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ABSTRACT. The ligation state of the single zinc site in primase friéstherichia colchanges when various
substrates and cofactors are added alone or in combination as determined by X-ray absorption spectroscopy.
X-ray absorption spectroscopy (XAS) provides information about the local structiedj of atoms
surrounding the metal and has been widely used to characterize metalloproteins. The zinc site in native
primase and in primase bound to low (30 mM) magnesium acetate was found to be tetrahedrally ligated
by three sulfurs at an average distance of 2t36.02 A and one histidine nitrogen located at a distance

of 2.15+ 0.03 A. When ATP, ATP and (dT), or ATP, low magnesium acetate and (¢ffiwas added

to primase, one (or two) additional nitrogen/oxygen ligands were coordinated to the zinc together with
the histidine nitrogen at an average distance of 2:16.03 A. These additional ligands are likely from
adjacent phosphates from ATP. Another structure was observed for the primagec(diiplex in which

an additional nitrogen/oxygen ligand likely from the phosphate backbone together with the histidine nitrogen
was located at a significantly shorter average distance of 2.0503 A. High magnesium acetate (300

mM) completely inactivates primase in a reversible manner such that the region near the zinc ligands
becomes accessible to proteolytic digestion [Urlacher, T. M., and Griep, M. A. (Ea68hemistry 34
16708-16714]. In this inactive complex, additional oxygen/nitrogen ligands from acetate as well as the
histidine nitrogen are located at a distance of 22M.03 A from the zinc site. To test whether the
catalytic magnesium was binding within5 A of the zinc, we incubated primase with high (300 mM)
manganese acetate. The functional properties of magnesium and manganese are similar, but the larger
atomic number of manganese enhances the X-ray backscattering, making it possible to identify. Since no
significant difference was observed from the manganese-incubated sample, the catalytic metal-binding
site is likely located>5 A from the zinc. These studies clearly show that primase zinc ligation changes
upon binding substrates.

Primase is the single-stranded DNA-dependent RNA because it is in the wrong direction for the unidirectional
polymerase that initiates DNA polymer synthesis once for DNA polymerase. As a result, synthesis on the lagging strand
the leading strand DNA polymerase and multiple times for has to be initiated by the unidirectional primase. This occurs
the lagging strand DNA polymerasg, 2). Leading strand  once every 5062000 nucleotides. The 1% 1 nucleotide
synthesis is initiated by primase at the replication origin after RNA polymer is elongated by the lagging strand half of the
origin-specific proteins and enzymes have opened the duplexDNA polymerase for the remaining 56@000 nucleotides.
DNA at that site. Once opened by DnaB helicase, two In anEscherichia coliagging strand DNA synthesis system,
replication forks moving in opposite directions each create the initiating and rate-limiting event was shown to involve
two antiparallel DNA template single strands. At each primer synthesisg, 6). In a study of primase activity alone,
replication fork, the leading strand template is continually its rate-limiting step was identified as either formation of
replicated by the leading strand half of the dimeric DNA the first phosphodiester bond or, more likely, a step preceding
polymerase which had been initiated at the origin 4). it (7).

However, the lagging strand cannot be continually replicated  The initiation specificity of free primase in vitro is quite
high for an RNA polymerase in that it initiates phosphodi-
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nucleotides and then slows down so that primers 12 nucleo-
tides and longer are observed. This length dependence is

comparable to that observed in viv®)( Magnesium is ' I Eiaie
essential for primase activity and is probably used catalyti-
cally to form the phosphodiester bonds in the same way that
it is used by other RNA and DNA polymerase)(11).

Primase undergoes a dramatic conformational change at
high magnesium acetate concentratitg)( Limited tryptic
digestion was used in a thermodynamic manner to determine
that binding occurs with low cooperativity and involves at
least two magnesiums. The low magnesium conformation
is active, while the high magnesium is not. The conforma-
tional change is strongest when using magnesium acetate
rather than magnesium chloride or sulfate, indicating a
special role for the anion in the inhibitory conformational
change. Analysis of the tryptic digestion pattern indicates
that high magnesium somehow prevents trypsin cleavage at
Arg110. There is a glutamate-rich sequence located between
residues 80 and 100, and magnesium may bind to this anionic
hinge to prevent trypsin access to adjacent position 110.

