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Abstract

Primase is an essential component of the DNA replication machinery, responsible for synthesizing 

RNA primers that initiate leading and lagging strand DNA synthesis. Bacterial primase activity 

can be regulated by the starvation-inducible nucleotide (p)ppGpp. This regulation contributes to a 

timely inhibition of DNA replication upon amino acid starvation in the Gram-positive bacterium 

Bacillus subtilis. Here, we characterize the effect of (p)ppGpp on B. subtilis DnaG primase 

activity in vitro. Using a single-nucleotide resolution primase assay, we dissected the effect of 

ppGpp on the initiation, extension, and fidelity of B. subtilis primase. We found that ppGpp has a 

mild effect on initiation, but strongly inhibits primer extension and reduces primase processivity, 

promoting termination of primer extension. High (p)ppGpp concentration, together with low GTP 

concentration, additively inhibit primase activity. This explains the strong inhibition of replication 

elongation during starvation which induces high levels of (p)ppGpp and depletion of GTP in B. 
subtilis. Finally, we found that lowering GTP concentration results in mismatches in primer base 

pairing that allow priming readthrough, and that ppGpp reduces readthrough to protect priming 

fidelity. These results highlight the importance of (p)ppGpp in protecting replisome integrity and 

genome stability in fluctuating nucleotide concentrations upon onset of environmental stress.
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INTRODUCTION

DNA replication is a highly regulated cellular process necessary to ensure faithful and 

complete duplication of genetic material (1). In most bacteria, DNA replication initiates at 

a single origin of replication on the circular chromosome. Bidirectional replication forks 

elongate from the origin until the terminus of replication is reached, producing two complete 

chromosomes. DNA replication is performed by a multicomponent cellular machine 

comprising the replicative helicase, the leading and lagging strand DNA polymerases, the 

DNA primase, and other accessory replication proteins. DNA primase is required to produce 

RNA primers for both leading and lagging strand DNA synthesis, functioning through a 

multi-step process (2-6). First, primase binds ssDNA and incorporates two ribonucleotides 

complementary to the second and third nucleotides of a trinucleotide primase initiation 

sequence. Next, primase extends the RNA primer in a 5′ to 3′ direction, before priming is 

terminated via hand-off of the RNA primer to the DNA polymerase.

Bacterial DNA primase (DnaG) is composed of three domains essential for its function and 

regulation: an N-terminal zinc-binding domain (ZBD) involved in recognizing and binding 

the DNA template, an RNA polymerase domain (RPD) containing the catalytic active 

site, and a C-terminal helicase interaction domain (CTD) that interacts with the replicative 

helicase and the single-stranded DNA binding protein (SSB) (7-13) (Figure 1A). The RPD 

domain is structurally unrelated to other DNA or RNA polymerases, instead being related 

to the active domain of type IA and type II topoisomerases. This domain is referred to as 

the TOPRIM (TOpoisomerase/PRIMase) domain (14-16). The interactions between primase 

and other replication enzymes, including the replicative helicase, SSB, or the clamp loader, 

regulates the activity of primase to allow its coordinated action with the rest of the replisome 

(7, 10, 17-22).
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In addition to regulation by protein factors, bacterial primase activity can be regulated by 

the starvation-inducible nucleotide (p)ppGpp in response to environmental cues (23-26). 

(p)ppGpp, the collective name of the nucleotides guanosine tetraphosphate (ppGpp) and 

guanosine pentaphosphate (pppGpp), signals nutrient stress in bacteria by remodeling 

metabolism and regulating macromolecular machineries (27-32). In vitro analyses have 

shown that (p)ppGpp is capable of inhibiting the activity of DnaG primase from 

multiple bacterial species (23-26). Crystal structures of the active-site-containing RPD of 

Staphylococcus aureus DnaG bound to ppGpp or pppGpp reveal that (p)ppGpp binds to 

a site partially overlapping the entry point for NTP substrates, suggesting that (p)ppGpp 

obscures the DnaG active site to directly obstruct NTP binding (24). Because primase 

activity is strongly implicated in replicative helicase activity (20, 33), replication fork 

progression (34), and replisome stability (35), regulation of primase by (p)ppGpp may 

underlie a nutritional regulation of replication observed in the Gram-positive bacterium 

Bacillus subtilis, where replication elongation is strongly inhibited upon amino acid 

starvation in a (p)ppGpp-dependent, non-disruptive manner (23, 36, 37). This regulation 

is proposed to protect genome integrity from deleterious effects of nutrient stress (23).

Despite strong evidence for an interaction between (p)ppGpp and DnaG primase, key 

questions remain pertaining to the nature of this regulation. The inhibitory effect of 

(p)ppGpp has been established based on measurement of bulk RNA synthesis by DnaG (23, 

24, 26); thus, it remains unclear whether (p)ppGpp regulates priming at initiation or affects 

the kinetics of extension. Furthermore, the similar in vitro effects of (p)ppGpp on DnaG 

from both E. coli and B. subtilis contrast with strong differences in vivo, where (p)ppGpp 

strongly inhibits replication elongation in B. subtilis but has only a modest effect in E. coli 
(23, 25, 38).

To provide a thorough understanding of how bacterial primase activity is regulated, we 

adapted an in vitro priming assay to examine the effect of (p)ppGpp on initiation, extension, 

processivity, and fidelity of B. subtilis DnaG primase. Interestingly, (p)ppGpp does not have 

a major impact on primer initiation (the formation of the first dinucleotide), but strongly 

reduces primer extension rate and processivity. Our results also suggest a surprising role 

of (p)ppGpp in preventing read-through of starved sites during primer extension. Because 

amino acid starvation in B. subtilis results in (p)ppGpp production and concomitant GTP 

depletion, the interplay between (p)ppGpp and GTP on priming was also examined, with 

implications for regulation of replication in nutrient-stressed bacterial cells.

MATERIALS AND METHODS

Protein Purification

A Bacillus subtilis DnaG full-length protein over-expression construct (pJW743) was 

generated via PCR amplification of genomic DNA using oligo templates oJW2646 and 

oJW702 (Integrated DNA Technologies, Supplemental Table 1) and inserted into the 

pLICtrPC-HA plasmid (39)(Supplemental Table 2). The ZBD+RPD (DnaGΔ440-603) 

construct pJW744 was generated similarly using oligos oJW2646 and oJW2649. 

