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Abstract

DNA replication in all organisms requires polymerases to synthesize copies of the genome. DNA
polymerases are unable to function on a bare template and require a primer. Primases are crucial RNA
polymerases that perform the initial de novo synthesis, generating the first 8–10 nucleotides of the primer.
Although structures of archaeal and bacterial primases have provided insights into general priming
mechanisms, these proteins are not well conserved with heterodimeric (p48/p58) primases in eukaryotes.
Here, we present X-ray crystal structures of the catalytic engine of a eukaryotic primase, which is contained in
the p48 subunit. The structures of p48 reveal that eukaryotic primases maintain the conserved catalytic prim
fold domain, but with a unique subdomain not found in the archaeal and bacterial primases. Calorimetry
experiments reveal thatMn2+ but not Mg2+ significantly enhances the binding of nucleotide to primase, which
correlates with higher catalytic efficiency in vitro. The structure of p48 with bound UTP and Mn2+ provides
insights into the mechanism of nucleotide synthesis by primase. Substitution of conserved residues involved
in either metal or nucleotide binding alter nucleotide binding affinities, and yeast strains containing the
corresponding Pri1p substitutions are not viable. Our results reveal that two residues (S160 and H166) in
direct contact with the nucleotide were previously unrecognized as critical to the human primase active site.
Comparing p48 structures to those of similar polymerases in different states of action suggests changes that
would be required to attain a catalytically competent conformation capable of initiating dinucleotide
synthesis.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

In all cells, de novo DNA replication begins with
separation of the parental DNA strands by a hexame-
ric replicative DNA helicase, a step that is tightly co-
ordinated with protection of the template by a
single-stranded DNA-binding protein (SSB) [1–3].
Initiation of DNA synthesis requires release of SSB
to enable access to the DNA, synthesis of an initial
[RNA] primer by a primase, and extension of the
primer by a DNA polymerase. Primases play a special
atter © 2013 Elsevier Ltd. All rights reserve
role in the initiation of DNAsynthesis because they are
the only enzymes capable of initiating synthesis de
novo on single-stranded DNA (ssDNA) lacking a
primer.
In bacteria, the DnaB-like helicase, DnaG-like

primase, and SSB protein constitute a “primosome”,
a dynamic complex coordinated primarily by multiva-
lent interactions among the proteins [4]. Although the
DnaG-type primases have been structurally well
characterized and the functional architecture of several
bacterial primosomes has been investigated in detail
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[5–12], eukaryotic primosomes remain poorly under-
stood. Importantly, eukaryotic replicative helicases
translocate 3′ to 5′ on the leading strand template,
rather than 5′ to 3′ on the lagging strand template as in
bacteria; thus, fundamental differences in their pri-
mase and primosome architecture are expected.
Indeed, unlike single-chain bacterial primases,

eukaryotic primases are heterodimers of catalytic
(p48) and regulatory (p58) subunits functioning within
a heterotetrameric DNA polymerase α-primase
complex [5,6,13]. The initial primer synthesis occurs
in three steps: slow formation of dinucleotide, rapid
extension to 7–10 ribonucleotides, and direct transfer
of primed template into the active site of DNA
polymerase α (pol α). Extension of the RNA primer
into RNA–DNA primers of ~30 nucleotides by pol α is
required before handoff to a processive DNA poly-
merase [5–7].
Structurally, archaeal primases fall in the archae-

o-eukaryotic primase (AEP) superfamily, a diverse
group of nucleotidyltransferases that also includes
bacterial polymerases involved in nonhomologous
end-joining repair [14–17]. Eukaryotic primases
share significant functional homology with structur-
ally characterized X-family DNA polymerases, which
contribute to nonhomologous end-joining similar to
the archaeal primases [18]. However, the only high-
resolution structural information available for eukary-
otic primases is for the 4Fe–4S cluster domains from
the human p58 [19,20] and budding yeast Pri2p
regulatory subunits [21]. Here, we describe high-
resolution crystal structures of human p48 along with
biophysical and genetic data to characterize the
distinct structural and functional properties of the cat-
alytic subunit of eukaryotic primases. The data are
discussed and interpreted in light of structural and
functional differences and similaritieswithmembers of
the AEP superfamily and X-family polymerases.
Results and Discussion