The functional domains of primase have been investigated
by sequence analyses of primases and transcription RNA
polymerasesi3—15). The most highly conserved sequence ., ., [P S NUUNUIN EPUTE RPN B
in primases is a putative zinc-binding motif located at roughly =~ 9630 9640 9650 9660 9670 9680 9690
residues 3570 in the bacterial sequence. Indeed, there is - LN r—rda};( enerzy (T_v) ) va (&) and
one zinc bound per primas&@) which is not used catalyti- IGURE 1. INormalized A-ray absorption edge spectra (a) an
cally but structurally 7). The bound zinc prevents inhibitory g]e,\;:v:%ei (g)n?li/lr t(g%f'nc in primase 30 mM Mg(OAc) + 2
disulfide bond formation of the zinc-ligating cysteinds
Proteins and enzymes that use zinc in a structural mannerstained gel indicated that neither sample handling nor the
are ubiquitous throughout nature. These zinc proteins formintense X-ray beam altered the integrity of the single-chain
distinct tertiary structural classes3—20). These “structural” primase.
zincs are tetrahedrally bound by short protein sequences using X-ray Absorption MeasurementX-ray absorption mea-
two, three, or four cysteines and are called “zinc fingers”. surements were performed on Beamline X9 at the National
Interestingly, many of the classes of zinc fingers are involved Synchrotron Light Source using Si 111 crystals which
in either specific or nonspecific nucleic acid binding. Since provide ~1 eV resolution at 9 keV. Protein samples and
the role of the primase zinc site is to generate sequencemodel compounds were maintained at-80 °C during
specificity during polymer initiation41, 22), elucidating the X-ray exposure to reduce the effects of radiation damage
structure and function of the zinc site in primase is critical (23). A 13-element Ge detection system was used for
to understanding primase structure and function. We reportfluorescence data collection. The spectra were collected and
here X-ray absorption spectroscopy (XAS}udies of the  averaged until the signal-to-noise ratio~at0.3 keV k ~
zinc in E. coli primase when the enzyme is either free or 13 A-1) was>2. The energy was calibrated using a Zn metal

F/IO

(S
// primase —

+ ATP (or DNA) — - —
+ ATP + DNA —-—
+ ATP + DNA + Mg(OAc), —-- —

d{F,)/dE

bound to its cofactors and substrates. foil before and after each edge spectra giving an error of
+0.2 eV.
EXPERIMENTAL PROCEDURES X-ray Absorption Data Analysighe data were analyzed

. . . according to previously described metho@4-{30). The
_Primase Sample Preparation anq Post—l'rrgd|at|on Integ- edge data were normalized in the same manner as the EXAFS
rity. Primase was isolated and Its _activity quantitated oqeijiations after the absorption below the edge region was
according to standard protocols7j. Primase was transferred set equal to 0 (Figures 1, 4).
to a buffer of 50 mM HEPES, 50 mM KCI, pH 7.5, and 1,0 EXAFS modulations are described by the following:
concentrated to 1.0 mM using a Centricon-10 apparatus
(Amicon, Beverly, MA), the indicated substrate concentration 1 NZ ao
was added, and the sample was snap frozen in liquid nitrogen. x(K) = — —Z— e " sin [2kr, + o(K)]
Immediately before data collection, the sample was thawed, K345 ri2
transferred to the plexiglass holder, and then frozen again
in liquid nitrogen. Post-irradiation, the samples in the holders whereN; is the number of neighboring atoms at distange
were thawed and then analyzed by SDS gel electrophoresisZ is the atomic number of the scattering atorasjs the
using a polyacrylamide gradient from 10% to 17% as Debye-Waller factor describing thermal and lattice disorder,
previously describedl@). Analysis of the Coomassie Blue- and ai(k) is the phase shift due to the potentials of the
absorbing and scattering atoms. The value of the wave vector

1 Abbreviations: HEPES\-(2-hydroxyethyl)piperaziné¢-(2-ethane- Kis given byk = Zﬂ[zw(EX—rgy — o)l 1/,2 /h, wherem, is the.
sulfonic acid); PMPSp-hydroxymercuriphenylsulfonate; XAS, X-ray ~ fést mass of one electron ahds Planck’s constant. Analysis
absorption spectroscopy. of the data consists of background subtraction and normal-
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primase Table 1: Primase Zinc Two-Atom Fits When the Protein Is Either
Free or Bound to Various Substrates
Znligand r(A) N Ao?(x10%)  AE,(eV) 3SR?