Recombinant proteins were expressed in BL21 (DE3+) cells via induction with 0.1 mM 

IPTG prior to purification by Ni+ –affinity chromatography over a HisTrap column (GE 
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Healthcare). Lysis buffer consisted of 300 mM NaCl, 20 mM imidazole, and 40 mM 

HEPES pH 7.8-8.0. Stepwise elution was carried out from 100% lysis buffer to 100% 

of an otherwise equivalent buffer containing 500 mM imidazole. Proteins were then 

dialyzed into a storage buffer that consisted of 40 mM HEPES pH 7.8, 300 mM NaCl, 

10% glycerol, 1 mM EDTA, and 1 mM dithiothreitol (DTT). Purity was assessed using 

polyacrylamide gel electrophoresis and Coomassie staining, and protein preparations were 

confirmed to be ≥ 95% pure. Concentration was determined by absorption at 280 nm 

using the following extinction coefficients: 46,760 M−1cm−1 (full-length), 32,320 M−1cm−1 

(DnaG(ZBD+RPD)). Extinction coefficients were determined using the ProtParam web 

tool (https://web.expasy.org/protparam/). Protein activity and binding to (p)ppGpp with and 

without the His-tag was assessed and no discernable difference was observed (data not 

shown).

Synthesis, Purification, and Quantification of (p)ppGpp

pppGpp was synthesized in vitro using RelSeq1–385 (40). 6 mM GTP was mixed with 8 

mM ATP, 300 μg RelSeq1–385, 0.5 mM DTT, 25 mM bis-Tris propane pH 9.0, and 15 mM 

MgCl2 prior to incubation at 37°C for 2-5 hours to generate pppGpp. ppGpp was produced 

from pppGpp by GppA as previously described (40). (p)ppGpp was purified with an anion 

exchange column (HiTrap QFF 1 mL; GE Healthcare) using buffer (0.1 mM LiCl, 0.5 mM 

EDTA, 25 mM Tris pH 7.5). Stepwise elution was carried out by increasing LiCl from 0.1 

mM to 500 mM. ppGpp and pppGpp were stored in desiccated form until immediately prior 

to use.

[5′ α-32P] (p)ppGpp was synthesized according to modified protocols of (p)ppGpp 

synthesis (41). The reaction contained 25 mM bis-Tris propane (pH 9.0), 15 mM MgCl2, 

0.5 mM DTT, 2 mM ATP, 2 μM Relseq (1-385), and 37.5 μCi [α-32P]-GTP (Perkin Elmer). 

The reaction incubated at 37°C for 1 hour. ppGpp was produced via addition of the enzyme 

GppA for 1 hour. The reaction was diluted in 0.5 mL of Buffer A (0.1 mM LiCl, 0.5 mM 

EDTA, 25 mM Tris-HCl pH 7.5) prior to running through a 1 mL HiTrap QFF strong 

anion exchange column (GE Healthcare) equilibrated with 10 column volumes (CV) of 83% 

Buffer A + 17 % Buffer B (Buffer B: 1 M LiCL, 0.5 mM EDTA, 25 mM Tris-HCl pH 7.5). 

[5’-α-32P]-(p)ppGpp was eluted with a mixture of 50% Buffer A + 50% Buffer B. Fractions 

of 1 mL were collected from the elution.

Differential Radial Capillary Action of Ligand Assay (DRaCALA)

DRaCALA was performed following standard procedures (42). Briefly, reactions contained 

40 mM HEPES pH 7.5-7.8, 1 mM MnCl2, 10 mM MgAc, 150 mM NaCl, 5% glycerol, 

5 mM DTT, 10 μM purified DnaG or the isolated RPD of DnaG (diluted in 40 mM 

HEPES pH 7.5-7.8, 150 mM NaCl, 5% glycerol, and 5 mM DTT) and [5’-α-32P]-(p)ppGpp 

(1:100 final dilution of first elution fraction of [5’-α-32P]-(p)ppGpp purification). Reactions 

were incubated for 10 minutes at room temperature. Two microliters from each reaction 

were spotted in duplicate on Protran BA85 nitrocellulose (GE Healthcare) via pipette or a 

replicator pinning tool (VP 408FP6S2; V and P Scientific, Inc). Radioactivity was detected 

with phosphorimaging (Typhoon FLA9000) and fraction bound of [5’-α-32P]-(p)ppGpp was 

calculated as described (42).
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Fluorescence-based Quantification of Primer Synthesis

Fluorometric quantifications of primer synthesis were based on a primase activity assay 

from ProFoldin (Hudson, MA) (43). All reactions were carried out in 50 mM Tris pH 

7.5, 10 mM magnesium acetate, 25 mM potassium glutamate, 0.03% NP-40, 5 mM 

MnCl2, 5 mM CaCl2, and 10 mM DTT. Manganese is present in the reaction mixture as 

no activity was observed with magnesium alone. Reactions included 500 nM oJW2384 

template (Supplemental Table 1), 0.4 mM ATP, CTP, UTP, the indicated concentrations 

of GTP, and the indicated concentrations of inhibitors. Reactions containing full-length 

DnaG included 100 nM enzyme, while reactions containing a truncated DnaG lacking the C­

terminal domain (ZBD+RPD) included 200 nM enzyme. Following addition of the enzyme, 

reactions were incubated at 37°C for 30 minutes. For measurement of product, ProFoldin 

primase activity assay dye was added at 5-, 10-, 20-, and 30-minute time points after 

the start of the reaction and incubated without light for 5 minutes. Raw fluorescence was 

measured at an excitation wavelength of 485 nm and an emission wavelength of 528 nm in a 

BioTek Synergy2 multi-mode microplate reader. The data for DnaG and DnaG(ZBD+RPD) 

were normalized to the average maximum fluorescence intensity and fit by nonlinear 

regression through GraphPad Prism using competitive, uncompetitive, noncompetitive and 

mixed inhibition modes (Supplemental Figure 1-3). The best fits (uncompetitive inhibition) 

were presented (uncompetitive inhibition for full-length DnaG with ppGpp (Figure 1D) and 

DnaG(ZBD+RPD) with pppGpp (Figure 1F); competitive inhibition for full-length DnaG 

with pppGpp (Figure 1E)).