Three-dimensional structures of human p48

To obtain structures of the humanDNAprimase p48
catalytic subunit at atomic resolution, we engineered a
stable construct lacking 12 residues at the C-terminus
(p48ΔC). This construct was crystallized, and the
structure was determined by molecular replacement
using a partially refined structure of the catalytic
subunit of budding yeast primase (Pri1p) (PDB ID:
4LIM) as the search model. In the 3.2-Å p48ΔC
structure, no density was observed for a region
spanning residues 360–380, indicating that these
residues were not well ordered in the crystal (Fig. S1).
A p48ΔC variant lacking residues 360–379 (p48ΔL)
was then prepared. Crystals of this construct dif-
fracted to 1.7 Å. The p48ΔL structure was determined
by molecular replacement using the p48ΔC structure
as the search model and refined to an Rfree/Rwork of
17.5%/19.8% with excellent geometry (Table 1).
The p48ΔL structure reveals two domains, a

conserved catalytic domain and a smaller helical
domain (Fig. 1). The catalytic domain, encompass-
ing residues 1–190 and 303–408, is composed of 13
α-helices, 8 β-strands, and a zinc-binding motif, and
it occupies the common primase (Prim) fold (Fig. 2).
This similarity includes the conserved positioning of
the key catalytic residues D109, D111, and D306
(p48) and of the 3′-nucleotide-binding motif SGXRG,
which is located on a highly conserved loop connect-
ing strands β5 and β6 (Fig. S2) [22–24].
Interestingly, electron density for a bound citrate ion

derived from the crystallization buffer was observed in
the active site. Carboxylate groups of the citrate ion
are bound to conserved basic residues (R162, K318,
and H324) in the active site, suggesting that they
mimic the β- and γ-phosphate groups of a nucleotide
at this site. This is reminiscent of the phosphate and
sulfate counterions occupying the nucleotide-binding
sites in the structures ofPhoPriS andSso primase (or
PriS), respectively [23,24].
The eukaryotic primases are distinguished by

structural elements outside of the core region. The
catalytic domains of both eukaryotic and archaeal
primases contain a zinc ion, but their zinc-binding
motifs are not well conserved in sequence or
structure. Even the relative location of this motif
varies, as is most evident in theSso primase structure
(Fig. 2). In bacterial primases, the zinc-binding motif
constitutes an independent structural domain distant
from the catalytic domain that has a critical role in
recognizing template DNA [25]. In contrast, the
zinc-binding motif of eukaryotic primases is integrated
into the catalytic domain and therefore may not play
the same functional role as in bacterial primases.
Eukaryotic and archaeal catalytic domains also

differ in the position of the C-terminal helix, which is
located at the apex of the flange in the catalytic
domain in both p48 and Pri1p. In contrast, the
C-terminus of Pho PriS projects away from the fold
adjacent to the zinc-bindingmotif, and inSsoPriS, the
C-terminus contains a combination of α/β secondary
structure elements. In an attempt to evaluate the
importance of the C-terminal helix in p48, we gen-
erated a truncated construct lacking 40 C-terminal
residues, but the protein was completely insoluble.
This observation is consistent with the hydrophobic
contacts between the C-terminal helix and β5,
particularly F395 and F398 with L156 (Fig. S3), and
suggests that the C-terminal helix may have a role in
maintaining the structural integrity of the catalytic
domain.
The most notable structural difference between

the eukaryotic and archaeal catalytic subunits lies in
the small helical domain (Fig. 2). In p48, this domain
(residues 191–303) includes a five-helix bundle and



Table 1. Crystallographic data collection and refinement statistics of the catalytic subunit of eukaryotic primases.

p48ΔCa p48ΔL p48ΔL·UTP·Mn2+

Data collection
Space group P43212 C2 P43212
Cell dimensions
a, b, c (Å) 79.9, 79.9, 147.3, 101.8, 71.9, 84.7 79.3, 79.3, 148.2
α, β, γ (°) 90, 90, 90 90, 122, 90 90, 90, 90
Wavelength (Å) 0.9787 0.9787 0.9787
Resolution (Å) 50–3.2 50–1.7 50–2.6
Reflections
Total 384,027 878,214 1,018,091
Unique 8409 56,665 15,266
Rsym (%) 11.3 (51.7) 6.6 (41.6) 7.6 (45.4)
〈I/σI〉 25.6 (6.1) 23.4 (3.3) 37.6 (6.1)
Completeness (%) 99.9 (100) 98.7 (89.7) 100 (100)
Redundancy 13.4 5.9 (4.7) 14.2 (14.6)