1 mM Free Primase

+ ATP S 2.36 3 0.34 2.4 3.2
N 2.15 1 2.1 —4.0
1 mM Primaset 50 mM Mg(OAc)
S 2.36 3 0.42 2.4 6.0
N 211 1 2.4 -35
+DNA 1 mM Primaset 2 mM ATP
S 2.35 3 0.94 2.8 5.2
N 2.14 2 =7.7 —-1.8
S 2.35 3 0.95 2.2 501
+ ATP + DNA N 2.15 3 —-12 -1.8
1 mM Primaset 3 mM (dT)~
1sb s 2.36 3 2.0 34 41
E N 2.05 2 —-2.8 -1.6
10 s 2.36 3 1.8 33 5.9
5 _ + ATP + DNA + Mg(OAc), N 205 3 70 16
= E 1 mM Primaset 2 mM ATP + 3 mM (dThy
= o S 2.33 3 —-2.8 3.5 6.5
i 5 F N 2.18 2 —2.2 —2.6
E S 2.33 3 —-4.8 2.9 7.6
-10 N 2183 -83 —2.4
1 mM Primaset 30 mM Mg(OAc) + 2 mM ATP + 3 mM (dThz
S 2.35 3 0.61 2.9 7.6
Ficure 2: Extended X-ray absorption fine structure spectra for the N 211 2 >7 19
zinc in primaset 30 mM Mg(OAc) + 2 mM ATP + 3 mM (dT). S 2.35 3 4.3 2.3 7.3
The data were background-subtracted and then multiplied by N 2.13 3 95 -1.9
obtain the spectra shown. aThe one or two best solutions are shown for fits in which the

numberN of each type of atom was held constant during minimization.
The metal-to-sulfur ligand distance measurements are precise to within
0.02 A, metal to nitrogen/oxygen distance measurements are precise
to within +0.03 A, the Debye Waller disorder parameterso? are
accurate to within 30% of the standards zinc(imidazade)d zinc(di-
ethyldicarbamate) and the differences between the fit and the actual
edge energyAE, are accurate to within 1.5 eV.This best fit has an
especially large DebyeWaller factor,Ao>.

A2protein and AEy = Epmodel — Eo protein The “goodness” of
the fit was calculated by the sum of the residuals squared,
SR2 It was not necessary to divide this quantity by the
number of data points in the fit because the number of data
points was the same for all fits.

To compare the results of the fitting procedure, we must
determine how much thER? values must differ for the fits
to be considered statistically different. The number of degrees
of freedom in the fitgy, is related to the number of degrees
of freedom in the datapq, by ¢ = ¢g — v, wherev is the
number of variable parameters in the fit. The valbeis
calculated from AwAk/r whereAw is the full width at half-

0 2 4 6 8 10 maximum or the normalized area of the window function
R + a(k) () and Ak = kmax — kmin. FOr the data presented herey =
FiGURE 3: Fourier transforms of the data shown in Figure 2. ~1.1 A andAk = ~13.0 A"! which means thadg is 9.5

