. J., Karam,
of RNA polymerases. The striking kinetic similarity suggests J. D., and Konigsberg, W. H. (1988). Biol. Chem. 263

- - - 7478-7486.
that a common rate-limiting step may be operational in both 9. Reha-Krantz, L. J., and Nonay, R. L. (1984)Biol. Chem.

enzymes as they separate paired DNA strands. 269 5635-5643.

The presence of the hysteretic shape ensures that at least1o. Nossal, N. G. (1994) iMolecular Biology of Bacteriophage
two conformationally distinct T4 pol-bound states are T4 (Karam, J. D., Drake, J. W., et al., Eds.) pp—43,
populated when processing ds priméemplates (consistent American Society for Microbiology, Washington, DC.

with the equilibrium study of ref). Whether this hysteretic 11'5668?%_7?8&22’756%” and Nonay, R. L. (199B)Biol. Chem.
reaction represents a polymerase to exonuc!ease SW.ItCh.Ing 12. Reha-Krantz, L. J., Stocki, S., Nonay, R. L., Eliosa, Dimayuga,
transition, or simply a multistep base-unstacking reaction in E., Goodrich, L. D., Konigsberg, W. H., and Spicer, E. K.

the exonuclease active site, will only be determined by further (1991) Proc. Natl. Acad. Sci. U.S.A. 82417-2421.

experimentation on this system. 13. Connolly, B. A. (1991) irOligonucleotides and analogs: A
practical approachEckstein, F., Ed.) pp 162168, IRL Press,
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