Competitive inhibition models were fit using the equations:

KM observed = KM
⋆ (1 + [l] ∕ Ki)

V0 = (Vmax⋆ [S]) ∕ (KM observed + [S])

Uncompetitive inhibition models were fit using the equations:

Vmax apparent = Vmax ∕ (1 + ([l] ∕ Ki))
KM apparent = KM ∕ (1 + ([l] ∕ Ki))
V0 = (Vmax apparent ⋆ [S]) ∕ (KM apparent + [S])

Noncompetitive inhibition models were fit using the equations:

Vmax inh = Vmax ∕ (1 + ([l] ∕ Ki))
V0 = (Vmax inh ⋆ [S]) ∕ (KM + [S])

Mixed inhibition models were fit using the equations:

Vmax apparent = Vmax ∕ (1 + ([l] ∕ (α ⋆ Ki)))
KM apparent = (KM ⋆ (1 + ([l] ∕ Ki))) ∕ (1 + ([l] ∕ (α ⋆ Ki)))
V0 = (Vmax apparent ⋆ [S]) ∕ (KM apparent + [S])
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Vmax is the maximal enzyme rate (arbitrary fluorescence units (AFU)/min), K’M is the 

apparent KM of GTP in the absence of inhibitors, α is a value corresponding to the degree 

to which the binding of the inhibitor changes the substrate affinity of the enzyme, and Ki is 

the dissociation constant for inhibitor binding. Mean V0 and SEM were calculated from n ≥ 

3 replicates.

Radiolabeled Primer Extension and Gel Separation

Primer extension assays were performed similarly to (3) with modifications. Reactions 

contained 40 mM HEPES, pH 7.5, 1% glycerol, 1 mM magnesium acetate, 1 mM MnCl2, 

5 mM DTT, 6.4 μM DnaG, and 500 nM ssDNA templates listed in Supplemental Table 1. 

All primers were PAGE-purified standard oligos with the exception of oJW3668, which was 

blocked at the 3’ end as described in (43). Reaction mixtures had 373 nM [γ-32P]-ATP (5 

μCi/nmol, Perkin Elmer). The reactions were briefly incubated at room temperature with 

ppGpp at the indicated concentrations before addition of the unlabeled NTPs. After addition 

of the unlabeled nucleotides (1 mM or 0.4 mM NTP, and 1 mM or 0.1 mM GTP as indicated 

in each figure), the reactions were incubated for 30 min at 30 °C. Reactions were stopped 

upon addition of 95% formamide, 5 mM EDTA, 0.09% xylene cyanol FF, heated for 5 min 

at 95 °C, and resolved in denaturing 20% polyacrylamide gels (acrylamide/bisacrylamide 

ratio, 19:1; 7 M urea) for 2 hours at 2000 V (an equivalent of 2.67 μL of reaction mix was 

loaded per lane). A Typhoon Phosphorimager was used to detect luminescence following 

exposure of the gel to a phosphor screen. Data were quantified using Image-J software. 

Lengths of RNA primers were compared against RNA standards with the predicted primer 

sequence derived from the template.

RNA standards were prepared using an RNA oligonucleotide with the complementary 

sequence to the primase template. The 5′-end was labeled with [γ-32P]-ATP (Perkin Elmer) 

and separated from ATP using a nucleotide clean up kit (Qiagen). 120 nM purified, labeled 

RNA was hydrolyzed for 5 minutes at 45°C in 300 nM NaOH. Hydrolysis reactions were 

neutralized with 2 volumes of 2 M Tris-HCl (pH 7-7.5). Stop buffer (95% formamide, 5 mM 

EDTA, 0.09% xylene cyanol FF) was added and the hydrolyzed fragments were heated for 2 

minutes at 95°C and quickly cooled on ice. The RNA cleavage product can be hydrolyzed to 

either a 2'- or a 3'-nucleotide, which can be resolved at shorter RNA lengths, resulting in two 

bands per nucleotide length (Supplemental Figure 4).

RESULTS

(p)ppGpp, together with decreased GTP, strongly inhibits B. subtilis DnaG primase

We first applied the differential radial capillary action of ligand assay (DRaCALA) (42, 

44) to confirm a direct interaction between B. subtilis primase (DnaG) and [5’-α-32P]­

pppGpp. DRaCALA relies on the different migration properties of protein and ligand on 

nitrocellulose. Protein will diffuse slowly when a solution is spotted onto the membrane, 

while ligand will diffuse rapidly. However, when ligand interacts with protein, the ligand 

will co-migrate with the protein and can be quantified as the fraction of total ligand 

bound to the protein (Figure 1B). Here, the use of DRaCALA showed that pppGpp binds 

recombinantly expressed, purified DnaG. Among the three domains of DnaG, the RNA 
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polymerase domain (RPD) was sufficient for strong binding (Figure 1B). Unlabeled pppGpp 

effectively competed for binding to DnaG, indicating that the observed DRaCALA result 

was not due to protein aggregation or precipitation of [5’-α-32P]-pppGpp. GTP was effective 

in competing with [5’-α-32P]-pppGpp for binding DnaG. These results are consistent with 

structural analyses with E. coli DnaG which indicate pppGpp binds the RPD at a site 

overlapping the substrate GTP (24).

Next, we used a fluorescence-based assay (43) to measure the effect of (p)ppGpp on 

the enzymatic activity of B. subtilis primase. Primase was mixed with NTPs and a 

single-stranded DNA template containing the preferred initiating sequence for B. subtilis 
primase, 5’-CTA (18, 45). The priming product, initiating from the formation of the 5’-AG 

dinucleotide, was measured via fluorescence of a dye that intercalates between the bases 

of RNA-DNA heteroduplexes (Figure 1C). We were initially unable to detect priming 

activity using the standard buffer with magnesium. However, in the presence of 1 mM or 

higher concentrations of manganese, we were able to detect significant priming activity. 