Refinement
Rwork/Rfree (%) 28.12/31.64 17.49/19.80 21.36/24.84
No. of residues
Protein 367 371 370
Nucleotide 0 0 16
Solvent 1 325 34
Zinc 1 1 1
Manganese 0 0 2
Average B-factor (Å2)
Protein 127.8 35.3 42.9
Solvent — 41.2 40.8
Nucleotide — — 61.4
RMSD bonds (Å) 0.009 0.009 0.011
RMSD angles (°) 1.706 1.235 1.327
Ramachandran (%)
Most favored 96 94 95
Additionally allowed 4 6 5

Values in parenthesis refer to the highest-resolution shell.
a Used for p48ΔL structure determination only; no structural conclusion was drawn from this structure.
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a short and a long disordered region spanning
residues 205–207 and 277–290, respectively. Al-
though poor density was observed for residues 236–
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Fig. 2. Comparison of the p48 fold with lower eukaryotic and archaeal folds. Structures of primases [p48ΔL, Pri1p (PDB
ID: 4LIM), Pho PriS (PDB ID: 1V34), and Sso (PDB ID: 1ZT2)] are oriented by alignment of the respective zinc-binding
motif and colored as in Fig. 1. The gray spheres are zinc atoms.
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degree of flexibility relative to the catalytic domain.
The presence of the disordered region between
helices 13 and 14 in p48 contrasts with the well-
formed long helix that leads from the small helical
domain regions of Pri1p and Pho PriS structures and
the short helix in the structure of Sso PriS. Consistent
with these structural differences, the sequence of the
small helical domain is not well conserved between
the archaeal and the eukaryotic primases (Fig. S2).
This dissimilarity argues against a direct role in
catalysis for this domain and instead points to a
possible role in modulating primase activity in the
primosome or replisome.

Mn2+ but not Mg2+ stimulates binding of
nucleotides to primase

To begin using the p48 structure to obtain insights
into the mechanism of primer synthesis, we turned to
examining binding of nucleotides and catalytic
metals using isothermal titration calorimetry (ITC).
In experiments to measure p48 affinity for UTP and
catalytic metals Mg2+ or Mn2+, binding was weak
and only lower bounds of ~200 μM could be
estimated for the dissociation constants (Kd). Since
the full activity of primase requires both nucleotides
and catalytic metals, experiments were designed in
which the protein was pre-loaded with metal. An
experiment performed in this manner provides an
apparent Kd because, with three components in the
system, there are three binary equilibria: protein–
metal, protein–nucleotide, and nucleotide–metal.
Differences in the apparent Kd of the protein for
nucleotide can be estimated when the protein is
pre-loaded with metal, as long as all other param-
eters are held constant. In this case, the affinities for
UTP are known to be very similar (70 μM and 77 μM,
respectively) [26].
UTP binding experiments were performed for p48

with a 3-fold molar excess of Mg2+ or Mn2+.
Markedly different effects were observed for the
two metals: the addition of Mg2+ had no apparent
effect on the very weak binding of UTP in the
absence of metal, whereas the binding of UTP was
significantly enhanced by Mn2+ with an apparent Kd
of 11 μM (Fig. 3a and Table 2). The inability of Mg2+

to stimulate nucleotide binding to p48 contrasts
directly with the metal-dependent nucleotide binding
to bacterial primases [27]. Mn2+ has been shown to
stimulate the activity of human primase, even in the
presence of Mg2+, primarily by reducing the KM for
nucleotide binding [28]. To confirm that the stimula-
tion of UTP binding by Mn2+ was not unique to the
isolated catalytic subunit, we repeated the experi-
ment for the intact p48/p58 primase dimer and
observed a similar level of stimulation (Fig. S4 and
Table 2). Moreover, Mn2+ also stimulated binding of
ATP, CTP, and GTP to p48 (Fig. S5 and Table 2),
consistent with the known lack of nucleotide spec-
ificity of primase [28]. We note that a similar
stimulatory effect of Mn2+ on catalytic activity and
fidelity has been observed in X- and Y-family DNA
polymerases including pol ι, pol β, pol μ, and pol λ
[29–32].