and ¢ is 3.5. Thus, the minimum criteria becomeR? >
ization,k® multiplication which approximately equalizes the ZR%nin(1 + 1/gr) ~ ZR%min(1.3). The best solution(s) is(are)
modulations irk-space (Figures 2, 5), and Fourier transfor- that(those) witt=R?yi, which can be distinguished from other
mation which removes the summation (Figures 3, 6) and solutions by the above criteria and in which the parameters
translates the data from energy space to position space. Thare physically reasonabl@4—30).
contribution of each shell was isolated by application of a  Error estimation was obtained from the correlation and
Fourier window filter and back-transformation. Thus, for Hessian matrixes of the nonlinear least-squares fits and by
each coordination shell the amplitude containsl and o varying each parameter in the fit with the others held constant
while the phase contains the average distan@omparison until ZR%yi, doubles on each side of the minimum. The fitting
of the sample amplitude and phase with those of carefully results reported in Table 1 have used these methods, and
chosen model compounds having similar structure and for the best solutions as judged by these criteria are in bold type.
which the structure has been determined gives the sample Note that data fromk ~ 0—12.5 A" was used in the
parameters, N, Ao?, and AE;, where Ac? = 0%model — analysis. When the site can be accurately modeled, by
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compounds of similar chemical structure, data ~4 A When primase was bound to low magnesium acetate (50
can be used with little error28, 31—33). For these data, mM), there was little if any change in the zinc edge,
fits were also compared for daka> ~4 A, and no changes indicating no change in ligand coordination geometry
in the parameters were observed within the errors. An compared to free primase. This is confirmed by the fact that
example of the best fit (Table 1) compared to the first shell- the fitting parameters for the low magnesium acetate samples
filtered data for free primase is shown in Figure 7 together are within the errors of those for free primase (Table 1) as
with a comparison of the residuals with the estimated error. are the higher coordination shells. This amount of magnesium
The residuals for the best fits for all of the data are was more than sufficient for the full activity of primase
comparable to the estimated error showing that the fits ((Mg(OAC)z]optimum = 10 mM) (7) but not enough to cause
account for all of the data, but largely exclude the noise. the full metal-dependent conformational chang§eg = ~40

The Zn—N model compound was Zn(imidazole)jn mM and a cooperativity factor of 2)1p). Thus, when
aqueous solution which was prepared according to the magnesium binds only to the catalytic metal-binding site(s),
methods of Mims and Piesacl84). The average Zn it does not induce a structural change in the zinc-binding

N(imidazole) distance was determined by EXAFS analysis domain of primase.

in comparison to t_etraim_idazole zinc(ll) perch_lorat_e powder  primase Bound to Its Substratéd/hen free primase is
(35, 36) because it provided a better approximation t0 the compared to that of primase bound to 2 mM ATP, little or
protein ligand environment especially in the hl_gher I|gaf[|on no change in the edge energy is observed but the relative
shells. The ZrS model compound was Zn(diethyldithio- jnensities of the features change significantly (Figure 1).

carbamate)(37). _ o This change is also observed when primase is bound to 3
There is often difficulty in determining the number of S 3\ (dT):7 or to a combination of substrates such as 3 mM

and N ligands, due to the fact that the phases of S and N(dT)l7; ATP and (dT)7; or ATP, (dT), and low magnesium

oscillations are nearly out of phase over a large portion of geetate. In every case, this is indicative of a change in the

the data range. An example of these difficulties is given by ¢qordination state of the zinc site by comparison with model
Peisach 38) for the blue copper protein, stellacyanin, compounds 44).

together with very conservative data analysis methods which

expose the difficulties and address them. These methods wer Good ﬁFS of the first coordinatiop shlelli da“'?‘ for primase
used in the analysis. Other examples have recently bee pund to its subst_rates were obtained ) S I|g:_:1nds and
presented by Clark-Baldwir8g). either 2 or 3 N/O ligands (Table 1). While the higher shells

still indicate the presence of a single histidine N ligand, they

are changed significantly on binding substrates. These
RESULTS changes are clearly larger than the noise, indicating a change

in coordination of the zinc site. Water can also be ruled out

The putative zinc-binding ligands of primase are the highly as the additional ligands since their hydrogen atoms would
conserved residuesd). Because high sequence conservation ot be observed in the higher coordination shells. For all
is often a predictor of residues important for function, the bound substrate combinations, our results show that one or
primase zinc site has been an object of considerable studytwo N/O ligands are added to the free primase structure.
(17, 22, 40—43). Even though zinc is a spectrally reticent Except for the addition of ssDNA only, we cannot distinguish
atom, X-ray absorption spectroscopy can be used to deterbetween the solutions having one or two additional ligands
mine the ligands and their distances from the metal center.using the criteria discussed in the Experimental Methods
After preliminary XAS experiments showed that the primase section. However, solutions with a second additional ligand
zinc structure was sensitive to substrate binding, we under-exhibit a large negative change in Debye Waller faciar?,
took the following study of the primase zinc ligation states. indicating that the second additional ligand is not bound as
This is the first study to demonstrate that the primase zinc tightly as the first or the histidine nitrogen ligand of the free
ligation changes when the enzyme binds to its substrates.primase, even though the average bond length is not