Using this assay, we assessed the ability of (p)ppGpp to inhibit primase activity with 

varying concentrations of GTP (Figure 1D-E). We then fit the data using uncompetitive, 

noncompetitive, and mixed inhibition models (Supplemental Figure 1, 2, 3). In order to 

evaluate which model fits best, we compared the goodness of fit values (R2), which showed 

a modest difference. The best fits agree with either a mixed inhibitory model previously 

established through characterization of (p)ppGpp’s effect on E. coli primase (24), or an 

uncompetitive inhibition model for ppGpp and a competitive inhibition model for pppGpp 

(Table 1).

Next, we examined whether the interaction between the RPD domain and (p)ppGpp is 

sufficient to inhibit primase activity. Since in addition to the RPD, the N-terminal ZBD 

domain of DnaG is also required for primase activity, whereas the C-terminal domain of 

DnaG plays a regulatory role, we examined the specific effects of (p)ppGpp on a DnaG 

variant containing the ZBD and RPD domains, but lacking the C-terminal domain. This 

variant is also called P49 for E. coli primase, named after its molecular weight (46). For 

clarity, we refer to the B. subtilis variant as DnaG(ZBD+RPD). The ZBD+RPD variant was 

active in priming, with higher affinity to GTP, and its activity was inhibited by (p)ppGpp 

more strongly than full-length DnaG primase (Figure 1F, Table 1). This result agrees with 

the observed stronger binding of pppGpp to RPD than to full-length primase (Figure 1B). 

Taken together, our data suggest that (p)ppGpp binding of the RPD inhibits B. subtilis 
primase activity.

In B. subtilis, (p)ppGpp inhibits multiple purine nucleotide biosynthesis enzymes along 

the GTP biosynthesis pathway. Therefore, cellular nucleotide concentrations in B. subtilis 
during amino-acid starvation include both high (p)ppGpp (up to 1 - 2 mM) and very low 

GTP (down to ~0.1 mM) (32, 47). Because high levels of (p)ppGpp and low levels of GTP 

additively inhibit DnaG primase activity (Figure 1G), this could explain the nearly complete 

arrest of replication elongation during amino acid starvation in B. subtilis (23).
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ppGpp inhibits extension of RNA primers by B. subtilis primase

The experiments above and prior published work evaluating the effects of (p)ppGpp on 

primase activity relied on measurement of total base pairs of all RNA-DNA heteroduplexes 

produced. However, there are various facets of DnaG primase action, including its binding 

to the DNA template, the initiation of primer synthesis (the successful production of 

the dinucleotide at the priming initiation sequence), the primer extension beyond the 

dinucleotide, and the processivity and fidelity of the enzyme.

To understand how (p)ppGpp regulates DnaG primase initiation and extension, we 

performed primase assays in the presence of [γ-32P]-ATP to specifically label the 5’ end 

of newly synthesized primer, then denatured and resolved the nascent primers via gel 

electrophoresis using urea-PAGE (Figure 2A). We were able to separate primers as small 

as dinucleotides (formed at the primer initiation step) to the maximum templated size (29 

nucleotides). Detectable dinucleotide and longer primer formation depended strongly on 

the presence of DnaG primase and increased as primase concentration increased, until a 

stoichiometric ratio of primase to DNA template was reached (Figure 2, Supplemental 

Figure 5), in agreement with previous observations that following synthesis of dinucleotides 

the primase remains stably associated with the primer-template complex (22). The priming 

efficiency, which is the number of total primers synthesized relative to the number of 

templates, reaches ~100% as primase concentration surpasses DNA template. Thus, the 

initiation of priming is a rate-limiting step that strongly depends on primase association 

with the ssDNA template. Recently, B. subtilis primase was found to bind less frequently to 

the replication fork following nutrient downshift (which induces (p)ppGpp), suggesting that 

primase-template association is directly or indirectly affected by (p)ppGpp (48). Therefore, 

we next examined whether dinucleotide formation is directly controlled by (p)ppGpp.

Using the single nucleotide resolution priming assay, we visualized production 

of primers over time using PAGE-purified DNA template oJW3319 (5’­

AGAGAGAGAGAAGAGCCCCCTAGAGAGA, Supplemental Table 1) as a template. 

Dinucleotide (AG) formed rapidly within the first two minutes, followed by 9-13 nucleotide 

bands within 5-10 minutes, and finally the full-length primer of 21 nucleotides increasing in 

intensity throughout the 60 minutes duration of the reaction (Figure 3, Supplemental Figure 

6). This range of B. subtilis primer lengths are similar to prior measurements of B. subtilis 
primase which produces RNA primers ranging from 5 nucleotides to full-length primers, 

with the majority being 10 nucleotide primers (45). Thus, we can monitor different rates of 

DnaG primase activity, including rapid primer initiation (the formation of the dinucleotide) 

(Figure 3C) and two phases of primer extension- an extension phase up to 9-13 nucleotides 

with intermediate rates (Figure 3D), and a slow extension rate up to full length (Figure 3E).

We next examined the effect of 1 mM ppGpp on both the initiation and extension of primers. 

ppGpp has a significant but modest effect on total primer synthesis (Figure 3B). However, 

the step of dinucleotide synthesis (initiation) was not significantly affected by ppGpp 

(Figure 3C). Instead, ppGpp strongly reduced the subsequent extension steps compared to 

the reaction without ppGpp (Figure 3D-E). This suggests that the main effect of ppGpp is on 

primer extension.
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In the above assay conditions, the ssDNA template was in 12.5-fold molar excess to the 

primase, and we observed 8-9% of priming efficiency (number of priming products per 

template), in good agreement with the hypothesis that primase performs one round of 

priming and remains associated with the primer-template complex. However, we cannot rule 

out a small fraction of primase performing multi-round priming, e.g. primase may finish 

priming a ssDNA template and then associate with a new one. To examine the effect of 

ppGpp on a single round of primer extension without the complication of DnaG primase 

re-initiation, we performed a reaction in which DnaG was in 12.8-fold molar excess to 

the template. Priming activity was measured 30 minutes following the start of the reaction 