Structure of the p48ΔL•UTP•Mn2+ complex

To obtain further insight into the mechanism of
priming, we set up crystallization trials for p48ΔL in
complex with metal and nucleotide. The metal
dependence of nucleotide binding characterized by
ITC suggested pursuing the complex with UTP and
Mn2+ for structural analysis, and indeed, the p48
ΔL·UTP·Mn2+ complex was crystallized. The struc-
ture was determined by molecular replacement
using the 1.7-Å p48ΔL structure as a search
model. The p48ΔL·UTP·Mn2+ model was refined
against data to 2.6 Å resolution to an Rfree/Rwork of
21.4%/24.8% (Table 1). The presence of a single
region of contiguous difference density at the active
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Fig. 3. Binding of UTP and Mn2+ by p48. (a) ITC isotherm showing the raw (upper) and integrated (lower) heat changes
for UTP binding to p48 (30 μM) in the presence of Mn2+ (100 μM). (b) Crystal structure of p48ΔL·UTP·Mn2+ colored by
subdomain as in Fig. 1, and including metals, UTP, and key conserved residues. The inset shows an expansion of the
active site region. The triphosphate moiety of UTP is shown in a ball-and-stick representation. The manually positioned
sugar and base moieties of UTP are shown as black lines. (c) Simulated annealing (mFo − DFc) omit electron density map
contoured at 3σ (green) and 5σ (purple) showing both metals and the triphosphate of UTP.
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site enabled placement of one UTP molecule and
two Mn2+ ions (I and II) into the structure (Fig. 3b and
c). Alignment of the p48ΔL·UTP·Mn2+ and p48ΔL
structures revealed no significant differences
(RMSD, 0.57 Å), indicating that the binding of UTP
and Mn2+ does not alter the overall structure of the
protein.
The ligands of Mn(I) include the α-, β-, and

γ-phosphates of the UTP and the side chain of
catalytic residue D109 (Fig. 3b). Mn(II) ligands
include one oxygen atom from the α-phosphate
and two water molecules, with partial occupancy of a
fourth coordination site by D109 (Fig. 3b and c).
Clear electron density was observed for the UTP
triphosphate (Fig. 3c). However, only limited density
was observed for the ribose ring and none for the
uracil base, suggesting that these portions of the
nucleotide remain flexible in the absence of template
DNA. After refinement with only the triphosphate of
UTP, we manually placed the UTP ribose ring and
uracil base into the structure so that an overall sense
of where the UTP binds is provided. In the structure,
the triphosphate moiety is stabilized by interactions
with side chains of conserved residues S160, R162,
R163, H166, and K318. Although the positioning of
the ribose ring of UTP is not established, we note
that H315 and K318 are in the general vicinity and
may have a role in further stabilizing the binding of
the nucleotide. The most important new finding in the
structure of the p48ΔL·UTP·Mn2+ ternary complex
is that two residues (S160 and H166) in direct
contact with UTP were previously unrecognized as
critical to the recruitment and positioning of nucleo-
tide in the human primase active site.
To test our interpretation of the structure of the

ternary complex, we performed a mutational analy-
sis of primase residues contacting the nucleotide
and metal ions, including D109N, D111N, S160A,
R163A, H166A, D306N, and K318A (Fig. 3b). We
also tested the conserved H315A based on its
position in the general vicinity of the UTP. In the first
step, we determined whether these residues were
essential for cell viability (Fig. 4a). A yeast plasmid
shuffle system was employed because p48 and



Table 2. Apparent dissociation constants for the binding of
NTPs to WT and mutant p48.