Native Primase and Primase Bound to 30 mM Mg(QAc) significantly changed. It is also worth noting that the addition
The K-edge X-ray absorption features (Figure 1) for native 0f SSDNA also produces Ao? for the addition of an N/O
primase are consistent with tetrahedral zinc coordinaén (  ligand that is more negative than free primase. This implies
44). After the EXAFS spectrum was background-subtracted that the additional ligands (whether one or two) are not bound
and k3-multiplied (Figure 2), the data generally had a the same as the histidine nitrogen ligand in free primase,
resolution of Ar = ~0.1 A. After the EXAFS data was  with distances either shorter (e.g., primas& mM (dT)y)
Fourier transformed (Figure 3), the data was fit to various or longer (other substrate combinations). The averagen
combinations of S and N ligands totalling 4, 5, and 6. Only distance to th 3 S for the 4 substrate combinations is 2.36
the best solutions are shown (Table 1). The results for nativeA & 0.02 A, the same as that for the free primase. In all
primase unambiguously indicated tetrahedral coordination by cases in which ATP was bound, the average N/O distances
3 S ligands at an average distance of 2436.02 A and 1 are essentially unchanged from that of native primase and
N ligand at 2.15+ 0.03 A. Three sulfur ligands are in accord ~ within our conservative error estimate. When ssDNA was
with previous chemical displacemertt7j and cobalt sub-  bound in the absence of the other substrates, an average N/O
stitution @3) studies. The N contribution can be further distance was observed that was significantly less than that
identified as a histidine since the imidazole nitrogens and in free primase, 2.05 0.03 A. Therefore, the substrates
carbons appropriate for a single histidine can be identified induced either what we term the “active” conformation or
by their characteristic outer shell contributions (26A, the “ssDNA-bound” conformation. The zinc site structure
Figure 3) B0, 45). is very sensitive to substrates.
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Ficure 4: Normalized X-ray absorption edge spectra (a) and
derivatives (b) for the zinc in free primase or in primase incubated
with 300 mM of Mg(OAc), Mn(OAc),, or MgCl.
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Ficure 5: Extended X-ray absorption fine structure spectra for the
zinc in free primase or in primase incubated with 300 mM
Mg(OAc),, Mn(OAc),, or MgCh. The data were background-
subtracted and then multiplied Ik to obtain the spectra shown.

The High Magnesium Acetate Primase Conformational
Change In recent studies using limited tryptic digestion, we

found that high magnesium acetate caused a large perturba- g

tion in the primase conformatiorl®). In the presence of
300 mM Mg(OAc), the zinc structure is changed (Figures
4,5, 6, 7). One or two additional N/O ligands are bound,
resulting in an average N/O ligand distance of 2419.03
(Table 2). Our previous study indicated that Mg@ind
MgSO, were much less effective than Mg(OAd) causing
this conformational changéd2). When primase is incubated
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primase
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+Mn(OAc), -

R + a(k)(R)
Ficure 6: Fourier transforms of the data shown in Figure 5.

==

IS
T
|

T

FR TP TN S I P

4

[

TR

L

N |

0 2.5 5 75

KA
FiGUre 7: (top) Comparison of the first shell-filtered data for free
primase {-) with the best fit in Table 1 (---). (bottom) Comparison
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Table 2: Primase Zinc Two-Atom Fits When the Protein Is Either
Free or Bound to High Concentrations of Selected Divalent Cétions