(Figure 4, Supplemental Figure 7). Reactions were completed with either 0.1 mM or 1 

mM of the substrate nucleotide GTP, as these are physiologically relevant concentrations 

with or without amino acid starvation (47). We verified that lower levels of substrate 

nucleotide GTP (0.1 mM) reduced primer extension compared to a higher concentration (1 

mM GTP). Importantly, when increasing amounts of ppGpp were added, a clear and strong 

reduction in primer extension was observed (Figure 4B-C). In contrast, the total number 

of primers generated per template remains ~100% even in the presence of high (p)ppGpp 

concentrations. The dinucleotide formed via primer initiation remained mostly constant, and 

even arguably higher in intermediate ppGpp concentrations, likely due to the inhibition of 

extension without inhibition of initiation. Altogether, our data suggest that both lowering 

GTP and increasing ppGpp primarily inhibits primer extension and very modestly reduces 

primer initiation at high ppGpp concentrations.

ppGpp decreases the processivity of DnaG primase

We next sought to determine if the inhibition of primer extension by ppGpp can be attributed 

to decreased DnaG primase processivity, i.e. by reducing the length of primer before primase 

is released from the template. To ascertain the mechanism of inhibition, we applied an assay 

often used in characterizing RNA polymerase processivity - the heparin competition assay 

(49-52). Heparin is used to block protein rebinding to DNA or RNA through its helical 

structure and polyanionic nature (53). Therefore, we added heparin (~5 μg/mL) alongside 

the NTPs to a pre-incubated reaction mix of DnaG, ppGpp, and the ssDNA template (Figure 

5). In these reactions, the ssDNA template was in 12.5-fold molar excess to DnaG. DnaG 

pre-bound to the template would initiate both the de novo synthesis of the primer and 

extension. Once DnaG fell off, it would be prohibited by heparin from rebinding to the 

partially extended RNA to continue extension. Compared to the same assay without heparin 

(Figure 3C-E), in which the primers gradually extend to full length, the reactions with 

heparin yielded primers which were predominantly 2 nucleotides long and only a very small 

amount of 7 - 21 nucleotide primers (Figure 5A-D, Supplemental Figure 8). When ppGpp 

was added to the reaction, the total number of primers was comparable to that without 

ppGpp (Figure 5B). However, primase extension was reduced in the presence of ppGpp, 

with a 40% decrease of 7 – 21 nucleotide primers (Figure 5D) and complete disappearance 

of the full-length, 21 nucleotide primers (Figure 5A). These data support the conclusion that 

ppGpp decreases primase processivity, allowing primase to be released from the template 

after generating a shorter RNA primer.
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The precise mechanism of reducing the processivity of primase is unclear. Perhaps the most 

interesting possibility is direct (p)ppGpp incorporation at the 3’-end of the primer with 

subsequent chain-termination and dissociation of the enzyme caused by the high negative 

charge at the 3’-end. Indirect evidence for such an incorporation is the accumulation of a 

“shadow” band appearing one nucleotide shorter than the main intermediate length band 

in Figures 4A, 5A, and 6B. A short DNA oligo with an additional pyrophosphate at its 

3’-end will migrate faster than a regular oligo of the same length. However, our preliminary 

assay with [5’-α-32P]-pppGpp did not detect significant incorporation of radioactivity into 

RNA primers by primase (data not shown). Alternatively, the “shadow” band may be due 

to mis-incorporated nucleotides. Further experiments will be required to differentiate the 

precise molecular mechanism of this regulation.

ppGpp protects priming fidelity from lowering concentrations of GTP

Finally, we examined the effect of ppGpp on priming fidelity. To do so, we utilized a DNA 

template with a G-site requiring base-pairing with a CTP after a 7-nucleotide extension 

from the CTA initiating sequence (AGAGAGAGAGAAGAGCCCCCTAGAGAGA, Figure 

6A). Therefore, when CTP was withheld from the reaction mix, DnaG primase should have 

halted at the starved site (G in the template), resulting in priming products 7 nucleotides or 

shorter. Yet, in addition to the expected prominent 7 nucleotide band, we also observed a 

significant fraction of primers longer than 7 nucleotides when GTP concentration was 0.1 

mM (Figure 6B-D, Supplemental Figure 9). This result can be explained by incorporation 

of other NTPs by primase at the starved sites and extension further after the mismatch- the 

~8 discrete bands longer than 7 nucleotides correspond to the 7 starvation sites and repeated 

readthrough up to full-length products. Alternatively, these longer primers can be primer 

repeat expansions due to a stretch of four C’s in the template or due to extension from the 

3’ end of the DNA template. We ruled out these alternative possibilities by switching to an 

alternative template with a 3’-3’ linkage that prevents 3’ extension, lacking the stretch of 

Cs and containing a single starvation site instead of repeated starvation sites (Supplemental 

Table 1, oJW3668). With this alternative template, we still observed primers extended 

beyond the starved site up to the full length expected for a complete template-directed 

primer (Supplemental Figure 10). This outcome indicates that longer primers are indeed due 

to readthrough of the starved site via mismatch.

Interestingly, when ppGpp is added to the reactions, the readthrough products significantly 

decreased (Figure 6C), while the total number of primer products synthesized remains 

~100% of the template and does not vary significantly with increasing ppGpp concentration 

(Figure 6D). These observations suggest that ppGpp has a stronger effect in preventing 

priming readthrough than inhibiting initiation of primer synthesis.

The DnaG(ZBD+RPD) variant performed similarly to full-length DnaG (Supplemental 

Figure 11), with extensive priming readthrough at 0.1 mM GTP (Supplemental Figure 11A). 

Adding ppGpp decreased the readthrough primers observed, akin to the decrease observed 

with the full-length protein (Supplemental Figure 11C). Altogether, these results suggest that 

ppGpp, by binding to the RPD active site, protects priming fidelity.
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DISCUSSION

Bacterial primase is a highly conserved essential replication enzyme required for both 

leading and lagging strand synthesis. In Gram positive bacteria, the activity of primase 

can be directly inhibited by the starvation-induced signaling nucleotide (p)ppGpp. Though 

there is strong evidence for the inhibitory effect of (p)ppGpp on primase activity (23, 

24, 26), the specific stage(s) of primer synthesis inhibited by (p)ppGpp remained unclear. 