Protein Kd
app

(μM)

p48-UTP
WT 11

p48ΔL 12.5 ± 0.72
D109N 74
D111N 54
S160A NB
R163A NB
H166A NB
D306N 48
H315A 22
K318A 49
p48-ATP

WT 13
p48-CTP

WT 15
p48-GTP

WT 13
p48/p58-UTP 20

Abbreviations: NB, no measurable binding; ±, standard deviation.
Experiments were performed in a buffer containing 20 mM
HEPES (pH 7.2) and 100 mM NaCl with protein concentrations of
20–30 μM and 75–100 μM MnCl2.
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Pri1p have highly conserved sequences and great
similarity in the conformation of their active sites
(Fig. 2 and Fig. S2). These yeast viability assays
showed that the key catalytic/metal binding residues
(D111, D113, D314; p48 D109, D111, D306), as
well as the conserved arginines of the SGXRG
motif (R164, R165; p48 R162, R163) and K326
(p48 K318), are all essential for viability. Substitu-
tions in the two newly found residues that contact
UTP in the structure were also lethal in yeast
(S162A, H168A; p48 S160A, H166A), as well as
His323 (p48 H315), confirming their importance for
primase activity. To rule out lack of expression or
structural problems as the cause for mutants lacking
the ability to support growth, we characterized the
expression and solubility of the mutant proteins.
Figure 4b shows that each of the mutant Pri1
proteins is expressed and at least somewhat
soluble. We note that S162A is present at somewhat
lower level than the other mutants, but the available
data do not allow us to distinguish if this arises due to
lower levels of expression or poorer solubility.
However, the corresponding mutant in human p48,
S160A, expressed normally in bacteria and behaved
normally during purification and ITC experiments,
which lends support to the explanation that the
lesser amount of S162A is due to a lower level of
expression. In summary, these yeast viability data
confirm and extend biochemical analysis of mouse
p48 variants [18,33], indicating that the conserved
interactions among nucleotide, metals, and the
protein identified in the p48ΔL·UTP·Mn2+ structure
are essential for replisome function in cells.
To obtain deeper mechanistic insights, we used
ITC to directly assay the effect of these substitutions
on nucleotide binding to Mn2+-bound p48 (Table 2).
Among these mutants, S160A, R163A, and H166A
showed no measurable nucleotide binding affinity,
whereas D109N, D111N, D306N, H315A, and
K318A exhibited a 2- to 6-fold reduction relative to
the wild-type (WT) protein. These results in combi-
nation with insights from the structure suggest that
S160, R163, and H166 directly bind the 3′-NTP,
whereas H315, K318, and the metal ligands (D109,
D111, D306) aid in stabilization of the nucleotide.
Our ITC study shows that Mn2+, but not Mg2+,

stimulates nucleotide binding, which provides one
physical rationale for the higher in vitro catalytic
efficiency of primase in the presence of Mn2+

relative to Mg2+ [28]. The structure of the p48
ΔL·UTP·Mn2+ complex shows that the Mn2+ ions
and the UTP are stabilized by multiple interactions
with each other and the protein (Fig. 3). Apparently,
the differences in the properties of the two metals
result in fewer stabilizing interactions for the UTP
molecule. Higher-resolution structures, especially
with bound DNA template, would provide valuable
insights into the origin of the differences in nucleotide
binding for the two metals and set the stage for
additional biochemical analyses to investigate how
this factor contributes to the higher catalytic efficien-
cy of primase with Mn2+. Nevertheless, despite the
somewhat provocative evidence from in vitro stud-
ies, the importance of Mn2+ for the in vivo function of
primase (and a number of polymerases) remains
uncertain since the level of free Mg2+ is substantially
higher than free Mn2+ [34,35].

Structural similarities of p48 and DNA
polymerases

The prevailing view of eukaryotic priming is based
on kinetic data and mutagenesis-based biochemis-
try of calf, murine, and human primases [18,36,37].
Although full priming activity requires the p48·p58
complex, the availability of the p48ΔL·UTP·Mn2+

structure provides an important new starting point for
refining current models. The initial steps of priming
involve binding of the template ssDNA followed by
the addition of the 3′-NTP and two metal ions.
Previous studies have shown that D109, D111, and
D306 play a role in catalysis and that R162 and R163
are important for binding of 3′-NTP [33]. Our studies
reveal that two additional residues, S160 and H166,
are critical for binding the 3′-NTP (Fig. 3).
Primer synthesis occurs only after binding of the