Znligand r(A) N A2 (x100A?3)  AE,(eV) ZR?
1 mM Free Primase
S 2.36 3 0.34 2.4 3.2
N 2.15 1 2.1 —-4.0
1 mM Primaset 300 mM Mg(OAc)
S 2.34 3 -1.6 0.9 5.3
N 2.18 2 —-1.7 —-4.9
S 2.34 3 -1.6 0.4 6.5
N 2.20 3 -3.2 —-4.8
1 mM Primaset 300 MM Mn(OAc)
S 2.37 3 0.16 0.9 4.8
N 2.12 1 3.7 —4.5
2.37 3 -1.3 0.3 4.2
N 2.15 2 —-1.2 —-4.3

a2The legend is the same as in Table 1.

with high MgCl, the zinc edge structure (Figure 4) indicates
that it is less changed compared to the free primase than
that induced by high Mg(OAeg) Since these are identical
for both Mg(OAc) and Mn(OAc} (Figure 6), it is likely
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that the additional ligand(s) is(are) acetate anion(s) andsulfur atoms at 2.3& 0.02 A and one imidazole nitrogen
changes observed in the higher order shell are consistent withat 2.15+ 0.03 A. This geometry and structure confirms and
this. This suggests an importance of the anion associatedextends the predictions and observations made by primase
with magnesium and indicates that the acetate plays aamino acid sequence analysis4), primase zinc removal
structural role in the conformational change. studies 17), and primase zinc site peptide studiéd8)( The

The Distance Between Zinc and the Catalytic Metal.Site amino acid sequence analysis identified an amino-terminal
To examine the distance between the catalytic metal and thesequence, Cys40His43-X7~Cys61-X%-Cys64, similar, but
zinc in primase, the zinc site was studied when the enzymenot identical, to any known zinc-binding sequence. The
was incubated with high Mn(OAg)Manganese has a larger homology of this sequence among bacterial primases pre-
atomic number than magnesium, which enhances the backdicted that the zinc is ligated by three cysteines and one
scattering. Thus, it is likely to be observed if this site is close histidine. No other cysteines or histidines are identical among
to the zinc site. The advantage is that, even though the bacterial primases. Experimental evidence for this
manganese can substitute for magnesium during catalysissequence prediction came from our zinc removal studies that
Mn(OAc), does not cause the inhibitory conformational indicated that there were three sulfur ligands to the zinc.
change 12). Cobalt absorption studies of a peptide based orktheoli

When primase was incubated with high Mn(OAdhe primase z_inc site sequence were consi_ste_nt with te_trahedral
zinc site structure (Figures 4, 5, 6, Table 2) is changed but coordination by three sulfur and one imidazole nitrogen.
is different from that induced by high Mg(OAcjTable 2) Taken togeth(_er the_:se. results indicate that this sequence is
and more similar to that of the free primase. One possible the primase zinc-binding sequence.
solution shows no change from free primase. This solution ~When primase is bound by low magnesium acetate
is less likely in view of the edge data (Figure 4) than the concentration, no changes are observed in the zinc site.
solution which shows an additional N/O ligand at essentially However, when primase is inhibited by high magnesium
the same average distance as the histidine nitrogen of freeacetate, the zinc site gains additional N/O ligands which are
primase. Furthermore, the higher shells differ from those of likely from acetate. The conformational change was coopera-
free primase. These are identical within the error to those tive with respect to magnesium acetate, he@, of ~40
induced by Mg(OAc), (Figure 6), which suggests that the MM, and involved a change in accessibility to trypsin so
catalytic binding site is- ~5 A from the zinc-binding site. ~ that cleavage no longer occurred at Arg110, but at Lys34
It is also possible that the zinc and manganese are close@nd Lys56. Because Arg110 falls in a region of low sequence

but are not observed due to large thermal/lattice disorder.conservation that separates the highly conserved amino-
terminal zinc-binding residues from the rest of the conserved

DISCUSSION residues, it may reside within a magnesium acetate-dependent
) ) hinge. Because Lys34 and 56 are located near or within the
X-ray absorption spectroscopy has established thaEthe ;i finger residues, there should be a perturbation of the
coli primase zinc will adopt different ligation states when ,ine structure when primase is bound to high Mg(OAc)
the enzyme is bound to its substrates, cofactors, or inhibitors. 5 ; results clearly show this to be the case. Furthermore,
This demonstrates that the zinc-binding region of primase high Mn(OAc), produces similar changes in the zinc site.
plays a critical role during primer synthesis and that the zinc ¢ primase structural change is induced most strongly by

is at or near the site of action. Taken in concert with the magnesium acetate and much less effectively with magne-
data of researchers on the same or homologous enzymessj,m sulfate or chloride1Q).