In this work, we found that (p)ppGpp strongly inhibits primer extension and reduces 

primase processivity. Furthermore, our work suggests (p)ppGpp promotes priming fidelity. 

In addition to (p)ppGpp, varying concentrations of the substrate nucleotide GTP also affect 

primase activity. (p)ppGpp and GTP occupy overlapping sites on DnaG (24) and increasing 

levels of (p)ppGpp are coupled with lowered levels of GTP in B. subtilis cells. We show 

that lowering GTP and increasing (p)ppGpp additively reduces DnaG primase activity, 

suggesting that the opposing changes in both nucleotide concentrations may underlie the 

stronger inhibition of replication elongation during starvation in Gram-positive bacteria. 

In contrast to their additive effect on primer extension, lowering GTP and (p)ppGpp 

have opposing impacts on priming fidelity. Lowering GTP promotes priming readthrough 

at a starved site likely via misincorporation of NTPs, while (p)ppGpp prevents priming 

readthrough to promote priming fidelity. Our results reveal an importance for (p)ppGpp in 

regulating DNA replication in the context of unbalanced nucleotide concentrations upon 

nutrient stress.

Diversity of (p)ppGpp regulation of DNA replication in different bacterial species

Our study offers an explanation for the difference in (p)ppGpp-dependent control of 

replication elongation between E. coli and B. subtilis. In vitro work has shown that 

(p)ppGpp inhibits DnaG similarly in both species (23, 24, 26). However, in vivo, ppGpp­

dependent inhibition of replication elongation upon starvation is far stronger in B. subtilis 
than in E. coli. In E. coli, amino acid starvation regulates replication mainly through 

decreased initiation from the origin of replication (oriC) (54-56). (p)ppGpp is also involved 

in growth rate control of replication in E. coli, as its presence is necessary for maintaining 

reduced DNA replication initiation when growth rates are low (57). Although there is a 

dose-dependent inhibition of replication elongation by (p)ppGpp upon amino acid starvation 

in E. coli (up to ~10% in wild type cells, and ~30% in a mutant (ΔgppA) with elevated 

pppGpp) (25, 38), inhibition of B. subtilis replication elongation under similar starvation 

conditions is much stronger, completely pausing for extended periods of time under strong 

starvation (23, 25, 36, 37). This disparity between in vivo and in vitro results can be 

explained by the finding that in B. subtilis, inhibition of DnaG primase is strongest when 

(p)ppGpp levels are high and GTP levels are low (Figure 1). In B. subtilis, (p)ppGpp has 

a stronger inhibitory effect on GTP production than in E. coli, resulting in GTP depletion 

by more than 10-fold (32, 47, 58). This would result in far lower DnaG primase activity, 

and thus reduced replication elongation, in B. subtilis cells. In E. coli, amino acid starvation 

induces (p)ppGpp but does not reduce GTP levels to the same extent as in B. subtilis, 

explaining the mild, dose-dependent inhibition of replication elongation observed in starved 

E. coli cells (25).
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Regulation of primase as a mechanism for preventing replication fork disruption

Throughout replication, forks may encounter deleterious events such as physical obstacles, 

DNA lesions, and starvation of NTPs, triggering replication fork breakage and requiring 

fork rescue and replication restart for cell survival (59). These deleterious events take 

place far more frequently during amino acid starvation, which has been shown to result 

in alteration of nucleotide pools and elevation of replication transcription conflicts (32, 

60, 61). Failure to reactivate stalled or collapsed forks is a source of genome instability 

or lethality. Regulation of replication that results in non-disruptive fork arrest, however, 

can prevent these deleterious events from taking place. Since primase interacts with 

multiple components of the replisome, affecting helicase activity (20), recruitment of DNA 

polymerase and primer handoff (11, 22, 35), regulation of primase by (p)ppGpp may in turn 

regulate replication fork progression. Slowing down fork progression may prevent run-away 

replication in starved bacterial cells, preventing subsequent disruptive replication fork arrest 

due to lack of resources or barriers to replication such as transcription conflicts. Recent 

single molecule analysis in B. subtilis revealed that (p)ppGpp-inducing starvation results in 

a large increase of freely diffusive molecules for the primase (48), in agreement with a lack 

of helicase activity exposing new DNA template and primase initiation sites in a model of 

non-disruptive replication fork arrest. It also agrees with our in vitro result that high levels 

of (p)ppGpp reduce DNA primase processivity and leads to dissociation of primase from the 

DNA sooner, which may also halt progression of the replication fork.

In addition to confirming that regulation of DnaG by (p)ppGpp is mediated through its active 

site-containing RPD, our work also suggests an allosteric interaction between the RPD and 

CTD domains of primase. Removing the CTD domain strengthened the regulation of DnaG 

by (p)ppGpp (Figure 1F) and a higher fraction of (p)ppGpp was capable of binding DnaG 

when only the RPD was present (Figure 1B). Finally, higher affinity for the substrate GTP 

is observed in the ZBD+RPD variant compared to the full-length enzyme (Table 1). These 

results suggest that the allosteric interaction between the CTD and RPD lowers the affinity 

of RPD for both the GTP substrate and the (p)ppGpp inhibitor. This effect may be further 

regulated by CTD interaction with the replicative helicase or SSB. Conversely, (p)ppGpp, by 

interacting with the RPD and its potential allosteric effect on the CTD, may also regulate the 

helicase, SSB or the rest of the replisome. Further mechanistic work in the context of these 

components will be needed to elucidate the molecular details of this multifaceted interaction 

leading to controlled progression of the replication fork.