5′-NTP, which has 10-fold lower affinity than the
3′-NTP [36,37]. In a mutational study of human
primase based on the sequence conservation with
X-family polymerases, R304 was found to play a key
role in binding of the 5′-NTP and in catalysis [18].
Surprisingly, R304 is completely sequestered from
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the surface in both the p48ΔL and p48ΔL·UTP·Mn2+

structures. Moreover, both R304 and the key metal
ligand D111 contact the zinc-binding motif (Fig. S5).
This observation suggests that the zinc motif will be
reoriented during priming so that D111 and R304 can
directly engage the active site.
The comparison of the p48ΔL·UTP·Mn2+ struc-

ture with those of AEP and X-family polymerases in
different pre-catalytic states can be used to generate
models for the conformational changes required to
generate a catalytically competent p48 active site. A
DALI search with the p48ΔL·UTP·Mn2+ structure
identified significant structural similarity to the
polymerase domain of AEP polymerase ligase D
[LigD(pol)] with a Z score of 14.9 and a Cα RMSD of
3.7 Å for the LigD(pol)·DNA·UTP·Mn2+ complex
[38]. The similarity of the catalytic centers is evident in
the overlay shown in Fig. S7. Because the LigD(pol)
structure contains template DNA, the similarity of
these two structures argues that the 3′-nucleotide is in
a catalytically active conformation. However, the
LigD(pol) structure represents a pre-catalytic interme-
diate because it lacks primer on the template.
There are no structures of AEP family polymerases
with a p48-like fold that contain all components
including primed template. Thus, to address the
potential effect of primed template, we generated a
homology model using a structure of the X-family DNA
polymerase λ that has a Mg2+ ion, a Mn2+ ion, 3′-NTP
(dUpnpp), and template ssDNA [39]. Pol λwas chosen
because conservation of sequence in the active sites
suggests that the pol λ catalytic domain has functional
homology to p48 [18]. Indeed, superposition of the
catalytic centers of p48 and pol λ reveals a close
alignment of the metal ions and the two internal
β-strands that contain the conserved catalytic residues
D109 and D111 despite a significant difference in the
structures at the outer edges of the active site (Fig. 5a
and b). Notably, the UTP bound in the p48 active site
occupies the same position as the 3′-dUpnpp in pol λ
(Fig. 5c). Furthermore, the first nucleotide of the primer
in thepol λstructure is positionedclose toMn(II) and the
catalytic residue D306 in the p48 structure. The
conserved structural positions of the metals and of
the 3′-NTP support our proposal that the 3′-NTP
occupies a catalytically active conformation.
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The structural similarity of the active sites in the
structures of p48ΔL·UTP·Mn2+ and the pol λ
complex provides a basis for modeling the structural
changes in p48 as it shifts into a catalytically
competent conformation. The key changes needed
are the repositioning of the catalytically important
residues D111, R304, and D306 and the generation
of interactions to stabilize the 5′-NTP (Fig. 5d). In the
p48ΔL·UTP·Mn2+ structure, both D111 and R304
have direct contacts with residues in the zinc motif
and are completely sequestered from the surface.
The comparison to the pol λ structure suggests that
binding of template DNA will trigger a significant
structural rearrangement of the zinc motif, which
would enable changes in the conformations of these
two key residues (Fig. 5d). These conformational
changes would result in repositioning of R304 to
contact the 5′-NTP and reorientation of the side
chains of D111 and D306 to chelate metals, which in
turn would position metal (II) to interact with the
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3′-OH of 5′-NTP. Based on this model, we suggest
that although the mechanism of eukaryotic primer
synthesis has long remained poorly understood due
to lack of high-resolution structures, the similarities
we find between the active site of human p48 to
LigD(pol) and pol λ argue that eukaryotic primases
utilize a similar mechanism for dinucleotide
synthesis.
Concluding Remarks