our data suggest that there is communication between the \yhen primase is bound to ssDNA, the zinc site also gains

zinc-binding and catalytic sites of primase which results in ,qgitional nitrogen/oxygen ligands, but the average distance
a major perturbation of the zinc ligation state. is shortened considerably. However, when primase is bound
Zinc Ligation The zinc(ll) edge features do not change to ATP and other combinations of cofactors and ssDNA,
much because its full 38lelectronic configuration does not  5qditional N/O ligands are also added, but their average
allow for much electron sharing or ligand field stabilization gistances are on average the same as that of the histidine
(25, 44, 46). Instead, the coordination number represents a pitrogen in free primase and within our conservative error
balance between ligand bonding and repulsion energiesestimate. It is likely that these additional ligands are
resulting in a low-energy barrier between coordination to 4, phosphate oxygens from ssDNA or ATP, since changes in
5, or 6 ligands 47, 48). In fact, a number of zinc enzymes  tne higher shells resemble those of the phosphate backbone
utilize these low-energy barriers between ligation states in of ssDNA and phosphates of nucleotides. If we consider an
their catalytic mechanismgg). The consequence is thatwe  octahedral geometry that is produced from the binding of
rely on both the edge zinc X-ray absorption edge and EXAFS gypstrates, two adjacent oxygens, bonded to the zinc at 2.16
spectra to provide information about zinc ligation. Taken A are~3.10 A apart. We have examined the possibility that
together, our results clearly show that the zinc site nitrogen/ these oxygens are from the ssDNA template. The phosphate
oxygen ligation increases by one or two ligands on binding packbone of DNA was examined, but no combination of
substrates. oxygen atoms with this spacing could be identified. We were
The Zn-S average distance as well as the—=2&h O able to locate appropriately spaced oxygens; for example,
average distances are comparable to other reported zinwxygen atoms on adjacent guanine bases are 3.15 A apart.
model compounds containing three S as well as N and O These results suggest that ssDNA binds with a single
ligands (for example, see ref and51). phosphate oxygen in agreement with our EXAFS results. It
Identifying the Primase Zinc Ligand&ccording to XAS, was also noted that this distance almost exactly matches the
the free primase zinc site is tetrahedrally coordinated by threespacing between adjacent phosphate oxygens in a nucleoside
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triphosphate. The conformation of ATP was investigated by the template and the two initiating nucleotides in a sequence-

energy minimization using Biograph software. We suggest specific manner, but that it rather provides the appropriate

that these phosphates would be capable of ligating thehydrogen bond partners for the template and the initiating

primase Zn site upon ATP binding. Our EXAFS results nucleotides. Our studies here indicate that, when single-

suggest that, in each case where ATP is a part of the substratstranded DNA and ATP bind to their respective binding sites

combination, it is the ATP which actually binds the primase in the catalytic domain, the interaction between the catalytic

Zn site. High magnesium and manganese acetate induced @omain and the zinc-binding domain is altered in such a way

structure similar to that when ATP was bound. that it reflects which of these two substrates are bound.
Other studies also suggest substrate binding to the zinc Our data indicate the initiating nucleotide orientation

site. One of a series of ATP analogues with chemical cross-relative to the zinc and catalytic magnesium. There is no

linking groups on the gamma phosphate was found to be change in the XAS data for Mn compared to Mg, which

able to cross-link to His43 of primase and still be functional means that the catalytic metal is most likely located more

in a primer synthesis assayd). That is, the ATP analogue than abou5 A from the zinc. Since the catalytic magnesium

that was covalently bound to His43 was also able to bind to is hypothesized to make contact with tHeh§droxy! of the

the active site. This same study found that other ATP nucleotide being elongated, this means that the initiating

analogues with gamma phosphate linkers could be attachechucleotide is probably also more th& A away from the

to the region containing Lys211 to Lys241 which lies within zinc, which is near the triphosphate part.

the catalytic domain of primas&3) and to Lys528 which
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