DnaG priming fidelity and genome stability in bacteria

We identified an unexpected effect of (p)ppGpp on priming readthrough at a starved NTP 

site, implicating (p)ppGpp in promoting DnaG priming fidelity. A common mechanism in 

promoting polymerization fidelity is via kinetic proofreading. The theoretical framework 

for kinetic proofreading was first established for ribosomes and DNA polymerase in which 

slower enzyme activity promotes higher enzyme fidelity (62). In transcription, (p)ppGpp has 

been shown to indirectly promote fidelity of RNA polymerase by affecting the transcription 

factor DksA (63). We propose that (p)ppGpp inhibits primer extension by DnaG primase, 

thus promoting priming fidelity via kinetic proofreading.
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Low priming fidelity is not unexpected because bacterial primases contain the catalytic 

RPD domain related to the metal binding center of type IA and type II topoisomerases, 

some nucleases, and proteins involved in recombinational repair (15, 16), referred to as the 

TOPRIM domain. The open conformation of the TOPRIM active site of primase allows less 

discriminate selection of nucleotides, potentially contributing to error-prone synthesis ((14). 

In addition, the presence of manganese in the reaction buffer, which is required for primase 

activity in the absence of the helicase, may result in higher infidelity. Lack of priming 

fidelity has not been regarded as problematic, as RNA primers are eventually degraded 

and replaced by DNA during Okazaki fragment processing. However, the magnitude of the 

infidelity and its dependence on concentrations of GTP is unexpected. For example, at 1mM 

GTP levels, a concentration in nutrient replete B. subtilis cells, DnaG primase makes almost 

exclusively primers that stopped at a starved CTP site. However, at 0.1mM GTP levels, 

a concentration that B. subtilis encountered during starvation (47), priming readthrough 

occurs in 50% of the priming products, indicating that 50% of priming products contain 

mismatches (Figure 6). Such conditions can readily happen in vivo, when GTP levels are 

depleted during nutrient starvation, resulting in strongly elevated priming error. Although 

priming errors likely do not affect replication fidelity because RNA primers are eventually 

degraded and replaced by high fidelity DNA, our observation suggests that priming can be 

extremely inaccurate under certain conditions that may cause problems for replication. For 

example, we can speculate that complete loss of fidelity may affect how the primer-template 

duplex is handed off to the DNA polymerase during starvation. Since ppGpp accumulation 

reduces such priming infidelity, regulation of priming by (p)ppGpp may protect priming 

fidelity to ensure processive genome duplication and genomic integrity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights:

• The starvation signal (p)ppGpp and GTP synergistically regulate the essential 

enzyme DNA primase in bacteria

• (p)ppGpp inhibits primer extension and reduces primase processivity

• (p)ppGpp protects priming fidelity by preventing mismatches during 

nucleotide fluctuation
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Figure 1. (p)ppGpp, coupled with depletion of GTP substrates, strongly inhibit B. subtilis DNA 
primase activity.
(A) The bacterial primase DnaG is composed of three domains: an N-terminal zinc binding 

domain (ZBD), an RNA polymerase domain (RPD), and a C-terminal helicase interacting 

domain (CTD).

(B) Fraction of [5’-α-32P]-pppGpp bound to 10 μM full-length or RPD-only B. subtilis 
primase DnaG, with or without single stranded DNA template oJW2384 (ssDNA, 10 μM), 

GTP (1 mM), or unlabeled pppGpp (1 mM). Representative DRaCALA images are shown 

above the graph. Error bars represent ± SEM for ≥ 3 replicates.

(C) Schematics of the fluorescence-based primase assay. NTPs are mixed with a ssDNA 

template and allowed to briefly incubate with or without (p)ppGpp before the addition of 

primase (DnaG). Aliquots of the reaction are taken at various time points after the addition 

of DnaG, and DNA-RNA heteroduplexes are measured with a dye that intercalates the 
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double-stranded heteroduplex. The level of fluorescence is dependent upon the quantity of 

primers synthesized and is reported as relative fluorescent units (RFU).

(D-E) The initial velocity (V0) of full-length DnaG activity at indicated concentrations of 

ppGpp (D) or pppGpp (E). Reactions were run with 0, 12.5, 25, 50, 100, 200, or 400 

μM GTP. Results are normalized to the enzyme concentration and are reported as relative 

fluorescent units per minute (RFU/min). Points represent averages of ≥ 3 replicates. Error 

bars represent ± SEM for ≥ 3 replicates. Curves were fit with an uncompetitive inhibition 

model for full-length DnaG with ppGpp and a competitive inhibition model for full-length 

DnaG with pppGpp, based on the highest goodness of fit values (R2). R2 values were 

obtained by fitting the data to different inhibition modes (Supplemental Figure 1-2).

(F) The initial velocity (V0) of DnaG(ZBD+RPD) activity at indicated concentrations of 

pppGpp. Reactions were run with 0, 12.5, 25, 50, 100, 200, or 400 μM GTP. Results are 

normalized to the enzyme concentration and are reported as relative fluorescent units per 

minute (RFU/min). Points represent averages of ≥ 3 replicates. Error bars represent ± SEM 

for ≥ 3 replicates. Curves were fit with an uncompetitive inhibition model, based on the 

goodness of fit values (R2). R2 values were obtained by fitting the data to different inhibition 

modes (Supplemental Figure 3).

(G) Primer synthesis rate by B. subtilis primase at indicated concentrations of GTP and 

(p)ppGpp (1 mM).
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Figure 2. Single nucleotide resolution primase assay with urea-PAGE denaturing gel.
(A) Schematics of radioactivity-based assay for detection of priming product of varying 

lengths, adapted from (3). Each detected primer is γ-32P-labelled only at the 5' end of 

the RNA. Products were denatured and resolved with 7M Urea 20% PAGE. The ssDNA 

template is 37 nucleotides long and can generate up to 29 nucleotide primers from the 

initiating site.

(B) Titration of DNA primase with 500 nM ssDNA, 0.4 mM NTPs (CTP, UTP, 

GTP) and ~0.4 μM [γ-32P]-ATP. Primers from 2 nucleotides (bottom) up to 

intermediate and full length (29 nucleotides) primers were observed. A small amount 

of primers longer than 29 nucleotides are due to impurity of the DNA template 

(Supplemental Figure 12). The sequence of the RNA standard is as follows: 5’­

AGUGUGUGUGUGUGUGUGUGUGUGUGUCUG.
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Figure 3. ppGpp inhibits primer extension when DNA template is in excess to primase.
(A) Representative gel of primer synthesis over the course of an hour (60 min) with time 

points taken at 2, 5, 10, 20, 30, and 60 minutes. Reactions contained 400 nM DnaG, 5 μM 

ssDNA, ~0.4 μM [γ-32P]-ATP, and 1 mM NTPs. Reactions on the left do not contain ppGpp, 

while reactions on the right contain 1 mM ppGpp.