In the course of preparing the revised version of
this manuscript, crystal structures of p48 in complex
with the N-terminal domain of p58 (p58N) were
published [40]. One was a 2.7-Å structure of the free
protein, which was similar to our 1.7-Å structure of
free p48ΔL with an RMSD over all backbone atoms
common to the two structures of 0.37 Å (Fig. S8). A
3.0-Å structure of p48-p58N soaked with UTP·Mg2+

was also similar to our 2.7-Å structure of p48
ΔL·UTP·Mg2+with an RMSD of 0.36 Å over all
backbone atoms common to the two structures. The
relatively low RMSD values in both the absence and
the presence of catalytic metals and nucleotide
indicate that the interaction with the regulatory p58
subunit has only a very modest effect on the
conformation of the catalytic p48 subunit. The
interpretations of the two structural analyses of p48
lead to very similar conclusions, extending to the
design of mutants for functional analysis. Although
different approaches were used, our cell viability
data are in full agreement with the biochemical
results in that report, and together, these constitute
a highly complementary and thorough analysis of
the key metal and nucleotide binding residues in the
primase active site.
Materials and Methods

Protein expression and production

Expression and purification of recombinant human
primase heterodimer was described previously [41,42].
Full-length p48 and two p48 constructs p48ΔC (residues
1–408) and p48ΔL (p48ΔC lacking residues 360–379)
were subcloned into pBG100 (Vanderbilt Center for
Structural Biology) containing an N-terminal hexahistidine
tag and H3C protease cleavage site and were expressed
in Escherichia coli BL21 (DE3) cells (Novagen). Cells were
grown at 37 °C to an OD600 of 0.6–0.7, induced with 0.5 M
isopropyl 1-thio-β-D-galactopyranoside, and grown at 18 °C
overnight. Cells were resuspended in buffer containing
20 mM Tris (pH 8.0), 500 mM NaCl, 20 mM imidazole, and
0.1%NP40 and were lysed using an Avestin EmulsiFlex C3
homogenizer. Protein was purified by nickel affinity chro-
matography (GE Healthcare). After removal of the hexahis-
tidine tag by H3C protease, the protein was further purified
by heparin Sepharose and S200 gel-filtration chromatogra-
phy (GE Healthcare). Mutants of p48 were generated using
site-directed mutagenesis and proteins were purified as
described above.
Crystallization and structure determination

The p48 proteins were concentrated to 10 mg/ml in
sample buffer containing 20 mM HEPES (pH 7.2),
150 mM NaCl, and 2 mM DTT. p48ΔL·UTP·Mn2+

complexes were assembled by mixing p48ΔL and UTP
at a 1:3 molar ratio in sample buffer containing 2 mM
MnCl2 and incubated at 4 °C for 30 min prior to
crystallization. Note that no nucleotide was present in
crystals grown in the presence of UTP alone or
UTP·Mg2+. All crystals were grown by sitting-drop
vapor diffusion at 21 °C. p48ΔC and p48ΔL were
crystallized by mixing 2 μl of the protein solution with
2 μl of reservoir solution containing 200 mM sodium
citrate (pH 8.0) and 20% polyethylene glycol 3350 and
were flash frozen in mother liquor containing 20%
glycerol prior to data collection. Crystals of p48
ΔL·UTP·Mn2+ complex were grown from drops com-
posed of equal volumes of protein and mother liquor
containing 200 mM potassium/sodium tartrate and 20%
polyethylene glycol 3350. X-ray diffraction data were
collected at the 21-ID-F beam line at the Advanced
Photon Source (Argonne, IL) and processed by HKL2000
[43]. Crystallographic statistics and space group infor-
mation are shown in Table 1. Crystals of p48ΔC, p48ΔL,
and p48ΔL·UTP·Mn2+ each contained one molecule in
the asymmetric unit. Phases of p48ΔC were determined
by molecular replacement using the Pri1p structure
(4LIM) as a search model in the program Phaser [44]
and refined using Phenix/Coot. The low resolution of the
p48ΔC structure limited our ability to draw conclusions
from this structure, but the quality of the model was
sufficient to generate a molecular replacement solution
for p48ΔL. For the ternary complex, UTP and Mn2+ were
located by the presence of 3σ Fo − Fc difference density
and verified by Fo − Fc annealed and 2Fo − Fc composite
omit maps.
Isothermal titration calorimetry