(B) Quantification of the total number of primers synthesized over the course of an hour 

without ppGpp (black line) and with 1 mM ppGpp (blue line). Primer bands were quantified 

by comparing the signal of the primer(s) of interest to the signal of a known amount of RNA 

standard (Supplemental Figure 4). The same RNA standard was used to confirm the length 

of priming products. Points represent n = 3, and the SEM is indicated by error bars.

(C) Quantification of the initiating dinucleotide formed over the course of an hour without 

ppGpp (black line) and with 1 mM ppGpp (blue line). Points represent n = 3, and the SEM is 

indicated by error bars.

(D) Quantification of the intermediate primers 9-13 nucleotides long synthesized over the 

course of an hour without ppGpp (black line) and with 1 mM ppGpp (blue line). Points 

represent n = 3, and the SEM is indicated by error bars.
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(E) Quantification of the full-length (21 nucleotide) primers synthesized over the course of 

an hour without ppGpp (black line) and with 1 mM ppGpp (blue line). Points represent n = 

3, and the SEM is indicated by error bars.
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Figure 4. ppGpp inhibits primer extension when primase is in excess to the DNA template.
(A) Representative gel showing 5' labeled RNA primers produced with 6.4 μM DnaG, 500 

nM oJW3319, ~0.4 μM [γ-32P]-ATP, 1 mM each of UTP and CTP, and either 0.1 mM GTP 

(left) or 1 mM GTP (right) 30 minutes after the reaction started. RNA primer lengths were 

determined by comparison to a 21 nucleotide RNA standard.

(B, C) Quantification of primers synthesized over increasing amounts of ppGpp for the 

dinucleotide products, intermediate products, 21 nucleotide products (full-length primers), 

and total synthesized primers at 0.1 mM GTP (B) and 1 mM GTP (C). Points represent 

averages of 3 independent experiments, and the SEM is indicated by error bars.
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Figure 5. ppGpp reduces the processivity of DnaG primase.
(A) Representative gel of a primase activity time course in the presence of heparin (~5 

μg/mL) with 400 nM DnaG and 5 μM ssDNA. Reactions on the left contain no ppGpp, while 

reactions on the right contain 1 mM ppGpp.

(B) Quantification of total primers synthesized without ppGpp (black line) and with 1 mM 

ppGpp (blue line) over the course of one hour. The total amount of primers synthesized 

remains largely unchanged with the addition of ppGpp. Points represent averages of n = 3, 

and the SEM is indicated by error bars.

(C) Quantification of primers 2-6 nucleotides in length without ppGpp (black line) and with 

1 mM ppGpp (blue line) over the course of one hour. Synthesis of primers 2-6 nucleotides 

remains unchanged with the addition of ppGpp. Points represent averages of n = 3, and the 

SEM is indicated by error bars.

(D) Quantification of primers 7 - 21 nucleotides in length without ppGpp (black line) and 

with 1 mM ppGpp (blue line) over the course of one hour. Addition of ppGpp slightly 

reduced synthesis of primers 7 - 21 nucleotides long. Points represent averages of n = 3, and 

the SEM is indicated by error bars.
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Figure 6. Low GTP promotes primase readthrough at starved CTP site, and high ppGpp reduces 
primase readthrough.
(A) Schematic of the readthrough assay using oligo template oJW3319, DnaG, [γ-32P]-ATP, 

UTP, and the indicated concentration of GTP as seen in (B). Priming starts from [γ-32P]-A 

at B. subtilis-preferred priming initiation sequence ATC, upstream of a G-site requiring 

CTP for base-pairing and incorporation. As CTP is withheld from these reactions, priming 

products should not be able to incorporate a nucleotide upon reaching the G starvation site, 

or readthrough via mismatches.

(B) A representative gel of primase reactions with 6.4 μM DnaG, 500 nM oJW3319, ~0.4 

μM [γ-32P]-ATP, 1 mM UTP, and either 0.1 mM GTP (left) or 1 mM GTP (right). Primase 

reads through a CTP starvation site at low levels of GTP (expected product 7 nucleotides).

(C) Quantification of readthrough primers as a percentage of total primers synthesized at 0.1 

mM GTP (green line) and 1 mM GTP (blue line). Readthrough primer products constitute 

a higher percentage of the total primer products at 0.1 mM GTP, but decrease as ppGpp 

concentration increases. Points represent averages of n = 3, and the SEM is indicated by 

error bars.
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(D) Quantification of total primers synthesized over increasing concentrations of ppGpp at 

0.1 mM GTP (green line) and 1 mM GTP (blue line). Points represent averages of n = 3, and 

the SEM is indicated by error bars.
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Table 1.
Kinetic parameters related to Figure 1.

Vmax is the maximal enzyme rate in arbitrary fluorescence units (AFU) in the absence of inhibitor. K’M is 

an apparent KM of GTP in the absence of (p)ppGpp. Ki is the inhibition constant for (p)ppGpp. Values were 

determined as described in Materials and Methods using an uncompetitive inhibition model for full-length 

DnaG with ppGpp and DnaG(ZBD+RPD) with pppGpp, and a competitive inhibition model for full-length 

DnaG with pppGpp.

Full-Length DnaG, ppGpp (Uncompetitive inhibition) R2=0.869

Vmax (AFU) ± SEM K’M (μM) ± SEM Ki (μM) ± SEM

800.0 ± 49.1 78.7 ± 12.5 776.7 ± 110.3

Full-Length DnaG, pppGpp (Competitive inhibition), R2=

Vmax (AFU) ± SEM K’M (μM) ± SEM Ki (μM) ± SEM

804.4 ± 72.6 80.4 ± 20.4 162.6 ± 37.0

DnaG(ZBD+RPD), pppGpp (Uncompetitive inhibition), R2=

Vmax (AFU) ± SEM K’M (μM) ± SEM Ki (μM) ± SEM

295.2 ± 15.6 9.0 ± 2.8 115.0 ± 17.8
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