The p48/58 heterodimer and p48 were exchanged into
20 mM HEPES (pH 7.2) and 100 mM NaCl prior to the
experiment. Binding experiments were performed using a
MicroCal VP isothermal titration calorimeter by first
injecting 2 μl of 400 μM nucleotide into 20–30 μM protein
contained in the sample cell, followed by 28 additional
10-μl injections of nucleotide. A 3-fold molar excess of
MnCl2 relative to the protein concentration was added to
the protein solution prior to titrations. The binding data
were analyzed using Origin 7.0. Thermodynamic param-
eters and binding constants (Kd) were calculated by fitting
the data to a single-site binding model using a nonlinear
least-squares fitting algorithm.
Yeast strain construction

The CYC1 terminator from pRS414-ADH [45] was
cloned into pRS416 [46] (pRS416-CycT). The PRI1
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promoter and coding sequence beginning 274 base pairs
upstream and ending at the stop codon was amplified from
S288C [47] (Mat α SUC2 gal2 mal mel flo1 flo8-1 hap1)
and cloned into pRS416-CycT (pDA197). To create a
knockout cassette for homologous recombination, we
cloned approximately 300 base pairs of PRI1 flanking
sequences into pAG32 [48] (pDA196). To generate
Saccharomyces cerevisiae knockout strain YDA205
(W303-1a + pri1Δ::HPHMx4 + pDA197), we replaced the
PRI1 coding sequence in yeast strain W303-1a [49] with
the HPHMx4 cassette [48] from NotI-linearized pDA196
while covered by plasmid pDA197. Integrants were
selected by growth on YPD with 300 μg/ml hygromycin
B. Correct integration was verified by phenotype, PCR,
and Southern blot.
pDA342 contains the native PRI1 promoter and

terminator sequences from strain S288C in pRS414
[46] and allows the addition of an N-terminal HA2 tag.
Specifically, the PRI1 promoter sequence from 274
bases upstream was cloned into pRS414 as a XbaI/
BamHI fragment. The PRI1 terminator sequence to 451
nucleotides after the stop codon was cloned as a PstI/
XhoI. To create the HA2 tag, we annealed and cloned
oligos into the BamHI site. The PRI1 coding sequence
was amplified from S288C as a BamHI/PstI fragment and
cloned into pDA342. Mutations in the PRI1 coding
sequence were generated by overlap extension PCR
(modified from Ref. [50]) and cloned into pDA342,
generating a series of TRP1 marked plasmids.

Plasmid shuffle

YDA205 was transformed with a series of TRP1marked
plasmids bearing a WT or mutant pri1 allele, selected by
growth on synthetic complete media minus uracil and
tryptophan (SC-UW), and passaged to SC-W. Liquid
cultures in SC-W were grown to stationary phase at
room temperature (RT) (~24 °C) with vigorous shaking.
Cells were counted by hemocytometer and 1:3 serial
dilutions (starting from 1 × 107 cells/ml), spotted onto SC
and SC + FOA (5-fluoroorotic acid) plates, and grown at
RT. FOA is toxic in cells expressing URA3/PRI1, selecting
for loss of the plasmid and revealing whether the mutant
Pri1 allele on the TRP1 plasmid is sufficient for yeast
growth. Cells transformed with empty plasmid (pRS414)
[46] served as a negative control.
†Deceased.
Yeast protein extracts

Cultures of S. cerevisiae YDA205 containing plasmids
encoding a WT PRI1 and an HA2-tagged pri1 mutant
allele were grown tomid-log phase in SC-UWand lysed in
50 mM Tris–Cl (pH 7.9), 200 mM NaCl, 0.5 mM ethyl-
enediaminetetraacetic acid, 10% glycerol, 1 mM DTT,
0.2 mM PMSF, and 1× Roche complete protease
inhibitor using glass beads. A 15-μg sample of each
extract was separated by SDS-PAGE and transferred to
NitroPure (GE Healthcare), and HA2-Pri1p was detected
by Western blotting using rabbit polyclonal anti-HA
(Abcam ab9110). Equal loading of samples was verified
by blotting with rat monoclonal anti-tubulin (Abcam
YOL1/34).
Accession numbers

PDB IDs are as follows: 4LIM (Pri1p), 4LIK (p48ΔL), and
4LIL (p48ΔL·UTP·Mn2+).
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